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Abstract

The transition to alternative propulsion technologies is driving the development of hydrogen powered
vehicles in both road and motorsport applications. Liquid hydrogen offers significant advantages
compared to other sustainable fuels due to its high energy density, making it a compelling solution
for high performance racing. This thesis investigates the design and simulation of a liquid hydrogen
storage system for a fuel cell electric vehicle developed in collaboration with Dallara Automobili S.p.A.
and within the regulatory framework of the FIA.

A modular, system level 1D model of the complete LHSS was developed to evaluate the integration of
a cryogenic tank, pump, and heat exchanger into the Dallara Stradale platform. The study addresses
key research questions concerning the performance of liquid versus gaseous hydrogen storage, the
optimization of tank and heat exchanger design and thermal behavior, and alternative system layouts.

Simulation results show that, despite packaging constraints and the Dallara Stradale’s architecture, a
liquid hydrogen configuration can achieve competitive dormancy and boil-off performance. The heat
exchanger analysis highlights the potential for radiator downsizing when effectively integrated with
the vehicle cooling system. Sensitivity analyses on insulation, ambient temperature, and MLI quality
further underline the critical role of thermal management in achieving robust and predictable operation.

This work provides a validated modeling framework for the design of LHSS in motorsport applications
and delivers key insights for future development. The results support the feasibility of liquid hydrogen
as a high performance racing fuel while identifying key technological gaps such as pump reliability,
insulation robustness, and system calibration that must be addressed to enable competitive hydrogen
powered vehicles.
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Introduction

With the recent urbanization and growth of the world’s population and economy, a considerable
increase in energy demand has occurred. Today, most of the global consumption of energy is fulfilled
by fossil fuels, which are being diminished dramatically [1]. Energy that is generated in such way has a
significant increase in greenhouse gases and CO; in the environment, causing adverse climate changes.
Researchers, supported by the policies established in the Paris Agreement [2], have developed their
interested in sustainable and green energy systems to tackle this challenge.

To this day, hydrogen represents one of the most promising chemical elements and a candidate for
revolutionizing the energy transitions in the transport sector. Even though still in its infancy, the
application of hydrogen in the transport sector is being studied by different research institutions
worldwide with encouraging results [3].

In this context, the motorsport industry is feeling increasing pressure to find sustainable alternatives
to the petrol powered internal combustion engine (ICE) [4]. The main regulatory body in the world
championships of motorsport, the FIA, has declared to become carbon neutral by 2030 [5]. This implies
introducing clean energy in all world championship cars by the same year. To achieve this goal racing
cars, originally powered by gasoline, will need to change their energy source. One viable option is
represented by hydrogen, which comes with either internal combustion engines (ICE) or fuel cells (FC).

Hydrogen cars are being explored as sustainable racing vehicles by multiple different organizations.
The first hydrogen-powered off-road motorsport Extreme H has been launched as evolution of the
electric powered class Extreme E [6]. Additionally, the mission of promoting the potential of hydrogen
in motorsport is being carried out by the dutch student team Forze Hydrogen Racing [7]. Their
recently developed hydrogen fuel cell prototype Forze IX is designed to further push the boundaries of
performance, thus making it a competitive alternative to conventional racing cars.

Hydrogen can be stored in liquid (LH2) or gaseous form (GH2), with considerable differences in storage
capacity and system architecture. In the recent ACO press conference, liquid hydrogen emerged as
the preferable fuel for sporting competitiveness [8]. For this purpose, the french team Mission H24 is
exploring this new technology, thus serving as a testbed for a future hydrogen class in the endurance
championship [9].

This project also involves the Italian car manufacturer Dallara Automobili s.p.a., which has been actively
engaged in various initiatives related to hydrogen mobility. In particular, the company is collaborating
with the FIA and ACO on the design and development of a high performance vehicle powered by liquid
hydrogen. The thesis work is carried out at this company and aims to support this effort by developing
a model of the liquid hydrogen storage system (LHSS) for a fuel cell vehicle. The work focuses on
analyzing the individual components of the LHSS and their interaction on a system-level as well as in
relation to the rest of the vehicle.

Chapter 2 presents the relevant background on liquid hydrogen storage solutions, the principles of the
technology and previous models found in literature. In Chapter 3 the models developed in this work



are explained, along with the relevant theory of heat transfer and fluid dynamics, and the simulated
cases are outlined. The outcomes are reported in Chapter 4, followed by a critical discussion in Chapter
5. Chapter 6 provides a conclusion answering the research questions and recommendations for future
work.



Background

This chapter will go into the supporting literature and background knowledge needed to understand
the thesis and put its work into context of the research carried out so far. Additionally, the scope of the
thesis will be highlighted by research questions and the plan proposed to tackle those.

At first, the current state of the research, including the gaps this research aims to fill, will be summarized
in section 2.1. An overview on liquid hydrogen as sustainable fuel will be provided, with a focus on the
challenges related to its application. To support this study, a modeling approach found in literature of
the different subsystems that will be analyzed is presented. At last, the scope of the research will be
defined with its corresponding plan in section 2.2.

2.1. Current State of the Art

Liquid hydrogen has been explored as fuel for mobility for the past years as a possible alternative. An
overview on its recent history and major milestones is provided in [10]. This paper highlights two major
fields of application in which this technology has been applied:

* automotive

® aerospace

In the 1990s and early 2000s BMW explored hydrogen technology by developing both liquid hydrogen
ICE and FC powered experimental vehicles [11]. Similarly, Japanese manufacturer Toyota has been
committing to the success of a hydrogen ecosystem for decades already, introducing commercial
light-and heavy-duty gaseous hydrogen vehicles in the market [12]. More on the application of hydrogen
in automotive engineering can be found in [13]. More, during the past decades the space industry has
been using liquid hydrogen for rockets. This paper by the NASA Scientific and Technical Information
(STT) program [14] explores the key design issues and potential solutions for liquid hydrogen storage
systems for aircraft applications.

As previously mentioned, liquid hydrogen has increasingly gained popularity as alternative fuel for
motorsport. The FIA has agreed upon introducing a hydrogen class at the highest level of endurance
racing. This includes the world’s famous 24h of Le Mans race, which is known for showcasing the
latest innovations in the sector. During the last edition of the event, car manufacturer and WEC
constructor Toyota Gazoo Racing revealed their liquid hydrogen racing concept, which is set to drive
the development of this technology in motorsport [15].

Hydrogen has a specific energy (energy per unit mass) three times that of gasoline. However, its
energy per unit volume (or equivalently, its density) is low, making hydrogen the lightest element
in the Universe. In gaseous form, it is stored at 350 bar or 700 bar and has a density of 40 kg/m?> at
700bar. In liquid form, its density is 71 kg/m? at a pressure of 1 bar, which is equivalent to atmospheric
pressure [16]. In the context of racing, where the vehicle is subject to high g-forces, a low-pressure
storage condition such as this poses a much lower hazard concern [17], [18].
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According to the phase diagram of hydrogen [19], to be in liquid form, it has to be stored at a temperature
of approximately —253 °C, or 20 K, in thermally insulated tanks. An evaporation system, followed by a
heat exchanger, is required to adapt its temperature to the fuel cell use, where gaseous hydrogen is used.

An overview of such process plant is provided by the simplified schematic in figure 2.1.

Cold-Zone
(20K)

Warm-Zone
(340K)

[Tank |} { Pump } bamger [————"_Buffer |———{ FuelCel |
Tank » Pump *| Exchanger Fuel Cell

Figure 2.1: Liquid Hydrogen Storage System - Simplified Plant Overview

Another widely used method for storing hydrogen is in its gaseous state. In this configuration, hydrogen
is delivered directly to the power unit, with a system consisting of a pressure regulator and prop valve
regulating the supply pressure and temperature. This approach offers a simpler storage solution, as it
eliminates the need for additional auxiliary systems to process the fuel. An illustration of this storage
setup is shown in figure 2.2.

High-Pressure Region | Mid-Pressure Region | Low-Pressure Region
(700 bar) . (20 bar) . (2 bar)
1 1

Pressure Prop Valve Fuel Cell
Regulator

Figure 2.2: Gaseous Hydrogen Storage System - Simplified Plant Overview

These two fuel supply systems are integrated into a vehicle which is powered by either a fuel cell or an
internal combustion engine operating on hydrogen. As outlined in chapter 1, the case study of this
work focuses on a high-performance fuel cell vehicle developed by Dallara, originally designed with a
gaseous hydrogen storage system. Consequently, sections 2.1.1, 2.1.2 and 2.1.3 present an overview and
modeling approach of the key components of a fuel cell electric powertrain and the proposed liquid
hydrogen storage solution.

2.1.1. Powertrain

This section outlines the modeling approach adopted for the primary components of a fuel cell electric
vehicle. Although the core focus of this work lies in the liquid hydrogen storage system, its interaction
with the overall vehicle is also taken into account. Therefore, a general understanding of the functionality
and modeling of these key subsystems is essential to enable a comprehensive analysis of the integrated
system.

At first, an overview of the various sub-systems of a fuel cell electric vehicle (FCEV) powertrain will be
provided. Their modeling approach together with the tools provided by the GT Suite software will be
introduced. A simplified schematic of these systems is presented in figure 2.3.
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Figure 2.3: Vehicle Powertrain Macro Overview - concept study (provided by Dallara)

Looking at Figure 2.3, there are four components that need to modeled:

¢ Fuel Cell Stack: the stack is the main source of energy of the car and serves as substitute to the
conventional battery of electric vehicles (EV). The different components of the balance of plant
(BoP) will be individually approached in section 2.1.2.

¢ Hybrid Battery: energy buffer of the car that allows to compensate for the peak power demands
of the vehicle that the fuel cell can’t provide. These battery power cells allow to store energy while
braking and increase the peak power output.

¢ DC/DC Converter: fuel cell boost converter is used to convert the relatively low voltage provided
by the stack to the higher operating voltage of the accumulator. The higher voltage also allows the
electro motors to use more power and operate more efficient as there are less ohmic losses. The
battery converter can act as a power regulator, allowing for control of the power split between the
fuel cell and the battery, thus enabling efficient energy management.

¢ Electric Motor and Inverter: electric power produced by the fuel cell and the energy stored in the
battery supply the motor and inverter system, which drives the wheels. These components can
also function in generator mode, recovering kinetic energy from the wheels when braking and
converting it into electrical energy to be stored in the battery.

Fuel Cell Stack

Since most fuel cells used in automotive applications are Proton Exchange Membrane Fuel Cells
(PEMFCs) [20], [21], [22], this subsection primarily focuses on them. However, the fundamental
principles discussed also apply to other type of fuel cells. The entire fuel cell stack can be modeled in
GT-Suite using a specific template. This combines the flow, thermal, electrical, and chemical domains.

At its core, a fuel cell is a simple system with no moving parts. It consists of two electrodes, anode and
cathode, separated by an electrolyte. Each electrode facilitates a specific reaction:

* Anode Reaction: hydrogen entering the fuel cell splits into protons (H* ions) and electrons (¢~) as
described by equation 2.1. The H* ions pass through the electrolyte (proton exchange membrane)
to reach the cathode.

2H, — 4H* + 4e” (2.1)

e Cathode Reaction: at the cathode, H" ions combine with oxygen (O») and the electrons that have
traveled through an external circuit, where energy is extracted. This reaction produces water as
the final byproduct, as shown in equation 2.2.

O, +4e™ +4H* — 2H,0 2.2)

These reactions are also illustrated in figure 2.4.



2.1. Current State of the Art 6
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Figure 2.4: Fuel Cell Schematic [21] - Electrode reactions and charge flow for fuel cell with an acid electrolyte

The overall reaction within the fuel cell is:

2H) + Oy — 2H,0 +electricity + heat (2.3)

This process results in the generation of electrical energy while producing water as primary byproduct,
while releasing some waste heat. The heat production must be carefully managed to ensure that the FC
works in the correct range of temperature and membrane humidity, which are fundamental aspects that
affect the system lifetime.

The module shown in figure 2.4 represents a single fuel cell, which generates a relatively low voltage,
typically ranging between 0.6V and 1.2V. The fuel cell stack is built by assembling in parallel
configuration e multitude of these single cells. The exact voltage depends on various factors and serves
as an indicator of the cell’s efficiency, which can be calculated using equation 2.4:

E
Neell = Of —Ece” (2.4)
oc

where:

® 1cen: cell efficiency
e Ec.n: cell voltage

¢ E,c: open circuit voltage, representing the maximum theoretical voltage if all the energy from the
hydrogen fuel (its calorific value) were converted into electrical energy. Typical values for E are
1.25V (lower heating value) and 1.48 V' (higher heating value).

* Oy: fuel utilization coefficient, accounting for the fact that not all hydrogen is consumed in the
reaction. A common approximation is 65 ~ 0.95 [21].

The voltage E..j; is influenced by several factors, including temperature, pressure, reactant concentration,
and the current drawn by the load. Under steady conditions, often referred to as reference conditions,
the relationship between the voltage and current can be illustrated by a polarization curve, as shown in
figure 2.5.



2.1. Current State of the Art 7

1.4 : ;
theoretical potential (1.23 V) N\
1.2 e e e RS
equilibrium potential at actual T, P,C 7
14 TR I A :
S activation polarization losses
S 08
f=
2
B 0.6 e T T SR
E] polarization losses :
© 04 - P ;
024 actual polarization curve <~ i\
0 T T T
0 500 1000 1500 2000

current density (mA/cm?)

Figure 2.5: Polarization Curve including voltage losses (red line) [20]

As shown in figure 2.5, the cell voltage decreases as the current density increases. The voltage drop is
caused by four main irreversibilities within the fuel cell which are also modeled in GT Suite.

e activation losses E,;
e fuel crossover and internal currents E, joss
e ohmic losses E,

e concentration losses E;yc

All these voltage losses contribute to a reduction of the fuel cell potential 2.5, which affects the system
efficiency as shown through equation 2.4.

Ecell = Eoc - Eoc,lass - AEahm - Euct - AEconc (25)
0.5 :
activation polarization losses
A

./*_—7

potential loss (V)
o
o
*\ |

! " /
Ohmic Iosses/’ : :

/// = concentration

—~ " polarization losses

0 = ; ;
0 500 1000 1500 2000

current density (mA/cm?)

Figure 2.6: Losses Overview - voltage losses versus current density [20]

The polarization curve allows for determining the required current to achieve a specific power output
from a fuel cell. Since power is given by the equation

Peett = Ecenn * Leen (2.6)
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the power output of a single fuel cell is very limited. To generate sufficient power for a road vehicle, a
single cell would require impractically high currents.

To overcome this limitation, multiple fuel cells are connected in series, forming a fuel cell stack. This
stack operates with its own polarization curve, which retains the same characteristic as figure 2.5,
but now plots current on the x-axis for a specific stack configuration. An example of a fuel cell stack
polarization curve is shown in figure 2.7.

375 150
> 350 125 2
c 4
‘o 325 100 =
S o
£ 300 5 3
> a
$ 275 50 3
8 8
@ 250 25 @

225 -~ 0

0 50 100 150 200 250 300 350 400 450 500 550
Stack Currentin A
Stack Voltage spec. Stack Voltage target ===== Stack Power spec. ===== Stack Power target

Figure 2.7: Polarization curve of a stack used for automotive applications (provided by Dallara) - stack voltage and power versus
stack current

Once the operating point on the polarization curve is selected, the hydrogen consumption can be
calculated using equation 2.7:

_ Irc My,

o 2.7)

1ilH,
where:
e [rc: current drawn from the stack
e F: Faraday constant

® Mp,: molecular mass of hydrogen

Several methods can be used to model the fuel cell behavior, with the primary goal of predicting the
power output and hydrogen consumption accurately. These include:

* empirical polarization curve model
e electrochemical model

® equivalent circuit model

While the first two have been described above and are also used in GT-Suite, the latter one provides an
alternative approach to the modeling.

Energy Storage System

During vehicle operation, peak power demands are frequent. As previously mentioned, fuel cells
do not have ideal dynamic capabilities, so they require a certain amount of time to respond to step
load requests. To compensate for this delay and support the fuel cell system under maximum power
conditions, an additional energy storage system (ESS) is almost always employed.

The ESS is an essential component of the FCEV for several reasons:

e stress reduction on the fuel cell during dynamic acceleration
¢ regenerative braking enabling

* power supply to the compressor during vehicle start-up

fuel cell warm up in low-temperature conditions

* energy management strategies (EMS) enabling to optimize system efficiency
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The two main types of ESS used are supercapacitors (supercaps) and/or batteries:

* supercapacitors provide high power density and have high charging/discharging efficiency, along
with long lifetimes. However, their major drawback is a much lower energy density compared to
batteries [23].

¢ batteries are more commonly used in FCEVs because they offer a balance of acceptable dynamic
performance and higher energy density, making them suitable for hybrid vehicle applications [24].

To accurately capture the power-limiting effects near the operational limits of these devices, a modeling
approach is required that enables the calculation of both their state of charge (S0C) and terminal voltage.

The SoC is often modeled using coulomb counting [25]. The voltage across the device can be determined
using equation 2.8:

E == (2.8)

where:

* (.: stored charge

¢ C: capacitance

Using coulomb counting, the state of charge can be calculated as:

_dQ. _ L.dt
le=—*, SOC—/C(SOC) (2.9)

where:

e ].: current through device

® C(S0C): capacitance, which is often dependent on SoC

Various models exist for predicting the terminal voltage, differing in accuracy, computational cost and
complexity.

e static RC circuit

e Thévenin model

DC/DC Converter

Since the fuel cell’s output voltage differs from the battery’s, a DC-DC converter is required to electrically
connect the two systems. The converter can be placed on the battery side and/or on the fuel cell side.
The efficiency of this conversion depends on input and output voltages, as well as the converted current.
While studies such as [26], [27] propose models to quantify DC/DC converter losses, these have been
considered outside the scope of this thesis, particularly since the efficiency data for the DC/DC converter
is available. Simulation tool GT-Suite uses a simple map-based (efficiency map) model.

Electric Motor

The electric motor and inverter convert electrical energy into mechanical energy for propulsion and
can also operate in regenerative mode, converting mechanical energy back into electricity. The power
output of the electric motor is given by equation 2.10 [28]:

T W
P = 2.10
m,motor nm (C‘)mz Tm) ( )
Pm,generator =Ty wm - nm(a)m/ Tm) (2-11)

where:

* Pm,matar: motor power Output
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] Pm,genemwr: generator power output

T, motor torque

* w,: motor angular velocity

Nm(wm, Tn): efficiency of the motor, which varies with speed and torque

The electric motor requires an inverter (for AC motors) to convert the DC voltage from the fuel cell and
ESS into an AC signal. The inverter’s efficiency can be:

¢ included in the motor efficiency model [29]

* modeled separately using a constant efficiency factor [30]

Additionally, most electric motors cannot directly drive the wheels, requiring a fixed-gear transmission.
The efficiency of this gear system is typically modeled as a constant factor [31]. The motor efficiency
(nm) can be determined using different methods such as:

¢ efficiency maps [28]
e Willans Approach [28]

2.1.2. Balance of Plant

The fuel cell stack alone is insufficient to power the vehicle. It requires additional components to
regulate the supply of reactants. The complete fuel cell system, including these auxiliary components, is
commonly referred to as the Balance of Plant (BoP) [20]. These can be further divided into components
that process air and hydrogen, which represent the cathode and anode subsystems respectively. An
initial modeling approach will be provided, with a focus on the liquid hydrogen storage system (LHSS).

The auxiliary systems can be modeled using the following approaches:

¢ Fuel Cell Power Dependent: the simplest method assumes that the auxiliary components consume
a fixed percentage of the fuel cell stack power

¢ Mass Flow Dependent: alternatively, the power consumption of auxiliary components (e.g.
compressor, hydrogen recirculation device, cooling water pump) can be determined based on their
operating conditions. This approach utilizes different models presented in literature to estimate
power demand more accurately [32], [33].

Cathode Subsystem

The cathode subsystem supplies oxygen (O») from air to the cathode side of the fuel cell. Proper
management of airflow, pressure, humidity, and temperature is crucial for maintaining fuel cell efficiency
and longevity. A simplified schematic of these systems is presented in figure 2.8.

g I | stack

cV) cooling
! H Stack Cathode Iconnecnon
Stack Assembly, T pIT
housing =
S — tack
63 ot £3ps)
-_ vaives >
l %
I ] Cathode .
| - Subsystem

Figure 2.8: Cathode Subsystem Macro Overview - concept study (provided by Dallara)

The different components illustrated in figure 2.8 are described below:



2.1. Current State of the Art 11

* Compressor: increases the pressure of incoming air to enhance oxygen availability at the cathode.
Typically electrically driven and controlled for optimal air supply based on power demand.

* Turbine: extracts energy from exhaust gases exiting the cathode. Typically coupled with the
compressor to recover energy and improve the overall system efficiency.

¢ Humidifier: ensures the air is entering the cathode is sufficiently humidified to prevent the
membrane from drying out. Uses water vapor from exhaust gases or external water sources to
maintain the correct hydration level.

¢ Intercooler: cools the compressed air before in enters the cathode, reducing thermal stress on
the fuel cell membrane. Liquid-to-air heat exchanger that helps maintain optimal operating
temperatures and improves compressor efficiency by reducing the required compression work.

Anode Subsystem

The anode subsystem is responsible for delivering hydrogen (H>) to the anode side of the fuel cell,
where it undergoes an electrochemical reaction. Proper management of hydrogen flow, pressure, and
utilization is essential for fuel cell efficiency and durability. A simplified schematic of these systems is
presented in figure 2.9.
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Figure 2.9: Anode Subsystem Macro Overview - concept study (provided by Dallara)

The different components illustrated in figure 2.9 are described below:

* Hydrogen Recirculating System: since not all hydrogen is consumed in a single pass through the
anode, a hydrogen recirculating system improves fuel utilization and ensures efficient operation
by reusing unreacted hydrogen.

¢ Liquid Hydrogen Storage System: represents the system consisting of the cryogenic components
that are required to store, regulate and deliver hydrogen in its supercooled state. These components
will be further evaluated in section 2.1.3.

2.1.3. Liquid Hydrogen Storage System

The liquid hydrogen storage system (LHSS) is responsible for storing, handling, and delivering hydrogen
in its cryogenic liquid state to the fuel cell system. This system is designed to minimize boil-off losses,
maintain safe pressure levels, and efficiently convert hydrogen into its gaseous state for use in the fuel
cell. A simplified schematic of these systems is presented in figure 2.10.
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Figure 2.10: Liquid Hydrogen Storage System (LHSS) Macro Overview (provided by Dallara)

Figure 2.10 displays the path that the hydrogen follows from the refueling receptacle up to the exhaust.
The cold-zone and warm-zone indicate the area where hydrogen is present at a cryogenic liquid or gas.
The different components illustrated in figure 2.10 are described below:

Storage Tank: stores liquid hydrogen while minimizing heat transfer. Uses vacuum insulation
and multi-layer insulation (MLI) to reduce boil-off gas (BOG) losses. Designed to handle pressure
buildup and controlled venting for safety.

Cryogenic Pump: ensures consistent pressure and flow rate for optimal fuel cell operation. Must
withstand extreme cryogenic temperatures and pressure fluctuations [34]. To avoid gaseous
hydrogen flowing into the pump, an liquid hydrogen buffer may be placed within the tank with
its corresponding pump placed at the bottom of the structure.

Heat Exchanger: warms up liquid hydrogen delivered by the pump, converting it into gaseous
hydrogen before it reaches the fuel cell (PU compartment).

Buffer tank: acts as a storage to balance pressure variations and regulate gaseous hydrogen supply
to the power unit (PU) compartment.

Cryogenic Valves (e.g. boil-off valve): regulate hydrogen flow, pressure, and venting within the
system. Include safety relief valves, shut-off valves, and vent valves to ensure system reliability.

Exhaust (catalyst): critical safety component of the exhaust system that handles the vented
hydrogen gas. It facilitates the controlled oxidation of hydrogen into water, preventing the risk of
hydrogen buildup.

Tank Compartment

Storage at cryogenic temperatures implies major challenges in terms of material properties and efficiency
[35]. These can be best summarized with the occurrence of the boil-off phenomenon, which consists of
the evaporation of liquid hydrogen within the tank, thus causing a pressure increase in the vessel and
the need for release of the hydrogen gas in the atmosphere.

The causes of hydrogen boil-off can be attributed to the following effects [36]:

Heat Leaks: refers to the unintended transfer of thermal energy into the cryogenic storage tank,
causing the liquid hydrogen to warm up and vaporize. Advanced materials and insulation
techniques are being developed to minimize this.

Sloshing: refers to the movement of liquid hydrogen within the tank due to acceleration, braking
or vibrations. This causes an increase in surface area exposure between liquid and gas as well as
the mixing between the two, thus enhancing heat transfer.
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® Ortho-to-Para Conversion: hydrogen exists in two spin isomeric forms known as Ortho-and
Para-Hydrogen. The latter dominates at cryogenic temperatures (low-energy state) and slowly,
naturally converts to its other form. This exothermic reaction releases heat, further warming the
stored liquid hydrogen and increasing boil-off rates.

Additionally, when designing a LHSS, two critical safety and durability concerns are hydrogen leakage
and embrittlement effects. Given that hydrogen is the smallest molecule, it can permeate through
microscopic gas, seals, and even some materials at the molecular level. This requires high-integrity
seals and vacuum insulation to minimize permeation as well as venting and detection systems for the
leaked hydrogen, which is colorless, odorless and highly flammable [37].

Effective insulation, tank design, and active thermal management systems are critical to minimizing
hydrogen loss, maintaining storage efficiency, and ensuring safe handling of liquid hydrogen. Different
studies have already been carried out by research institutions on this matter. These are based on
developing models of the LHSS to simulate the aspects mentioned above together with the dormancy,
filling and discharge effects. As indicated in detail in section 3.2, dormancy time is defined as the
evolution of the pressure profile of the tank before a certain pressure threshold is reached.

Al Ghafri et al. present a model that allows for reliable calculations of the self-pressurization and boil-off
losses for liquid hydrogen in different tank geometries and thermal insulation schemes [38]. The model
accounts for the heat transfer from the gas to the liquid phase, as well as between each fluid phase and
the wall individually. Reference equations of state are used to calculate thermodynamic properties and
computer the overall heat transfer coefficients Ug;, U; and U,. These are predicted as the sum of two
convection terms to account for the heat transfer between the tank wall and adjacent fluid layer, and a
conductive term describing heat ingress through the tank wall:

ut Aout Se 1 Aout - Ain
— + —+ , Ap= ————
u in hin Ae ke hout ‘ In (%)

(2.12)

where:

® A,y outer surface area

e A;,: inner surface area

e A,: heat transfer area

* 5,: insulation layer thickness

* k,: effective thermal conductivity of the multi-layer insulation
® 1;,: internal convection coefficient

® N1, external convection coefficient

The total amount of heat entering the liquid and gas phases from the boundary and the amount of heat
transferred to the liquid phase from the gas phase are presented in equations 2.13:

Q1 = (AT = Th) + Qfloor)At (2.13)
Q¢ = (UgAg(Tint - Tg) + Qroof)At (2.14)
le = uglAgl(Tg - TI)At (2.15)

where:
e Tj, Ty, Tins: liquid, gaseous and interface temperatures
* Aj, Ag: liquid and gaseous areas
* Qfioor, Qroof: heat transferred through the roof and floor
* Q1,Qq, Qiq: heat transferred through the wall from liquid and gas phase and at the interface
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Figure 2.11: Conceptual Schematic of the Tank Model implemented in the BoilFAST tool [38]

The model based on the schematic shown in figure 2.11 uses BoilFAST simulation tool developed to
estimate the boil-off from liquid hydrogen storage using a non-equilibrium approach. It proved that
existing correlations for manually estimating wall-fluid heat transfer coefficients are sufficiently accurate
to allow a robust representation of the boil-off gas phenomena, which provided an adequate detail on
the insulation used.

Accurate equations of state and two phase behavior implementations are essential to describe hydrogen
behavior (e.g. phase transition, super-heated warming, non-uniform temperature distributions across the
saturation film). The balances of mass and energy during the various dynamic processes then enable to
quantify the boil-off losses. Petitpas [39] uses a modified MATLAB code from NASA, which implements
complex physical phenomena such as the competition between condensation and evaporation and the
convection vs. conduction heat transfer as a function of the relative temperatures on both sides of the
saturated film.

Models such as the one by Nuwantha et al. [40] present a more precise approach to modeling liquid
hydrogen storage by dynamically computing the interfacial temperature rather than assuming saturation
conditions. This model is based on the discretization shown in figure 2.12 includes non-equilibrium
calculations for the heat and mass transfer across the interface, which is assumed as thin, massless and
flat. It provides robust predictions under static conditions but does not include dynamic phenomena
such as sloshing.
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Figure 2.12: Simplified basic tank geometry and discretization [40]
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Based on the dominant mode of heat transfer at the interface, the resultant mass transfer rate 71, was
calculated using the following equation:

Qs + Qgs

2.16
W 216)

g =

The term h, represents the latent heat of vaporization, while Q;s and Qs can be considered as maximum
numerical values based on convection and conduction heat transfer calculations, as shown by equations
217:

Qis = max{Q{", Q5" (2.17)
Qgs = max{Q, Qo (2.18)

The heat transfer rate terms Q°°"¥ and Q°°"? represent the conductive and convective heat transfers
occurring in the bulk fluid near the liquid-gas interface with respect to the phase. These can be calculated
using equations 2.19:

(Ts = Tg,i=k(0))
Yi1/2
Q" = hj—k)A(Ts — T,i=k(0)) (2.20)

Qo = kA (2.19)

where:
* Ti,i=k, Tgp,i=0: bulk temperature at interface
® Y/2: ideal distance between T; and Tjp i in liquid side and T; and T, i—o from gas side respectively

The convective heat transfer coefficient can be calculated using equation 2.21:

Nu =0.27Ra%; 10° < Ra < 10'° (2.21)

At last, the Department of Aerospace of the University of Michigan provided a python model for the
design of liquid hydrogen tanks with the goal of optimizing dormancy times, reducing boil-off and
improving pressure management [41].
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Figure 2.13: Thermodynamic model using three control volumes: gas, interface and liquid. Heat and mass transfer between them
and with the external environment

The behavior of the liquid hydrogen in the tank displayed in figure 2.13 is governed by a set of ordinary
differential equations for five state variables:

® gas mass
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¢ liquid mass

® gas temperature

¢ liquid temperature
® gas volume

As the interface is massless, any boil-off mass flow from the liquid to the interface goes straight into the
gas. As a result, the conservation of mass for the gas and liquid are:

titg = titpo — Titg out (2.22)
11y = titpy — ml,out (2-23)

Assuming the liquid is incompressible and the tank volume constant, this provides

. 1] .
Vo =——=-V, 2.24
g ) 1 ( )

Applying the conservation of energy to the gas and liquid control volumes will deliver the rates of
temperature change. These are derived through equations 2.25 and 2.26:

T, = Qeg = Qgi = pVy +1itg(hg — ug) (2.25)

MeCy,q

_Qu—-Qit Qn(X=nu) = pVi +1iy(hy = uy)
micp,1

T (2.26)

This model adds a heater in the liquid portion of the tank in figure 2.13 to induce additional boil-off and
prevent the pressure from decreasing too low as well as an estimation to predict the total tank weight. It
does not model thermal stratification effects in the gas and assumed the liquid to be incompressible.

For what concerns the valve modeling, the API 520 standard for pressure relief valves (PRV) is employed
[42]. These valves start to open at the set pressure, but the valve will be completely open only when
a certain overpressure is reached. The blowdown is the difference between the set pressure and the
closing pressure (figure 2.14).

100

Lift of disk {percent)

Blowdown Overpressure

A

Closing Set Maximum
pressure relieving

pressure

Figure 2.14: Proportional Relief Valve (PRV) sizing manual schematic [42]
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Hydrogen at the given condition can be modeled as an ideal gas, for which the expansion relation 2.27
is valid:

pV? = constant (2.27)
where:
c
y=2 (2.28)
Co

Heat Exchanger

Heat exchangers that work with cryogenic liquids are subject to some challenges that need to be taken
into account in the modeling phase. One potential problem encountered in the operation of such heat
exchanger is solidification of the liquid on the cold surface [43]. This would most likely occur at low
liquid flow rates and low fluid temperatures. Under extreme conditions, the frozen layer may become
thick enough to completely block the flow passage. Even though blockage does not occur, the presence
of a frozen liquid layer will affect the heat-transfer characteristic of the heat exchanger.

Additionally, when modeling the thermal performance of a low-pressure cryogenic vaporizer, the effects
of axial conduction and phase change of liquefied hydrogen are considered. More, hydrogen atoms
diffuse into metals, where they weaken the atomic lattice, causing loss of ductility, crack initiation
and premature fracture. At cryogenic temperatures, diffusion rates are lower, but during the heating
process hydrogen can enter the metal lattice and accumulate over time [44]. For this reason, additive
manufacturing technology is used to minimize this effect and at the same time allow for adaptable
geometries to fit adaptable spaces and enable seamless integration.

The heat exchanger (evaporator) is located downstream of the cryogenic pump and responsible for the
heating of the hydrogen. While in the pump the fluid is subject to a small temperature increase only,
during the evaporation phase, a large enthalpy increase occurs.

A performance analysis model was developed by the modified effectiveness-NTU method, for which a
plate-fin heat exchanger (PFHE) was chosen [45]. The operating conditions for the theoretical analysis
of the low-pressure vaporizer for liquefied hydrogen are shown in figure 2.15.
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Figure 2.15: Vaporizer model schematic - ethylene glycol water mixture (EGW) and liquid hydrogen [45]
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Effectiveness €.¢¢ is a measure of thermal performance of a heat exchanger. It is defined as a ratio of
the actual heat transfer rate (Q) from the hot fluid to the cold fluid to the maximum heat transfer rate
(Qmax) thermodynamically achievable as given by equation 2.29.

€eff = QS“ ~ f(NTU, ay) (2.29)
a, = Smin Ny = Y4 (2.30)
max Cmin
1 1 Sw 1
u-= , Rigt=|—+—+— 2.31
Riot tot (hh kw hc ) ( )

where:
e A;: heat transfer surface area
* a,: heat capacity ratio

e /1: heat transfer coefficients of cold and hot fluids (4., hy,)

kw: thermal conductivity of the wall

R;ot: overall thermal resistance

Sw: thickness of the wall
e NTU: overall number of heat transfer units for heat exchanger
In cryogenic heat exchangers the axial conduction effect becomes significant when there is a large

temperature difference between the inlet and outlet. For this reason, it is important do design such
vaporizer with NTU > 90 % considering the axial conduction in the flow direction.

To calculate the heat transfer coefficient of EGW mixture in a rectangular channel, the following
correlation for the fully developed Nusselt number is used [45]:

Nuhkh
hy = —hth 2.32
h D (2.32)
1 1 \? 1\
Nuj, = 8.235 |1 —2.0421 (A—Rh) +3.0853 (A—Rh) —2.4765 (A—Rh) (2.33)
1\ 1\
+1'0578(A_Rh) ~0.1861 (A—Rh) l (2.34)

where:

* AR: aspect ratio of flow channels
® Dj: hydraulic diameter

e Nu: Nusselt number

Unlike the single-phase flow of the EGW mixture, hydrogen in the low-pressure cryogenic vaporizer is
supplied in liquid-phase and vaporized in gas-phase. Therefore, the phase change of hydrogen should
be considered to calculate its heat transfer coefficient. For this purpose, the hydrogen pool boiling
correlations of the tank model can be used.

Other studies present alternative geometries such as a shell and tube helical type heat exchanger for
trains [46]. These provide useful insights into the fluid and thermal characteristics under various
operating conditions but are not relevant designs for our type of application.
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2.2. Research Directions and Questions

This section outlines the research directions derived from the background literature review and presents
the resulting objectives established for this study.

2.2.1. Research Directions

With the relevant literature reviewed, the scope of this research can be defined. As noted in section 2.1.3,
there is limited publicly available information on liquid hydrogen storage systems on vehicles equipped
with fuel cell electric powertrains. Overall, the recent research directions that arose concerning the
challenge of designing a liquid hydrogen storage system are summarized below.

® Zero Boil-Off System: relies on active cooling combined with passive insulation to completely
remove hydrogen venting. NASA has developed these cryocooler-based systems for space
applications, integrating multi-layer insulation with vapor-cooled shields.

¢ Hydrogen Re-Liquefaction System: instead of venting, boil-off gas can be re-liquefied, using
cryogenic refrigeration cycles (e.g. reverse Brayton refrigeration cycle). Companies like Parker
have been developing solutions to re-liquefy or utilize boil-off gas, thereby minimizing fuel loss
and improving storage efficiency.

¢ Compression and Utilization of Hydrogen Gas: boil-off gas can be compressed and used in fuel
cell vehicles, power generation, or refueling stations. Mechanical and non-mechanical compressors
(e.g. electrochemical or ionic compressors) are being explored for efficient hydrogen compression.
Recent developments aim to eliminate the need for pre-heating through cryogenic hydrogen
compression. Car manufacturer Toyota has been developing a system that utilizes the pressure
from boil-off gas to keep an optimal tank pressure, converting the vaporized hydrogen back into
usable fuel without additional energy input.

* Heat Recovery System: study on heat exchanger than enables the vaporization and superheating
of liquid hydrogen by recovering heat from turbine exhaust gases using a carrier fluid in a
pipe-in-pipe design configuration.

Nearly all the studies mentioned above focus on the individual systems such as the storage tank and
heat exchanger only. They do not consider the system as an entirety and do not evaluate the influence
of a specific configuration on the whole powertrain. This work aims to address that gap by developing
a model of the entire liquid hydrogen storage system line for a racing vehicle. A key feature of the
proposed model will be its applicability to both hydrogen power unit types, fuel cell and internal
combustion engine, providing greater flexibility and applicability.

Looking into the tank compartment itself, a model should be developed that is able to account for
both static and dynamic conditions of the vehicle. This includes accounting for heat leakage as well
as thermal stratification and sloshing effects by combining 1D system-level simulations with 3D CFD
and particle-based analyses. Regarding the heat exchanger, the major novelty of this study resides in
the development of such device for racing applications, in contrast to the aerospace focuses models
commonly found in literature. Additionally, the integration of such device in the cooling system of the
vehicle will be considered, with attention to radiator sizing.

On a broader scale, longitudinal dynamic, dormancy and boil-off simulations will be conducted
to analyze range, power, fluid temperature and pressure on different driving cycles and boundary
conditions. These will be carried out with the use of GT Suite, a 1D simulation platform for the analysis
and optimization of the fuel cell systems and their components [47]. Additionally, 3D tools such as
ANSYS Fluent and Particleworks will be used for the analysis of sloshing and thermal stratification
effects.

2.2.2. Research Questions and Objectives

As the thesis is performed at an automotive company known as Dallara Automobili s.p.a., their racing
vehicle Dallara Stradale [48] will be used as baseline. A basic CAD and 1D system simulation model
developed in the pre-study are available for a gaseous hydrogen configuration. This serves as a
benchmark for the study and to find an answer to the research questions.

The contribution of the thesis is therefore twofold. First, the liquid tank solution will be proposed and
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its performance will be evaluated through simulations. Second, the model will be integrated into the
existing fuel cell electric vehicle to enable operation with this new technology. The objectives can be
further boiled-down to the following research questions:

RQl: Hydrogen Gas vs Liquid Technology Comparison
Which configuration (liquid or gaseous hydrogen storage) is more suitable for racing applications?

Verify the differences between a liquid and gaseous hydrogen fuel system on the vehicle. Specifically,
the impact of these configurations on the vehicle’s range, considering both the battery and hydrogen as
limiting factors.

RQ2: Liquid Hydrogen Storage System Model Improvements
To what extent does a model improvement of the hydrogen heat transfer phenomenon affect the design of the tank?
Develop a thermal model model of the tank to simulate:

® Dormancy and Boil-Off
¢ Tank Design and Sensitivity
¢ Insulation Technologies
¢ Static and Dynamic Conditions
® Thermal Stratification
¢ Sloshing
What heat exchanger configuration is the most accurate for this type of application?

Develop a model that considers:

* Heat exchanger type

Flow configuration

* Sizing

Heat transfer and pressure drop

RQ3: System Design Alternatives
What effect would the use of a gaseous hydrogen compressor instead of the cryogenic liquid hydrogen pump have
on the whole system?

The liquid hydrogen fuel cell powertrain layout is being defined by the regulatory bodies for racing
applications. However, alternatives could be explored to find the optimal configuration.



Model Description

In a conventional liquid hydrogen storage system (LHSS), the fuel is extracted from the storage tank using
a cryogenic pump. This device provides the necessary pressure increase before the liquid hydrogen is
directed to the evaporator. There the fluid undergoes a phase transition and is subsequently delivered
at the required temperature and in its gaseous state. Prior to entering the power unit, the fuel flows
through a buffer tank, which serves to mitigate pressure fluctuations and to regulate the fuel supply to
the downstream components. In this chapter, the setup of the full line model is described followed by a
more detailed explanation of the tank and heat exchanger models.

3.1. Full Line Model

The model of the complete fuel supply line has been developed on the basis of the P&ID diagram of the
LHSS plant provided by the company and presented in section 2.1.3. Figure 3.1 displays the different
components that are modeled and addressed in this chapter.
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Figure 3.1: LHSS Plant Model Overview - Systems and Operating Conditions

The model has been implemented using GT Suite, a multi-physics simulation platform that allows
to simulate the whole tank-to-wheel system in a computationally efficient 1D framework. In this
environment, components are represented by simplified one-dimensional flow and energy models
rather than full 3D geometries, which allows to evaluate system performance efficiently while still
capturing the essential physics.

The simulations are carried out using the benchmark vehicle provided by Dallara, characterized by the
parameters listed in table 3.1:

21
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Parameter Unit Value
Vehicle
Mass Myenicle kg 1400
Brake bias %bb - 55
Aerodynamic drag coefficient C,S - 1.068
Aerodynamic drag coefficient C, S - 2
Rear tire rolling radius r, mm 318.43
Front tire rolling radius ¢ mm 303
Environment
Pressure pamp bar 1
Temperature Tjp °C 15
Relative humidity xamp Y% 50
Density pamp kg/m? 1.225
Powertrain
Regenerative braking - On
Fuel cell max power Prc max 14%% 82
Fuel cell control strategy Prc - Var.

Table 3.1: Main simulation parameters concerning vehicle, environment and powertrain setup

The speed profile that is given as an input to the model corresponds to a complete lap of the Dallara
Stradale vehicle on the Mugello race circuit, as illustrated in figure 3.2.
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Figure 3.2: Speed Profile of Dallara Stradale vehicle at Mugello Circuit (provided by Dallara)

In the following paragraphs, the key aspects of the model development are described, including the
setup procedure, simulation methodology, and the limitations of the adopted approach.

The flow model involves the solution of the Navier-Stokes equations, namely the conservation of
continuity 3.1, momentum 3.2 and energy equations 3.3. These equations are solved in one dimension,
which means that all quantities are averages across the flow direction. The time integration method
chosen is the implicit integrator, where the mass flow, pressure and total enthalpy are the primary
solution variables.

The whole system is discretised into many volumes, where each flowsplit is represented by a single
volume, and every pipe is divided into one or more volumes. These volumes are connected by
boundaries. The scalar variables (pressure, temperature, density, internal energy, enthalpy, species
concentrations, etc.) are assumed to be uniform over each volume. The vector variables (mass flux,
velocity, mass fraction fluxes, etc.) are calculated for each boundary. This type of discretization is
referred to as staggered grid and displayed in figure 3.3.
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Figure 3.3: Schematic of staggered grid approach: scalars calculated at centroid, vector quantities at boundaries

The conservation equations solved by GT Suite are shown below. The left hand side represents the
derivatives of the primary variables. The methods to calculate the secondary variables, such as pressure
and temperature, are discussed below.

.., dm )
continuity: T Z ' 1 (3.1)
boundaries
d(pHYV) . d
enthalpy: == 3" (itH) + V= < hA(Tpiuia — Toan) (3.2)
boundaries

drit dpA+Zboundaries(mv)_4cf%lm‘g_: —Kp(%pU|U|)A

momentum: T T (3.3)

where:

e 7i1: boundary mass flux into volume 7i1 = pAu
* m: mass of the volume

e V: volume

® p: pressure

® A: cross-sectional flow area

e A,: heat transfer surface area

* H: total specific enthalpy

® N heat transfer coefficient

® Tfiuig: fluid temperature

® Ty wall temperature

¢ v: velocity at the boundary

* Cy: Fanning friction factor

* K,: pressure loss coefficient

* D.4: equivalent diameter

e dx: length of mass element in the flow direction (discretization length)

* dp: pressure differential acting across dx

The implicit method solves the values of all sub-volumes at the new time simultaneously, by iteratively
solving a non-linear system of algebraic equations. Because the implicit solution is iterative, it is
important to verify that the solution for each step has numerically converged. The time step used in the
implicit solver is chosen at At = 0.001 s and is not limited or determined by the Courant condition.
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Similarly, GT Suite allows to solve equations in the electrical and chemical domain. Taking the fuel cell
stack as an example, an object is defined to specify the electrochemical and mass transport properties
of the PEMFC. This reference object uses physical characteristics of the fuel cell membrane electrode
assembly to predict fuel cell performance based on various correlations, which are specified in section
2.1.1 and in the appendix A. This reference object is used to define the voltage, species transport, and
heat generation that will be applied in the fuel cell.

An overview on the model implementation in GT Suite is provided in figure 3.4, where the entire fuel
supply line from the tank to the fuel cell inlet are presented.
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Figure 3.4: LHSS Plant Overview with GT Suite Interface

Tank Compartment

Starting with the tank compartment, the hydrogen fuel is modeled as a refrigerant fluid. This template
is used for modeling the properties of a fluid expected to operate in the two phase state. The refrigerant
properties will be calculated by a subroutine within the code that is written by the National Institute of
Standards and Technology (NIST) in the REFPROP program. It is stored within the tank at an initial
pressure of piank = 2.5 bar and quality of

PHy |

my. Vi,
qt = 2 = 21 (34)
Mot ‘UHZ,g pHZ,I

VHZ,g Vhy

where:
® PH,, PHy,: densities of liquid and gaseous hydrogen at the given pressure
* Vh,,, Vh,,: volumes occupied by the two phases

with

VHZ,I = 09 . Vtot (35)

indicating that the fluid is for 90% in liquid and 10% in gaseous phase.

The tank is modeled as a cylinder that acts as a phase separator with a volume V;,,, = 401 that is defined
by the packaging constraints of the fuel cell electric vehicle model provided by the company. A cylinder
height term is defined as Hyy,x = 588 mm to account for gravity effects. The pressure at the outlet of
the tank will be effectively increased via a body force acceleration term that is calculated based on this
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height input. More, a heat flux is imposed at the tank wall through a thermal convection connection,
which is an output of the tank thermal model that will be addressed in section 3.2.

The other sub-assembly of the tank compartment consists of the different valves, which are responsible
for the purge of gaseous hydrogen that accumulates within the storage unit. For pressure driven valves,
GT Suite uses a template to impose valve behavior in which the user provides the discharge coefficient
as a function of pressure drop and a time constant to approximate the dynamics of the valve. These
are indicated in figure 3.4 as Boil-Off valve, PRV and Burst Disc respectively, which follow the safety
guidelines indicated by the FIA regulations.

The valve is characterized as a variable orifice, which will begin to open when the pressure drop across
the valve becomes greater that the cracking pressure drop. The valve will then become fully open when
the pressure drop across the valve becomes greater than the pressure drop to fully open valve. In case
of the boil-off valve, these two values are set at p = 2.8 bar and p = 3 bar respectively, where the latter
is also defined as the maximum exceedable operating pressure (MEOP). Regarding the burst disc, it
serves as a mechanical safety device designed to rupture when a specific pressure threshold is reached,
thereby allowing the rapid release of any remaining gaseous hydrogen from the tank.

The design parameters chosen to model the tank compartment are listed in table 3.2:

Parameter Unit Value
Tank

Volume Vi .k L 40
Height H;ax mm 588
Diameter D;,px mm 294
Initial pressure ptgnk bar 2.5
Initial temperature T; g,k K 23.75
Quality gt - 0.0051
Valves

Diameter D10, mm 1.37
BOV cracking pressure pop bar 2.8
BOV pressure at fully open valve ppirop  bar 3

Table 3.2: Tank compartment design parameters

Pipes and Flowsplits

Both liquid and gaseous hydrogen are transported within the system through pipes and flow splits, which
are modeled with a round cross-section and adiabatic walls. Their diameter is set at Dy, = 30 mm
and Dyipe,q = 10 mm respectively.

The design parameters chosen to model the piping system are summarized in table 3.3:

Parameter Unit Value
Pipe

Pipe diameter of liquid hydrogen line Dp;ye;  mm 30
Pipe diameter of gaseous hydrogen line Dy, mm 10

Table 3.3: Pipe design parameters

Flow losses in pipes due to friction along the walls are calculated automatically via a Fanning friction
factor as a function of Reynolds number and the wall surface roughness. The fanning friction factor Cy
is then used in the momentum equation 3.3. The Moody Diagram, which describes the relationship
between the Reynolds number, wall roughness, and the resulting friction factor, is mathematically
defined by an explicit Colebrook equation that assumed fully developed flow [49].

For what concerns pressure losses, these are represented by their respective pressure loss coefficient K,
as defined in equation 3.6:
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_ pmlu‘ _2Pin (3.6)
2PV

where:

® pin: total pressure at inlet
* pout: total pressure at outlet
* p: inlet density

* v;,: inlet velocity

Pump and Buffer

It is critical that these liquid hydrogen pumps are hermetically sealed and leak only very small trace
amounts of hydrogen to the outside environment. As liquid hydrogen temperatures are typically at
cryogenic values, it is also critical that heat input is minimized [50]. Additionally, a major challenge in
the design of such pumps relies in the fluid conditions at the inlet. Due to sloshing effects in the tank,
there might be gaseous hydrogen that flows into the pump. This might lead to cavitation and pump
damage, which drastically reduces its efficiency and performance. To solve this, a liquid hydrogen buffer
can be placed at the bottom of the tank, which ensures a direct flow into the pump (see figure 2.10).

Pump performance data is typically measured on a flow bench and consists of a series of operating
points, each of which is described by rotational speed, pressure rise (head), volumetric flow rate, and
isentropic efficiency. This performance data is pre-processed and displayed in form of a performance
map, which is provided by the supplier.

Due to the absence of available flow maps, it is modeled by imposing a variable volumetric flow rate
and a total isentropic efficiency. Given that the pressure rise is known and equal to

Ap = Ptarget — Ptank = 7.5bar (3.7)

the pressure head is computed as follows:

_Ar

H,
" pg

(3.8)

where:

* H,: pressure head

* Ap: pressure rise

¢ p: fluid density

* g: gravity
The efficiency impacts both the outlet fluid temperature and the resulting compression power applied
to the pump shaft. The temperature of the fluid in the outlet volume downstream of the pump will be

affected by the change in enthalpy across the pump. The outlet enthalpy and compression power are
calculated as follows:

1
hout = hin + Ahs— (3.9

s

mAh
Pfruid tor = : (3.10)
Ns
A = Pout ~Pin (3.11)
Pin

where:
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Ahy: isentropic enthalpy change
* 1)5: isentropic (total) efficiency
® Pfluidgtor: total fluid power

® 7i1: mass flow rate

Pout: outlet static pressure

pin: inlet static pressure
* piy: inlet density

Alternatively, the isentropic efficiency can be calculated knowing the total power consumed P;,; and the
driveline efficiency 7.

1ritAhg

= 3.12
s Pioina ( )

The volumetric flow rate of the pump is regulated by a feed-forward control strategy designed to maintain
the buffer pressure at ptsrger = 10bar. The control input is determined through a one-dimensional
lookup table that maps the target pressure to the corresponding mass flow rate as shown in figure 3.5.

Pump 1D Lookup Table
7,00

6,00
5,00
4,00
3,00

2,00

Mass Flow Rate [kg/h]

1,00

0,00
9,85 9,90 9,95 10,00 10,05 10,10 10,15
Pressure [bar]

Figure 3.5: Pump Look Up Table

This value is subsequently converted into the appropriate commands signal for the pump. The
implemented control logic ensures that the buffer tank pressure remains at the desired level, thereby
reducing oscillations induced by the variable fuel flow demand of the power unit. For this purpose,
the buffer tank volume is set at V = 4/, which ensures that the minimum pressure requirement can be
sustained under the fuel flow rates demanded by the system.

The design parameters chosen to model the pump and buffer system are summarized in table 3.4:

Parameter Unit Value
Pump

Maximum mass flow rate i1, kg/h 6
Isentropic efficiency ;s - 1
Buffer

Buffer volume Vs rer I 4

Table 3.4: Pump and buffer parameter list
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Heat Exchanger

More, the heat transfer inside the evaporator is modeled between the fluid and wall of a plate heat
exchanger. This is made up of flow volumes and thermal mass components and can be internally
discretised into smaller segments. The discretised model will see the plate channels connected in series,
with tanks separating each pass, or in parallel depending on the flow configuration created. Each
segment can be connected to a discretised wall that interacts thermally with one volume on either
fluid side. Heat exchanger discretization is necessary to ensure that a thermal fluid-wall distribution is
captured to model the two-phase heat exchanger. The method of heat exchanger discretization used can
be seen in figure 3.6.

Flow

Counter/Parallel-Flow

Figure 3.6: Heat exchanger discretization scheme

The heat exchanger is represented as a counter-flow, single pass configuration, with hydrogen defined as
the two-phase cold fluid and water as hot fluid. The calculation includes the effects of the wall thermal
capacitance, and the conductivity of the material (if modeled). The temperature of the structure in a
heat exchanger is calculated from a balance of the heat transfer rates between the structure and the two
fluids using the following equation:

hAbase‘H]finhAffn) 2kA AT, hApase+NfinhAfin 2kA AT,

AT — C w + AT —_ C w

dTwan _ Qm+ Qs _ [( 1+hR¢ St m 1+hRy St s (3.13)
dt pVep pVep '

where:

® Apgse: base heat transfer area (not including fins)
e A.: thermal cross-sectional conduction area

* Agiy: fin heat transfer area

* cy: heat capacity of the wall material

* }: fluid heat transfer coefficient

e k: thermal conductivity of the wall material

* 7yin: fin efficiency

¢ p: density of the wall material

* Ry: fouling resistance

e s;: tube thickness

e AT: effective temperature difference between the fluid and the wall

e AT,: temperature difference between the surface and average wall temperature

V: volume of the wall material
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The heat transfer rate from each fluid sub volume to the wall is calculated using the heat transfer
coefficients defined by an empirical correlations. Similarly, the pressure loss of the heat exchanger is
described with empirical friction models and discharge coefficients instead of lumped pressure loss
components. These offer an advantage over lumped pressure loss setups by being able to capture the
pressure distribution that occurs within the heat exchanger core, thus capturing the phase change of
the hydrogen refrigerant. These correlations as well as a more detailed model description of the heat
exchanger will be addressed in section 3.3.

The main design parameters chosen to model the heat exchanger are summarized in table 3.5:

Parameter Unit Value

Heat Exchanger

Coolant inlet temperature Tegw ,in K 346
Coolant pressure pecw bar 1
Coolant maximum mass flow rate #itggw kg/s 2.5
Hydrogen inlet temperature Ty, ix K 25
Hydrogen outlet temperature Tg, oyt K 346
Hydrogen pressure pg, bar 10
Hydrogen maximum mass flow rate #y, kg/s 0.0017

Table 3.5: Heat exchanger model parameter list

Power Unit Integration

To complete the model, the LHSS plant is coupled with the fuel supply line of the FCEV provided by the
company. As the original configuration was designed for gaseous hydrogen, modifications to the model
setup were required. Figure 3.7 shows the LHSS subsystem represented as a single block, integrated
into the anode side of the balance of plant.
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Figure 3.7: LHSS integration into FCEV Model - GT Suite Interface

As illustrated, the two systems are not directly connected but instead operate through to distinct circuits.
This is a consequence of the modeling framework: the LHSS sub-assembly employs a refrigerant
template to represent hydrogen, whereas the fuel cell circuit is restricted to a gaseous hydrogen template.
This tool-related limitation was addressed by enforcing continuity conditions for pressure, temperature,
and mass flow rate at the interface between the two circuits, thereby enabling them to operate seamlessly
as a single integrate system. Through this approach, the LHSS was successfully implemented as the
fuel supply fo the FCEV, allowing the vehicle model to operate on liquid hydrogen.
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3.2. Tank Model

Modeling the behavior inside a liquid hydrogen tank is necessary for designing high performance
tanks that can meet the dormancy and pressure control requirements. This allows for proper sizing
and material selection to meet the desired targets. Different aspects will be considered during the
development of the tank model:

* heat leakage
* separate phase characterization

* dynamic effects

These will be evaluated based on dormancy and boil-off effects, which mainly characterize the tank
behavior.

The study of the boiling dynamics of the liquid hydrogen can be analyzed by modeling the analyzing
the link between dormancy time, boil-off flow, and state of charge. The boil-off time of liquid hydrogen
depends on the heat flow in the tank, that in turn affects the variation of the internal pressure (figure
3.8). This results in the container being a pressure tank and needing a pressure monitoring and control
system.

p [bar]

p_MEOP

p_OP

p_tank

td t[s]
Figure 3.8: Tank states for boil-off dynamics study (provided by Dallara)

Two different phases/states of tank are being analyzed:

¢ Dormancy: the tank pressure evolution before the first valve opening (dormancy time). This
behavior occurs when the tank, hence the vehicle, are in static conditions (e.g. before a race). For
this reason, the thermal equilibrium assumption between the two phases is not valid anymore.
Different studies [38], [41] have demonstrated that the temperature gradient between the phases
does induce a relevant heat transfer. The simulation software GT Suite does not allow to model
different heat fluxes of the two phases with a cryogenic fluid. Another tool that can be employed
for this purpose is the software package BoilFAST [51] or CFD 3D simulations with ANSYS Fluent.

* BOG release dynamics: what happens after the first valve opening (calculating the released
gaseous hydrogen quantity and valve opening frequency). In dynamic conditions, the two fluids
are mixing with each other, hence the thermal equilibrium assumption can be considered valid.
Additionally, sloshing plays a major role when the tank is moving. This effect can be analyzed
through particle based simulations using Particleworks.

The tank consists of two different volumes, filled with liquid and gaseous (evaporated) hydrogen
respectively. Additionally, an aperture on the tank roof is modeled to consider hydrogen venting due to
boil-off.

An overview of the implemented heat flux scheme is provided in figure 3.9:
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Figure 3.9: Hydrogen tank volume for heat transfer scheme

Additionally, the following model simplifications are made for implementation:

temperature zones: only one temperature for both phases/zones, such that Ty i, » = Ty ,,1 (well
mixed) and the heat flux q,; neglected

boiling (liquid phase): just one boiling correlation model for bottom and wall

free convection in liquid saturated phase: just one free convection correlation in saturated liquid
phase for bottom and wall, also used for negative heat flux (AT < 0 e.g. at tank filling)

free convection in liquid subcooled phase: no correlation implemented for subcooled liquid area
(modeling heat flux for subcooled liquid hydrogen not valid)

free convection in vapor and superheated vapor phase: just one free convection correlation in
vapor phase for bottom and wall

forced convection: one forced convection correlation for both phases considered

condensation: no correlation implemented for any condensation

Understanding the heat transfer characteristics of hydrogen pool boiling is of significance to the modeling
of a tank. This study by Wang [52] provides reliable correlations to guide the boiling heat transfer
analysis, which is illustrated in figure 3.10.
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Figure 3.10: Heat flux with respect to the wall-fluid temperature difference during cool boiling (Wang [52])
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Dependent on the temperature difference between the wall and liquid phase (AT), different states of
boiling occur [52]:

* Free Convection: this occurs at very low heat fluxes where heat is transferred primarily through
natural convection currents in the liquid hydrogen. There is no significant bubble formation, and
heat transfer is dominated by conduction and convection within the liquid phase.

q= th—t(GrPr)”f - AT (3.14)
X

where:

— Cy, ny: coefficients dependent on heater type and flow regime

_ 8BATLY
= S

Gr: Grashof number Gr

Pr: Prandtl number Pr = ”Ai

— L,: characteristic length

— f: volume expansion ratio

k¢: thermal conductivity

v: kinematic coefficient of viscosity

y: dynamic coefficient of viscosity

g: heat flux

* Nucleate Boiling: as the heat flux increases, small bubbles start forming at nucleation sites on the
heated surface (starting at Tong). These bubbles detach and rise through the liquid, enhancing
heat transfer through latent heat absorption. Nucleate boiling is highly efficient as the phase
change process removes significant amounts of heat.

g=a-AT (3.15)

where:

- a,b: a = 6309, b = 2.52 independent with pressure

¢ Transition Boiling: at higher heat fluxes, the boiling regime shifts between nucleate boiling
and film boiling. The heat transfer mechanism becomes unstable, as localized vapor patches
intermittently form and collapse on the heated surface. This results in fluctuating heat transfer
rates and is generally considered an unstable boiling regime, located between the critical Tcyr
and minimum Ty gr heat fluxes.

AT — ATenr

m(QCHP - q1) (3.16)

q = 4qcHF —

¢ Film Boiling: at very high heat fluxes, a continuous vapor layer forms between the heated surface

and the liquid hydrogen. This vapor layer acts as an insulating barrier, significantly reducing heat

transfer efficiency. Heat is primarily transferred through radiation and conduction across the
vapor layer, leading to higher surface temperatures.

0.37 +0.28% 617
1= ( Ly uy AT )1/4 '
A3po(pr=po)ghty
W)y = (hy +0.34c, AT)? [, (3.18)

where:
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— hj: latent heat of vaporization

— h: effective latent heat of vaporization

More, the study by Darr and Hartwig [53] provides a two-phase convection heat transfer correlation for
liquid hydrogen. This correlation set is fit to experimental data by using a lumped-node heat transfer
model and allows us to account for forced convection effects within the tank.

* Forced Convection: occurs under dynamic conditions, where liquid hydrogen flows on the wall
under the influence of an external force acting on the tank. The info on velocity field is derived
from sloshing simulations performed through the Particleworks tool, where an average particle
velocity was derived.

q="h-(Tw —Tsat) (3.19)
h = 61.6Re™03%2 . [g=0254 pp» (3.20)
h* = 0.023Re%8pr04. (g) (3.21)
where:
C (Tw_T:w )
— Ja: Jakob number Ja = ——"

T.»: wall temperature

— Ts4: saturation temperature

Re: Reynolds number Re = %

v: average particle velocity

Pr: Prandtl number Pr = %

k: thermal conductivity

D: inner diameter

These empirical correlations provide an estimate for the heat transfer coefficient between the tank wall
and hydrogen mixture in both static and dynamic conditions. This is modeled as a thermal resistance,
which is identified in figure 3.11 as fluid convection connection.
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Figure 3.11: Tank Thermal Model Overview in GT Suite
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The tank model illustrated above is characterized by a flow inlet, which is closed off as no filling
simulations are considered in this analysis. The two flow outlets are respectively for the liquid and
gaseous hydrogen. A pressure monitor is implemented to verify the correct operation of the model,
ensuring that the valves regulate the internal tank pressure as intended.

The parameter used to evaluate the fuel consumption in the tank for comparison withe the gaseous
hydrogen FCEV configuration is the equivalent consumption Cy, ¢, defined as:

MH,, cons

Chipeq = ( ) -100 (3.22)

MH,,tot

This parameter represents the percentage of hydrogen consumed mp, cons in the tank with respect to
the initial total mass mp, 1ot The total mass accounts for both the fuel that has been extracted by the
pump in liquid phase and the one that evaporated in gaseous phase.

As shown above, the tank model is composed of two concentric shells: an outer shell constructed
from carbon fiber and an inner shell made of aluminum. Their respective thicknesses are s;,;, = 2mm
and s, = 6mm, and the associated emissivity values are derived from experimental data on these
materials provided by the company. Between these two shells, a cryogenic insulation system known as
multi-layer insulation (MLI) is implemented. This technology minimizes heat transfer from the external
environment to the stored cryogen and is widely recognized as one of the most effective insulation
strategies for cryogenic applications [54]. The number of insulation layers is selected according to the
desired effective thermal conductivity, which is in turn dependent on the vacuum quality.

The design parameters chosen to set up the thermal model of the tank are summarized in table 3.6:

Parameter Unit Value
Tank inner wall thickness s, ; mm 2
Tank outer wall thickness s , mm 6
Vacuum Gap s, mm 0.02
MLI count ngyers - 1
Tank inner wall temperature T, ; K 23.75
Tank outer wall temperature T, , K 340
Vehicle ambient temperature Tepicle K 340
Ambient convection heat transfer coefficient /1, W /m?K 10
Emissivity aluminum €, - 0.05
Emissivity carbon e, - 0.9

Table 3.6: Tank thermal model simulation setup parameter list

Figure 3.11 illustrates a benchmark configuration in which a single aluminum layer of thickness
sy = 0.02mm is placed inside the vacuum region. In this configuration, the dominant modes of heat
transfer are:

¢ Convection: natural or forced convection occurs between the inner wall of the tank and the fuel,
as well as between the external surface of the outer shell and the surrounding environment. The
heat transfer resistance is calculated from Newton’s Law of Cooling 3.23, where

1 _(i-T)
hCOnU Q

¢ Radiation: within the vacuum layer, radiation constitutes the primary heat transfer mechanism.
In this region, convection is absent and conduction is negligible due to the lack of a medium. Each
reflective layer of the MLI contributes to increasing the overall thermal resistance by partially
reflecting incident radiation. The heat transfer resistance is derived from equation 3.24:

(3.23)

Reonv =
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1 AT
hraaA G€F12A(Tl4 - T24)

Ryaa = (3~24)

where:

- 0: Boltzmann constant
- €: surface emissivity

— Fy5: surface view factor

These mechanisms are represented in the model through a network of thermal resistances in series, which
collectively restrict heat flux from the vehicle environment to the stored hydrogen. This formulation
plays a critical role in determining boil-off losses and dormancy characteristics of the storage system.

In order to account for sloshing effects, simulations were carried out using the 3D tool Particleworks.
These simulations provide valuable insights into two key aspects:

¢ Pump Draft: under conditions of fuel sloshing combined with a low filling level, the pump may
begin to draw gaseous hydrogen from the tank, potentially inducing cavitation and leading to
pump damage.

¢ Increased Heat Leakage: the simulation outputs include the velocity field of the particles within
the tank, which enables the evaluation of forced convection effects according to equation 3.19.

The tank is modeled in two different configurations, with one of them including baffles designed to
mitigate sloshing. These two are modeled using CREO Parametric Design and shown in figure 3.12.

Figure 3.12: Tank 3D model plain geometry (left) and with baffles (right) for 3D simulation

To simulate dynamic conditions, the acceleration profile shown in figure 3.13 of the benchmark vehicle
provided by Dallara at the reference driving cycle of the Mugello race circuit is used.
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Figure 3.13: Vehicle Acceleration Profile in x,y,z of a sector of the Mugello race track

The model outputs include both visual animations, which facilitate the qualitative assessment of pump
draft under the two tank configurations, and probe data used to quantify particle density at the tank
outlet and velocity distributions along the inner wall. The simulations were conducted with a filling
level of I;, = 10 % and particle size of D, = 1 mm.

Furthermore, the 1D model described above treats hydrogen as a uniform two-phase mixture. This
implies that the liquid and gaseous phases are at the same temperature and, consequently, that no heat
transfer occurs between them. This represents a strong simplification, the validity of which depends on
whether the system is analyzed under static or dynamic operating conditions. To assess the accuracy of
this assumption, the 3D model of the plain tank in figure 3.12 was employed to run CFD simulations in
ANSYS Fluent.

In this framework, the liquid and vapor phases are modeled as distinct media with independent
temperature and pressure distributions, resolved using an unsteady, second-order bounded implicit
scheme. Since this is a multiphase flow study, the volume of fluid VOF model is used by solving a single
set of momentum equations and tracking the volume fraction bounded variable of each of the fluids
throughout the domain. More, a viscous scale-adaptive simulation SAS is used to resolve the turbulence
spectrum [55]. A constant heat flux is imposed at the tank wall, derived from the 1D GT Suite model
in combination with the specified filling level. Phase change phenomena are captured using the Lee
evaporation-condensation model [56], which has been experimentally validated in [57].

The setup of the two-phase model is defined according to the following parameters in table 3.7, which is
used as simulation setup for both the 3D tools:

Parameter Unit Liquid Hydrogen = Gaseous Hydrogen
Density p kg/m3 66.5 3.06

Specific Heat c, J/kgK 12195 14149

Thermal Conductivity k W/mK 0.10309 0.022385

Viscosity u kg/ms 10.288e — 06 1.2009¢ — 06
Molecular Weight My, kg/kmol 2.01594 2.01594

Reference Temperature T, s K 23.86 23.86

Enthalpy Ah, J/kgmol 2.097e + 08 0

Table 3.7: 3D CFD Simulation setup on ANSYS Fluent for liquid and gaseous hydrogen
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3.3. Heat Exchanger Model

The setup of the heat exchanger model presented a significant challenge, primarily due to the lack of
experimental data available for validation. To address this limitation, the device was designed on the
basis of the specified boundary conditions and the volume constraints related to this type of application.
In the design process, two principal aspects were considered:

* Channel Freezing: since liquid hydrogen operates at cryogenic temperatures, the coolant is at
risk of freezing when in direct contact with the hydrogen side. From a simulation perspective,
this includes accounting for temperature-dependent properties and possible flow non-uniform
distribution, since even localized freezing can block channels and drastically reduce performance.

¢ Phase Change: capturing phase change of hydrogen is complex because it involves a two-phase
flow with strong variations in density, heat transfer coefficients, and pressure drop. Accurate
modeling requires correlations for boiling heat transfer and two-phase pressure drop that are
valid at cryogenic conditions, where standard correlations may not apply.

Asmentioned in 3.1, based on the given requirements a plate heat exchanger was chosen and represented

in figure 3.14.
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Figure 3.14: Plate Heat Exchanger Model Schematic

A plate heat exchanger (PHE) consists of a stack of thin, corrugated plates arranged so that the two
fluids flow in alternating channels, separated by the plates. In this case, the main side consists of liquid
hydrogen flowing through one set of channels as it absorbs heat, undergoing phase change. In the
secondary side, water flows through the adjacent channels in counter-flow configuration, giving up
heat to the hydrogen. The large surface-to-volume ratio of the corrugated plates enhances heat transfer,
while the thin plate walls allow for efficient conduction of heat between the fluids.

This model has been implemented in GT Suite as illustrated in figure 3.15.
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Figure 3.15: Plate Heat Exchanger Model Overview in GT Suite

This HxPlateMain template is used to model heat transfer between the fluid and wall of a plate heat
exchanger. The fluid boundary conditions on the opposite surface of the heat exchanger mass are
obtained from a connected HxPlateSecondary component. The initial state defined for the main, hydrogen
side is:

¢ Inlet Pressure py, = 10 bar

¢ Inlet Temperature Ty, iy, = 25K

e Wall Temperature T, = 340 K
while for the secondary side the same conditions of the fuel cell cycle coolant are chosen:

* Inlet Pressure ppgw = 1 bar

¢ Inlet Temperature Tecw,in = 346 K

The coolant used is an ethylene-glycol water EGW mixture with a 97:3 ratio, which provides adequate
freezing protection and is commonly employed in automotive applications [45].

The following sections present an analysis of the heat exchanger model with respect to its geometry,
heat transfer performance, and pressure drop characteristics.

Table 3.8 goes over the main geometric parameters of the component:

Geometry Unit Value
Overview

Plate length L mm 200
Plate width W mm 120
Plate wall thickness s mm 0.5
Main inlet connection diameter D,, 1 mm 30
Main outlet connection diameter D,, » mm 30
Secondary inlet connection diameter D; mm 30
Secondary outlet connection diameter D; » mm 30
Main Channel

Channel height h.p,4y mm 2
Secondary Channel

Channel Height 754, mm 2
Layout

Number of channels on main side n.j, - 20
Number of channels on secondary side 7.y s - 20

Table 3.8: Main geometric parameter list of heat exchanger model
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The overall heat transfer coefficient U and consequently the total thermal resistance R are expressed as

1 1 1 1
- - =R=——+R 2
UA, ~ UA; - UA, A e T A, (3.25)
D,
R In (ﬁ,) R

L 2h fo, 1 (3.26)

hiA;  A; 2nkL A, oA,

while the rate of heat transfer for the cold and hot fluid respectively

Q= mccp,c(Tc,o - Tc,i) (3.27)
Q =ritpcpn(Th,i — Tn,o) (3.28)

As the outlet temperatures are known, the LMTD-method is used to compute the heat transfer rate as

Q = UAAT, (3.29)
ATy - ATh

(8

As mentioned in section 3.1, the heat transfer rate from each fluid sub-volume to the wall is calculated
using heat transfer coefficients defined by empirical correlations.

ATy = (3.30)

To describe the heating of the single phase turbulent flow on both the main and secondary side, the
Dittus-Boelter correlation 3.31 is used:

Nu =0.023 - Re®8pr04 (3.31)
where
L
Nu = (%) (3.32)
with

¢ L: reference length
® k: thermal conductivity of the fluid

e Nu: Nusselt number

This correlation is valid for fully developed flow only, namely when

% >10; 0.6 < Pr<160; Re > 10000.

The two phase correlation used to describe the phase change process is the one of Kandlikar for
plate-style evaporators 3.33:

0.003

h=(2.312-Co™"% - Ecp +667.3- Bo"” - Ff; - Eng) (1 - qt) hio (3.33)

with

Ecp=0.512, Enp=0.338 and Ff =1

and
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® }j,: heat transfer coefficient as calculated by Dittus-Boelter in equation 3.31.

] 16108 (g \0
e Co: convection number Co = (7) (p—é;)

® Bo: boiling number Bo = Wg—h,)
* gt: quality

¢ g: heat flux

e m”: mass flux

* hg: gas phase enthalpy

® Ji;: liquid phase enthalpy

Similarly, the friction loss model used for the single phase fluid state is the one for pipe flow, where the
Fanning friction factor is computer from the following formulation:

f }T(; Rep < Reg, (334)
= (A—4.781)2 .
L(a781- B0 Rep > 4000
where
A= —20logy (20, 12
T T80 T3 T Rep
/Dy 251A
B =-2.0I +
Ologio ( 37 ' Rep )

For the two phase fluid state, the Friedel correlation applies a multiplier ®? to the Pipe Flow approach
to adjust for increased energy and momentum transfer. The equations for this correlation are described
below:

324-F-H

2 _
O°=E+ Fr2'045WeO‘035 (3.35)
where
E:(l—x)2+x2%
psfi
[ = x0.78(1 _ X)0‘224
0.91 0.19 0.7
s=(5) () 0-5)
Pg Lt Hi
with
e Fr: Froude number Fr = lez
pDp

”2
e We: Weber number We = %
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3.4. Layout Alternative Model

As outlined in section 2.2, one of the objectives of this study is to evaluate potential design alternatives
for the LHSS plant. One of those includes the use of a compressor stage that provides the required
pressure rise, thus replacing the cryogenic pump. The latter is set to work with liquid hydrogen at
cryogenic temperatures, which as stated in 3.1 can affects its reliability. Figure 3.16 illustrated the
modified P&ID diagram that corresponding to this alternative design.
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Figure 3.16: LHSS Plant Model Alternative Overview - Systems and Operating Conditions

As shown above, the compressor is positioned downstream of the heat exchanger, as it operates with
gaseous hydrogen as the working fluid. In this configuration, the compressor delivers the hydrogen
to the buffer stage at the required pressure. after the heat exchanger. As a consequence of the
compression process, the fluid experiences a significantly higher temperature rise compared to the
pump configuration. This difference originates from the distinct thermal properties of the respective
working fluids. To preserve the boundary conditions of the plant, the heat exchanger must therefore be
resized to reduce the outlet temperature accordingly.

Figure 3.17 provides an overview on the model implementation in GT Suite, where the entire fuel supply
line from the tank to the fuel cell inlet is presented.
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Figure 3.17: LHSS Plant Model Alternative Overview with GT Suite Interface

The compressor is modeled by prescribing a mass flow rate with the same control logic as the one
applied to the pump model. This approach ensures that the buffer tank pressure remains at the desired
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level, thereby reducing oscillations induced by the variable fuel flow demand of the power unit.
More, two other parameters are defined:

e Isentropic Efficiency: allows the effect of irreversibility to be accounted for in terms of the actual
and isentropic work amount as shown in figure 3.18. It is defined as the ratio of the work input in
the isentropic process, to the work input in the actual process between the same inlet and outlet
pressures. If the kinetic and potential energies are negligible, the isentropic efficiency is reduced
to the enthalpy difference ratio of equation 3.36:

) o h25 - h1 _ Ahisentro;ﬂic
Nisentropic = Ty — T = AL

(3.36)

Enthalpy A

>
Entropy

Figure 3.18: Compressor h-s Diagram

* Mechanical Efficiency: this can include friction and bearing losses, as well as motor losses. The
value will be used to compute the total power consumption from the fluid power in equation 3.37:

(3.37)

Table 3.9 goes over the main parameters chosen to model the component:

Geometry Unit Value
Isentropic efficiency 75 - 1
Mechanical efficiency 1ech - 1

Table 3.9: Compressor model setup parameter list



Results

This chapter presents the results of the simulations carried out on the models introduced in chapter 3.
At first, an analysis of the overall operation of the LHSS will be presented, focusing on the behavior of
the individual subsystems and their interaction with the FCEV. This is followed by a comparison with
the gaseous hydrogen vehicle configuration, providing an initial assessment of the differences between
the two technologies. A more detailed investigation of the tank model is then carried out under both
static and dynamic conditions, with particular attention to heat leakage as well as thermal stratification
and sloshing effects. In addition, the validation of the heat exchanger model is addressed, emphasizing
the impact of its integration on the vehicle as a whole. Finally, the results of a preliminary study of an
alternative LHSS layout including a compressor stage will be presented.

4.1. Full Line Model

To best describe the behavior of the fuel throughout the entire two-phase circuit, state diagrams are
employed. These provide an insight into the thermodynamic state of the fluid at the different stages of
the LHSS and are shown in figure 4.1.

Power Unit
Inlet Power Unit
Inlet

Evaporator
Inlet

Temperature [K]

Pump

Evaporator
Inlet

Inlet

23.75 }
Pump
Inlet

46 Enthalpy [k!/kg] 4600 18 Entropy [ki/kgK] 46

Figure 4.1: Pressure-enthalpy (left) and temperature-entropy (right) state diagrams of the entire system

The main thermodynamic processes can be summarized as follows:

¢ Isentropic Compression in the Pump

¢ Isobaric Evaporation in the Heat Exchanger

As illustrated in figure 4.1, the storage tank contains a two-phase mixture of liquid and gaseous hydrogen
in thermodynamic equilibrium. At the pump inlet, only saturated liquid hydrogen is present, which
then enters the evaporator as subcooled liquid. Within the evaporator, the fluid undergoes a phase

43
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change and eventually reaches a superheated state, being delivered as gaseous hydrogen at the required
temperature and pressure to the power unit inlet.

4.1.1. System Operation

As mentioned in section 3.1, the system has been validated by analyzing the vehicle behavior during
one lap around the Mugello racing circuit. Following the plant overview of figure 3.1, the outputs of the
individual subsystems starting from the tank up to the fuel cell will be presented.

Tank Compartment
Starting with the storage tank, the profiles of the main variables that describe the system are presented
in figure 4.2.
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Figure 4.2: Tank pressure (top-left), temperature (top-right), mass flow rate (bottom-left) and quality (bottom-right) profiles

At first, it is possible to observe is that the pressure inside the tank is slowly decreasing. This behavior
arises from the fact that, although a portion of liquid hydrogen evaporates due to heat leakage, the
outflow of liquid hydrogen from the tank, shown in the bottom left plot, is approximately two orders of
magnitude greater than the evaporation rate. As a result, the MEOP is never reaches, and the relief
valves do not open. The mass of gaseous hydrogen in the tank is therefore slightly increasing, which is
reflected in the upward trend of the quality profile.

The model also outputs a single bulk temperature for the tank, as the liquid and vapor phases are
assumed to be in thermal equilibrium, and uniformly distributed. While this represents a reasonable
approximation under dynamic operating conditions, thermal stratification could influence the thermal
distribution during static conditions. this aspect will be further investigated through simulations using
the 3D CFD model presented in section 3.2.

To gain further insight into the behavior of the relief valves, a boil-off simulation is done under static
conditions, in which the vehicle remains stationary and no liquid hydrogen is flowing out of the tank.
The simulation is conducted over the entire emptying process of the tank with a lower threshold defined
by a minimum fuel mass of m 1, min = 0.1kg.
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Figure 4.3: Tank quality and liquid height profiles

Figure 4.3 illustrates the evolution of the mixture phase composition during the emptying process. As a
consequence of the boil-off, the liquid height in the tank gradually decreases, while the vapor quality
exhibits a corresponding increase.

The heat leakage of the tank is computed using the coupled thermal model introduced in section 3.2
and corresponds to g = 12.50 W/m?. This value is constant throughout the entire process, since both
the internal wall temperature and the bulk fluid temperature remain essentially unchanged. The latter
outcome results from the assumption of a uniform temperature distribution within the tank, which as
previously described above, may introduce inaccuracies under static conditions. The implications of
this assumption will be examined later in section 4.2.2.
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Figure 4.4: Tank pressure and boil-off valve mass flow rate

Figure 4.4 provides an insight into the dynamics of the Boil-Off valve. This pressure-driven device
begins to open when the pressure drop across the valve approaches the cracking pressure drop, which
is set to p = 2.8 bar. At this point, gaseous hydrogen will start to flow out of the tank through the valve,
which will record a peak of flow rate at around my, = 0.015 g/s. Subsequently, the flow rate decreases as
the vapor quality within the tank increases, indicating that progressively smaller amounts of hydrogen
must be vented in order to maintain the internal pressure at the prescribed level.

This analysis provides a first estimate of the dormancy and boil-off time of the system, while also
confirming that the hydrogen release rates remain below the limits prescribed by the FIA for LHSS
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design in this application. For a tank with the given geometry and heat flux, these values correspond to:
tqg =4977s =~ 1.4h

tho = 787535 =~ 21.9 h
Titpo,max = 0.015g/s
Pipe
As mentioned in section 3.1, the pipes in the systems are modeled as adiabatic but flow losses due to
friction along the walls will affect the pressure profile. Despite the modeled smooth surface having

minimal roughness, the friction losses induce a minimal certain pressure drop that can be considered
negligible.

Pump and Buffer Logic

The pump imposes a mass flow rate in the middle of the circuit, which is regulated by the feed-forward
control strategy described in section 3.1. The resulting target static pressure rise is an output of the
model and displayed in figure 4.5.
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Figure 4.5: Pump static pressure rise - output signal of the control strategy

To further assess the correct operation of the control logic, figure 4.6 examines a representative time
window of the simulation, illustrating the relationship between the requested and supplied pump mass
flow rates and the corresponding buffer pressure, which ultimately determines the pressure rise.
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Figure 4.6: Pump and buffer control strategy

Att = 40s, the PU demands an increased fuel mass flow rate to satisfy higher power requirement.
Consequently, the buffer begins to discharge, leading to a pressure drop below the prescribed threshold.
This pressure deviation acts as an input to the control logic, which maps the corresponding pressure

to an appropriate pump mass flow rate. The pump then fills up the buffer once more, restoring its
pressure to the target value.

Concerning the buffer model, a more detailed analysis is carried out to investigate the relationship

between the buffer volume and maximum pump flow rate. In this study, the maximum mass flow

rate requested by the PU is set as #it,,x = 6 kg/h, while the pump flow rate can vary in an interval

of tityymp = 4kg/h —9kg/h. Figure 4.7 reports the minimum plenum pressure as a function of the
pump

maximum pump flow rate for different buffer volumes, ranging from Vy, rre = 11— 101.
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Figure 4.7: Minimum buffer pressure as a function of the maximum pump flow rate for different buffer volumes

As expected, larger plenum volumes are able to keep a higher pressure at a given mass flow rate. To
maintain the target pressure of pisrg.t = 10 bar at the maximum requested mass flow rate, the pump
flow rate cannot fall significantly below the required threshold Consequently, the smaller plenums are
unable to satisfy the target, which can be achieved by buffer volumes of Vi, ¢y = 41 or higher.

In fact, a bigger buffer volume allows to better compensate for fluctuations in requested fuel mass flow
rate, thus gaining a better control over the target pressure. This difference can be observed in figure 4.8,
where the pressure and mass flow rate profiles for two different plenum sizes are displayed.
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Figure 4.8: Buffer mass flow rate (left) and pressure (right) profiles for two different volumes

A considerable difference can be observed between the cases, as the bigger volume is represented by a
smoother pressure and mass flow rate profile.

Heat Exchanger

The heat exchanger model introduced in section 3.1 was designed to meet the temperature requirements
displayed in figure 4.9.
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Figure 4.9: Cold fluid (left) and hot fluid (right) inlet and outlet temperature profiles

A shown, the cold fluid is heated up to the target temperature of T, ger = 346 K while simultaneously
undergoing phase change. On the coolant side, the fluid experiences a modest decrease in temperature,
which is to be attributed to the substantially higher mass flow rate of mecw,max = 8280kg/h compared
to the one on the main side stream. More, the target pressure is not affected by the friction losses within
the heat exchanger, as these can be considered to be almost negligible on both the hydrogen and coolant
sides.

Power Unit Integration

Initially, as mentioned in section 3.1, integration of the LHSS into the FCEV was constrained by a
limitation of the simulation tool, which required the fuel supply line and the anode side of the fuel cell
to be modeled as two separate circuits. To overcome this, a continuity condition was imposed at the
interface, thus allowing the vehicle to operate on liquid hydrogen. This implementation is validated by
the plots in figure 4.10, which demonstrate that the boundary conditions for pressure, temperature, and
mass flow rate are accurately satisfied.
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Figure 4.10: Boundary mass flow rate (left), pressure (mid) and temperature (right) of the two circuits

Time [5]

Moving to the final part of the circuit, the fuel now enters the anode circuit and ahead of entering the
fuel cell, it mixes with the recirculated hydrogen that is injected back into the system. The fuel supply

to the power unit is therefore the sum of these two quantities and is displayed in figure 4.11.
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Figure 4.11: LHSS supplied hydrogen (yellow) and total fuel supply into the fuel cell (blue)

At last, it is important to underline the relationship between the required fuel flow rate and the vehicle’s
dynamic behavior. As the vehicle follows the prescribed speed profile of the Mugello race track, it must
deliver the corresponding torque and power. As described in section 2.1.1, this power demand is shared
between the battery and the fuel cell. This device will then provide the appropriate voltage and current
by converting the chemical energy associated with the reaction between hydrogen and oxygen. The
electrical energy generated is directly related to stoichiometric ratio of the reaction, thus the amount of
hydrogen fuel requested to produce a certain power. This process is best illustrated in figure 4.12, which
concludes the general overview on the system operation, from the tank up to the fuel cell of the vehicle.
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Figure 4.12: Fuel cell electrical energy relation to hydrogen supply
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4.12. Technology Comparison

This section focuses on evaluating the differences between the liquid and gaseous fuel supply systems
for the fuel cell electric vehicle. To be more specific, these two configurations will be assessed in terms
of range of the vehicle, which can be limited by two main factors:

¢ Battery Capacity: as one of the two main power sources of the vehicle, the battery size, thus
energy storage directly affects the achievable driving range

¢ Hydrogen Storage Capacity: while liquid hydrogen offers a higher energy density compares to its
gaseous form, the packaging constraint of the onboard storage tank limits the quantity that can be
carried, thereby influencing the overall range.

To quantify these effects, three simulation scenarios were conducting, differing in fuel type (liquid or
gaseous hydrogen) and vehicle mass. The liquid hydrogen configuration has a total vehicle mass of
Myenicle, = 1400 kg, whereas the gaseous hydrogen configuration s slightly lighter at nypicre,g = 1370 kg.
The additional mass is attributed to the LHSS, which requires extra components such as the cryogenic
pump and heat exchanger. The weight of these components was estimated from preliminary design
data and industry references for similar systems.

From a vehicle dynamics perspective, the increased mass results in higher energy losses, primarily
due to greater rolling resistance. These losses are quantified as AE;,ss = 43 ], corresponding to an
approximate 0.5 % increase relative to the lighter configuration. Consequently a higher tractive force
is required to maintain the same speed profile, leading to an increased overall power demand. Since
the fuel cell operates near its maximum allowable power output, this additional demand is entirely
supplied by the battery. Figure 4.13 illustrates this effect by comparing the battery power profiles of the
different configurations.
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Figure 4.13: Battery power profile

As aresult, the liquid hydrogen configuration exhibits a lower SOC, with a difference of approximately
ASOC = 2% of the total battery sized at Cp,¢s = 11.2 kWh after a single lap. This corresponds to an
estimated 4 % SOC depletion compared to the lighter gaseous hydrogen vehicle.

Furthermore, when considering the tank storage capacity as the limiting factor, the use of a LHSS results
in a significant extension of the vehicle’s driving range. During a single lap of the circuit, the filling level
of the liquid hydrogen tank decreases by only Cp, ¢; = 7.06 %, which is 32 % less than if the gaseous
hydrogen tank were to be used. This difference can be traced back to the ratio between the stored masses
of the fluids at their operating conditions. At T = 23 K and p = 2.5 bar, the fuel mixture in the cryogenic
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tank has a density of pro,mixr = 60kg/ m?3, thus an initial mass of m H2,1 = 2.4kg. For what concerns the
gaseous hydrogen tank, at T = 430 K and p = 700 bar, pr ¢ = 40 kg/m? so that mp,¢ = 1.6 kg, which is
approximately 30 % less as expected.

Overall, the vehicle range is evaluated separately for the two limiting scenarios. When only the hydrogen
storage capacity constraint is considered, the estimated ranges are Sy, ; = 74 km and Sp,,; = 50 km for
the liquid and gaseous hydrogen powered vehicle respectively. If the battery size is taken into account,
then these values drastically decrease to Spatt,1 = 13 km and Spgt,¢ = 14 km. These values are derived
by computing the number of laps achievable with the respective hydrogen or battery consumption rates
and multiplying by the track length of L;y,cx = 5.2 km. As expected, the battery proves to be the main
limiting factor in this analysis, thus not allowing to fully explore the potential of a LHSS. In fact, when
accounting for the additional weight of the LHSS components, the total range of the liquid hydrogen
vehicle becomes slightly lower than that of the gaseous configuration.

To further investigate the theoretical advantage of liquid hydrogen, a sensitivity analysis was performed
to identify the battery capacity required for the vehicle range to be constrained by tank depletion rather
than by battery discharge. In this analysis, the additional weight associated with a larger battery was
neglected to isolate the storage effect. The results presented in figure 4.14 provide a first comparison of
the range potential between the two storage technologies.
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Figure 4.14: Technology comparison with varying battery size

As shown in the results, once the battery capacity exceeds Cp,s+ = 43 kW h, the vehicle’s range becomes
limited by the fuel storage rather than the battery, allowing the LHSS to demonstrate a clear advantage in
driving range. In fact, after crossing that threshold, the range of the gaseous hydrogen configuration no
longer increases with additional battery capacity, indicating that the storage tank becomes the dominant
limiting factor. These findings are summarized in the table of figure 4.15, where the overall range is
reported as the minimum of the values found in the two scenarios described.

Hydrogen Technology Comparison (Fuel Consumption)

Models Hydrogen Battery
Battery Battery | Battery | Battery | Battery | Battery | Battery
Cons:i o | TNk Range Co:::‘nﬁ"{ion Cor?;'fr:";ion Range | Range | Range | Range | Range | Range | Range
[%]p [km] [%]p [kWh‘; (11.12kWh) | (20kWh) | (30kwh) | (40kWh) | (50kwh) | (60kWh) | (80kWh)
[km] [km] [km] [km] [km] [km] [km]
GH2 10,31 50,44 38,00 4,23 13,68 2461 | 3692 | 4922 | 61,53 | 73,84 | 9845
LH2 7,06 73,65 38,00 4,23 13,68 2461 | 3692 | 4922 | 61,53 | 73,84 | 98,45
LH2 (+30kg) 7,06 73,65 40,00 4,45 13,00 23,38 | 3507 | 4676 | 5845 | 70,14 | 93,53

Overall Range [km]

GH2 13,68 2461 | 3692 | 4922 | 50,44 | 50,44 | 50,44
LH2 13,68 2461 | 3692 | 4922 | 61,53 | 73,65 | 73,65
LH2 (+30kg) 13,00 2338 | 3507 | 4676 [JENIR 7014 | 73,65

Figure 4.15: Technology comparison study table results
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4.2. Tank Model

As outlined in section 3.2, several key aspects were addressed in the development of the tank model.
First, the influence of varying external conditions and of heat leakage on the dormancy and boil-off
behavior is examined. More, the outcomes of the 3D CFD and particle based simulations are presented
to evaluate thermal stratification and fuel sloshing within the tank.

4.2.1. Heat Leakage

This section examines the influence of tank insulation on the overall heat flux and dormancy time,
thereby summarizing the key finding of the thermal modeling approach applied to the tank system.

Static vs Dynamic Conditions

This study is carried out to evaluate whether the mixing between the phases that occurs in dynamic
conditions could potentially increase the heat transfer between the fluid and the wall. This effect can be
quantified by analyzing dormancy time and heat flux in the tank based on the heat transfer coefficient
indicated as fluid convection in figure 3.11.

In static conditions, the free convection coefficient is obtained from figure 3.10. With a temperature
difference between the internal wall and fluid of AT = 0.1 K nucleate boiling occurs, thus providing a
heat transfer coefficient of

Hstatic = 140 W /m>K.

Under dynamic conditions, the tank is subject to external forces deriving from the acceleration of the
vehicle, whose profile is illustrated in figure 3.13. To capture this effect, the 3D sloshing simulation on
Particleworks is used to report the particle velocity profile displayed in figure 4.16:
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Figure 4.16: Individual particle velocity within the tank under external forces

From an average particle velocity of v,,¢ = 0.32m/s and using the forced convection equation 3.19 gives
a heat transfer coefficient for dynamic conditions of

Raynamic = 2500 W /m*K.

Despite the significant increase in heat transfer coefficient, the overall heat flux inside the tank remains
nearly unchanged. This is primarily because the tank’s insulation minimizes the wall-fluid temperature
difference, preventing any meaningful reduction in dormancy time under dynamic conditions.
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MLI Sensitivity

As mentioned in section 3.2, the tank insulation consists of a vacuum gap, where multiple reflective
layers are placed between the two concentric shells.

An initial study was conducted to evaluate how the use of vacuum and MLI affects heat flux and,
consequently, dormancy time. Three insulation configurations were analyzing, and the resulting heat
leakage is shown in figure 4.17:
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Figure 4.17: Tank insulation effects in three different scenarios

The results clearly demonstrate that MLI technology significantly reduces the heat rate in the tank,
thereby increasing dormancy time. Moreover, the presence of a vacuum layer is essential for maintaining
cryogenic temperatures, as it keeps heat flux levels far below those of a conventional fuel tank In fact,
the loss of vacuum in the tank represents on of the major challenges in the design. This effect increases
the heat flow by multiple orders of magnitude, which implicates the following:

¢ once the MEOP is reached, the pressure can no longer be decreased again down via the oil-off
path, so that additional PRV’s such as the ones displayed in figure 3.4 need to open to avoid burst

e the absence of vacuum cannot be adequately managed within the operational limits of the boil-off
valve

Accurately quantifying this failure scenario would require modeling complex phenomena such as
material rupture and the mixing of hydrogen with the outside air mixture. In this study, the no vacuum
case is simplified as an uninsulated tank scenario for comparison purposes.

More, focus is placed on the MLI technology by studying its effects on heat leakage. Figure 4.18 displays
the heat flux and corresponding heat transfer coefficient in relation to the number of MLI layers applied.
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Figure 4.18: Tank heat transfer coefficient (left) and heat flux (right) in relation to the number of MLI layers
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Increasing the number of MLI layers reduces the heat flux within the tank to values below g = 5W /m?,
beyond which additional layers provide diminishing returns while complicating the manufacturing
process and keeping a proper vacuum within the tank. Consequently, the dormancy time improves
significantly with MLI as illustrated in figure 4.19, where adding up to 74,5 = 5 layers can increase it
by a factor of 10.
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Figure 4.19: Tank dormancy time in relation to the number of MLI layers

Vehicle Temperature Sensitivity

Similarly, an analysis is done to examine the influence of the external vehicle temperature on the tank
heat leakage. The objective is to estimate how variations in ambient temperature, represented as the
boundary condition in figure 3.11, affect dormancy time. The results, which further validate the accuracy
of the thermal model, are presented in figure 4.20.
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Figure 4.20: Tank heat transfer coefficient (left) and heat flux (right) in relation to the vehicle temperature

According to the heat transfer relationships expressed in equations 3.23 and 3.24, an increase in heat
flux is expected as the temperature difference between the cryogenic fluid and the surroundings grows.
In this study, the external temperature is varied in a range of T,epicie = 280 K — 420 K, resulting in a total
dormancy time reduction of approximately t; = 15000 s.

4.2.2. Thermal Stratification

One of the key assumptions in the tank model described in section 3.1 is that hydrogen can be treated
as a uniform two phase mixture characterized by a single temperature profile. Based on the literature
background presented in 2.1.3, this assumption is considered valid primarily under dynamic operating
conditions, where external forces promote mixing between the liquid and vapor phases, thereby
enhancing heat transfer. Under static conditions this phenomenon does not occur, and a temperature
gradient appears to be developing within the tank. To assess the validity of this hypothesis, 3D CFD
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simulations are carried out to analyze the thermal stratification within the tank, and the resulting
findings are presented below.

For the static scenario, the temperature distribution in the tank at a certain time step is displayed in
figure 4.21.
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Figure 4.21: Temperature distribution in the static tank displayed on two different planes
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It is clear that due to the imposed heat flux, a temperature gradient across the tank forms, which is
driven by the evaporation of liquid hydrogen. This leads to the formation of a superheated liquid region
and a subcooled vapor zone. A comparable output for the dynamic case is shown in figure 4.22.
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Unlike the static case, external forces induce fluid motion mixing, resulting in a more uniform temperature
profile. This allows to consider the assumption of hydrogen as a uniform two-phase mixture assumption
as valid.

Temperature

Figure 4.22: Temperature distribution in the dynamic tank displayed on two different planes

4.2.3. Sloshing

At last, the other phenomenon requiring a 3D analysis is the sloshing effect introduced in section 3.2.
The first output of this study provided further insight into heat leakage associated with the forced
convection induced by fuel movement within the tank. This was addressed in section 4.2.1 of the results
part. The other objective of this study is to ensure that, under sloshing conditions and low filling levels,
the pump doe not start to draw gaseous hydrogen from the tank.

For this purpose, two different tank designs have been developed and simulated under the external
forces induced by the vehicle acceleration profile in figure 3.13. At a certain time step, the particle
distribution and velocity gradients are displayed for the two different configurations in figure 4.23:
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Figure 4.23: Tank particle distribution in no baffles (left) and baffles (right) configuration

As can be observed above in figure 4.23, the tank model without baffles on the left does not fully cover
the pump outflow region at the bottom, allowing gaseous hydrogen to be drawn out. Additionally,
the fluid particles are characterized by a greater velocity profile, which further enhances heat leakage
effects within the tank. For these two reasons, two baffles are designed in the tank model shown on the
right of figure 4.23. Under the same external forces acting on the tank, this configuration maintains the
liquid phase more effectively within the tank outflow region, while at the same time reducing particle
velocities. As a result, the baffle design enables to safely draw out fuel by limiting sloshing effects even
at low tank filling levels.

4.3. Heat Exchanger Model

This section presents the results of the heat exchanger model study introduced in section 3.3. In
particular, these will be classified into two main categories, reflecting the key criteria considered in the
model’s development. The first criterion addresses the design objectives, focusing on achieving the
target hydrogen outlet temperature, while the second one concerns the component integration into the
fuel cell cooling system.

4.3.1. Model Validation

This part will focus on presenting the results of the heat exchanger model in terms of output temperatures
and energy rates of both the main and secondary side. This will include design, calibration and scaling
considerations.

Design

As stated in section 3.3, the heat exchanger is composed of a stack of thin, corrugated plates arranged so
that the two fluids flow in alternating channels. On the main side, the cold fluid flows exchanges heat
with the hot fluid in a counter-flow configuration. An overview of the effective temperature distribution
of the hydrogen flow across the plate is illustrated in figure 4.24.
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Figure 4.24: Cold fluid plate temperature distribution

The graph of figure 4.24 shows the temperature increase across the plate, which shows significant
oscillations due to the varying mass flow rate of hydrogen that goes through the heat exchanger. The
target outlet temperature of T4 ¢er = 346 K is already achieved halfway through the plate already.

The corresponding convective heat transfer rate and heat transfer coefficient of the hydrogen side are
presented in figure 4.25.
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Figure 4.25: Convective heat transfer rate (left) and heat transfer coefficient (right)
During this process, the two-phase hydrogen mixture undergoes phase change, so that the energy rate
required can be divided into three different contributions:

® Sensible heat Q45,1 part for liquid hydrogen to go from subcooled to saturated conditions
¢ Latent heat of vaporization Qjsens to transform liquid into gaseous hydrogen

* Sensible heat Qs.ns,¢ part for gaseous hydrogen to reach target outlet conditions

These different components combined make up the energy balance shown in figure 4.25. At a given

mass flow rate of ritp, max = 6 kg/h = 0.0017 kg/s, the total heat transfer rate equals to Qs,r = 7.5 kW,
which can be sub divided into

Qsens g = 0.2kW
Quatent = 0.4kW
Qsensible,g =6.9kW

The heat transfer coefficients shown in figure 4.25 were determined using the empirical correlations
presented in section 3.2.
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Calibration Accuracy
During the modeling phase of the device, the heat transfer rate is calculated using heat transfer
coefficients defined by an empirical correlation. These are then usually used for the calibration process
and automatically fit to the experimental data provided by the manufacturer. In this case, the only data
available concerned a cryogenic evaporator operating with R1234YF as the working fluid. To assess
the applicability of this calibration to hydrogen, a comparative study is carried out at the maximum
operating flow rates of
ity max = 0.0017 kg /s

mEGW,mux =25 kg/S

The two different model configurations were compared and the results are here summarized in table 4.1:

Parameter Calibrated Analytical
Heat rate Q 7.40 kW 751 kW
Hydrogen outlet temperature Ty, o 340K 346 K

Heat transfer coefficient 1 320W/m?*K  345W/m?K
Effectiveness €. s 0.97 0.99
Pressure Drop Ap 0.0010 bar 0.0020 bar

Table 4.1: Result comparison between calibrated and analytical model of heat exchanger

The comparison indicates that the calibrated model systematically underestimates both the heat transfer
rate and the pressure drop relative to the analytical approach. This discrepancy can be attributed to two
primary factors:

¢ Experimental data range: the supplier’s calibration data is collected at flow rates outside of
the range of those employed in this experimental site. Extrapolating the correlation beyond its
validated range introduces uncertainty in the computed heat transfer and friction coefficients

¢ Single-phase reference fluid: the calibration is done using a single-phase refrigerant that does not
undergo phase change, which represents a different operating condition than this case

For these reasons, the decision is made to use an analytical model for the heat exchanger based on the
geometry provided by the company.

Scaling Analysis

The layout presented in section 3.3 is based on a preliminary geometry provided by the company on
a cryogenic heat exchanger. Since an analytical model is employed, the geometry can be adjusted to
control the resulting heat transfer rate and outlet temperature. In particular, the number of channels in
the plate heat exchanger can be varied to evaluate scaling effects. Figure 4.26 shows the outcomes of this
analysis, illustrating how the predicted heat rate and hydrogen outlet temperature change with the
number of channels.

Heat Rate [kW]
Temperature [K]

0 10 20 30 40 50 60 0 10 20 30 40 50 60
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Figure 4.26: Heat rate (left) and hydrogen outlet temperature (right) in relation to the number of channels
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As shown, the selected configuration with #.p4nne1s = 40 channels meets the target outlet temperature
requirements. Moreover, the results indicate that the system could be further downsized to approximately
Nehannels = 20 while still achieving the desired thermal output.

4.3.2. Vehicle Integration

This part of the study will go over the integration process of the device into the vehicle. The resulting
effects in terms of system integration, radiator sizing, fuel consumption and cooling pump requirements
will be presented.

System Integration

As introduced in section 3.3, the heat exchanger operates using water as hot fluid. This design choice
was made to be able to integrate the component into the existing fuel cell cooling cycle of the FCEV. The
cooling system consists of a tube-fin heat exchanger that lowers the coolant temperature exiting the
fuel cell. In this configuration, the plate heat exchanger is positioned between the fuel cell outlet and
radiator inlet.

The impact of incorporating the cryogenic evaporator on the radiator’s thermal characteristics is
illustrated in figure 4.27, which compares the two configurations of the FCEV operating with liquid and
gaseous hydrogen respectively.
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Figure 4.27: Fuel cell radiator thermal energy (left) and fuel cell coolant outlet temperature (right)

As expected, the plate heat exchanger induces a reduction in thermal energy of the radiator by already
lowering the coolant flow temperature. Consequently, the coolant arrives at a lower temperature at
the radiator inlet, reducing the amount of heat that needs to be removed from it. The addition of the
cryogenic evaporator also leads to a slight overall reduction in the coolant temperature throughout the
cycle.

Radiator Sizing

The results showed above indicate that, as a consequence of the integration of the plate heat exchanger
into the cooling cycle, it would be possible to reduce the size of the fuel cell radiator to obtain the same
thermal conditions as the original configuration of the gaseous hydrogen vehicle.

This analysis is based on the following assumptions:

* Ambient temperature T;,;, = 35°C: chosen to represent a worst case scenario, where the radiator
is exposed to hotter incoming air compared to the baseline T;,,;, = 15°C

* Constant fuel cell power Prc = 82 kW: ensures a steady fuel consumption rate and a constant
mass flow rate of hydrogen through the plate heat exchanger of 71y, = 0.0020 kg /s

¢ No coolant thermostat bypass: assumes a fixed coolant flow rate of riiggw = 2.5kg/s throughout
the cycle

¢ Constant vehicle speed uyenicte = 150 km /h: provides a steady flow of ambient air through the
radiator

¢ Simplified cooling pump model: no performance map will be used but an imposed mass flow rate
equal to Mpcw
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At first, the benchmark configuration with the fuel cell and radiator only is presented. Figure 4.28 shows
a simplified scheme of the fuel cell cooling cycle with the corresponding heat rates and inlet and outlet
coolant temperatures.

66.8 °C |

\ 4
75.6 °C 69.8°C 68.8°C 35°C
Fuel Cell
—> 78.6 kW —> +— +—

74.4°C T

Figure 4.28: Fuel cell cooling cycle plant overview before integration

This configuration shows that the heat absorbed by the coolant in the fuel cell is balanced by the
heat released through the radiator. Specifically, the coolant experiences a temperature increase of
ATgcw = 7.6 °C, while the air heats up by AT;;, = 33.8°C.

Once the plate heat exchanger is added to the system, the temperatures and heat rates look as shown in

figure 4.29.
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Figure 4.29: Fuel cell cooling cycle plant overview after integration

In this case, the total thermal energy to be dissipated by the coolant is shared between the evaporator and
the radiator. This results in a reduction in temperature difference of both the coolant ATggw = 6.8°C
and air AT,;, = 30.5°C.

To reach a similar configuration as the initial benchmark, the fuel cell radiator outlet temperatures can
be altered by reducing its size. In a tube-fin heat exchanger, the area depends on two main parameters,
the main channel length MC and stack height SH. These two are reduced to a value of MC = 520 mm
and SH = 410 mm, which result in an area that is 12 % smaller than the original geometry. The resulting
cooling system profile after this radiator size reduction is shown in figure 4.30.
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Figure 4.30: Fuel cell cooling cycle plant overview after integration and radiator sizing

As illustrated, the coolant inlet and outlet temperatures at the fuel cell now closely match those of
the benchmark configuration, thereby confirming that the radiator size reduction compensates for the
integration of the plate heat exchanger.

Cooling Pump Sensitivity
As mentioned in section 3.3, a key design consideration for the plate heat exchanger is the risk of channel
freezing. The purpose of this analysis is to evaluate how operating conditions influence the likelihood

of coolant freezing within the channels. Figure 4.31 illustrates the relationship between the coolant flow
rate and the evaporator outlet temperature.
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Figure 4.31: Fuel cell cooling pump flow rate with respect to the evaporator coolant outlet temperature

For the operating conditions considered, the average coolant flow rare is ritecw avg = 2.3 kg/s, which
remains safely above the threshold where freezing might occur. The onset of freezing is predicted only
at extremely low flow rates of around riigcw, s = 0.025 kg /s, which is well below this operating range.

4.4. Layout Alternative Model

This section presents the results of the preliminary study of an alternative LHSS layout design that uses
a compressor instead of a pump. This analysis first examines the system level implications of this design
change and then outlines the potential strategies for integrating the new configuration.

As shown for the model in section 4.1, the state diagrams representing the modified two-phase circuit
behavior are presented in figure 4.32.

The main thermodynamic processes in this case can be summarized as follows:
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Figure 4.32: Pressure-Enthalpy (left) and Temperature-Entropy (right) state diagrams of the entire system

¢ Isobaric Evaporation in the Heat Exchanger
¢ Isentropic Compression in the Compressor

As illustrated in figure 4.32, liquid hydrogen now enters the evaporator at the tank pressure of
Ptank = 2.5bar, where it undergoes phase change and reaches a superheated state. At this point, it
enters the compressor at the intermediate temperature of T;,; = 220 K and is compressed to the target
pressure piarger = 10 bar and temperature Ti;pg0+ = 346 K to then reach the power unit in gaseous form.

A direct comparison between the two different systems leads to the following results shown in figure
4.33:

0.01kW 2.75kW

LH2 GH2
PUMP COMPRESSOR

Figure 4.33: Pump (left) and Compressor (right) inlet and outlet conditions

The compression stage in this configuration is imposing a AT to the fluid which is much larger than the
one from the pump. This is related to the fact that hydrogen is now compressed in gaseous form, such
that the AT,y = 2 K, while AT, = 125 K. For this reason, to keep the same boundary conditions at
the entrance of the FCEV, the temperature at the outlet of the heat exchanger needs to be lowered.

Two scaling strategies were evaluated to achieve the target intermediate temperature of T;,;; = 220 K:

¢ Channel scaling: reducing the number of channels from 7cjanneis = 40 tO Nchannets = 4 while
keeping the same plate geometry allows to reduce the heat rate of the evaporator to Q = 3.2 kW,
which results in the desired output temperature

¢ Plate geometry scaling: at a constant channel number, reducing the plate length to L = 85mm and
width to W = 60 mm provides the same output of the first scenario

These modifications ensure that the fluid now exits the heat exchanger at a thermodynamic state that
satisfies the target conditions at the outlet of the compressor.
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Additionally, compressing gaseous hydrogen also requires a lot more work from the system to achieve
the target requirements in terms of pressure. In fact, due to the difference in thermal properties between
the two phases, it takes up to Peomp = 2.75kW as opposed to only Pp,mp = 0.01 kW to compress the
fluid in ideal conditions.



Discussion

5.1. Full Line Model

The full line model provided an integrated perspective on the liquid hydrogen storage system and its
interaction with the vehicle powertrain. This has been developed using data provided by the company
regarding a preliminary study on a fuel cell electric vehicle working on gaseous hydrogen and guidelines
of the FIA on the design requirements of such systems. The modular approach used enables a potential
adaptation to other vehicle architectures power units, demonstrating the flexibility of this study beyond
the Dallara Stradale case.

The simulation results confirmed that boil-off effects are relatively limited under the considered operating
conditions. This outcome can be attributed to the adopted insulation strategy and the low mass flow
rates required by the fuel cell. The predicted tank dormancy times and boil-off rates align well with
the data provided by the company. This serves as a further proof of the suitability of the tank thermal
model of a high performance vehicle.

Adjiabatic pipes were assumed to simplify the analysis, thus isolating the primary thermal challenges
to the tank and heat exchanger without introducing evaporation effects in the distribution lines. A
critical finding concerns the logic of the pump-buffer interaction, which showed high sensitivity to
transient changes in mass flow rate. The basic control strategy that is currently implemented highlights
the pump as critical design element, requiring refined logic and experimental calibration to ensure
reliable operation during all driving cycles.

Moreover, the packaging constraints of the Dallara Stradale vehicle significantly influenced system
efficiency, thus affecting the comparison with the gaseous hydrogen vehicle. As the vehicle has not
been originally designed with a chassis for a fuel cell, limited space was available to integrate the tank
and battery systems. This resulted in reduced ranges of the vehicle, thus requiring to make specific
assumptions related to the powertrain to allow to fully explore the potential of the LHSS. The power
distribution strategy, with the fuel cell operating in parallel to the battery, successfully met the dynamic
requirements of a racing lap but underscores the importance of a proper energy management strategy
to avoid excessive stress on the fuel cell.

5.2. Tank Model

The tank model enabled a detailed investigation of heat leakage based on insulation effectiveness and
of dynamic effects such as thermal stratification and sloshing. An average particle velocity across all
directions to provide a first estimate of the increased heat flux due to forced convection effects. The
empirical correlation used showed an increase in heat transfer coefficient, which resulted in a limited
increase in overall heat flux due to the small temperature difference between the fluid and wall. The
study on the insulation technology delivered results that found evidence in the literature. In particular
the MLI sensitivity analysis delivered a heat flux profile at varying number of layers which followed
the predictions made in literature. In practice, achieving a stable vacuum and consistent, uniform
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layering can be quite challenging, leading to heat leakage rates that may deviate substantially from
the ideal predictions of the model. The vehicle temperature sensitivity analysis highlighted that an
increasing internal vehicle temperature while driving will results in an increased heat leakage, thus
reduced dormancy time.

While the model captured phase change using one boiling correlation for the fluid, it still represents an
ideal scenario in which hydrogen is assumed to be a uniform two phase mixture. To capture localized
effects in the subcooled and superheated areas of the tank, a 3D CFD simulation was required. This
allowed to account for local temperature gradients within the fluid, demonstrating how in a dynamic
condition the temperature distribution is more uniform, thus validating the hypothesis made.

Additionally, sloshing analysis provided a reasonable first approximation of the fluid dynamics within
the tank. While the tool was not able to account for the phase change, it still provided a first indication
on pump draft at low filling levels in dynamic driving scenarios. Together, these finding underline the
need for combined 1D and 3D approaches for future work to address the combination of these effects
and carry out studies to further validate the model.

5.3. Heat Exchanger Model

The heat exchanger model focused on the liquid-to-gas conversion stage, on which very little background
data was publicly available. The plate-fin geometry selected for the simulation was based on a preliminary
design provided by Dallara for a cryogenic heat exchanger. This configuration provided a benchmark
for this study, which was oriented towards making this device work with a two-phase fluid on the main
side and for the coolant on the secondary side to be integrated into the vehicle cooling cycle. The final
geometry chosen for device proved to be over-dimensioned for the target temperature requirements.
This was a consequence of model convergence issues related to the device discretization, thus not
allowing to run the system with a more optimized configuration with a lower number of plates.

Nevertheless, the results of the vehicle cooling system integration study demonstrated the potential to
reduce the fuel cell radiator size or overall fuel consumption. The latter has not been fully explored yet
and would be a consequence of the fact that a reduced coolant temperature would bring the fuel cell in
a more efficient operating condition, thus requiring less fuel to provide the same power output.

Calibration of the heat exchanger model remains an open task due to the lack of experimental data
on two-phase refrigerants. Collaboration with industrial partners will be essential to refine the
NTU-effectiveness correlations and verify effectiveness under racing-specific duty cycles.

5.4. Layout Alternative Model

Finally, the layout alternative model investigated a configuration that replaces the liquid hydrogen pump
with a gaseous hydrogen compressor. This alternative was proposed due to concerns over the reliability
of cryogenic pumps, which are subject to cavitation and sealing challenges. The analysis revealed a
trade-off between the reduction in evaporator sizing requirements and the significant increase in power
consumption associated with the compression. The preliminary results suggest that further work is
required to properly assess the layout alternative configuration.



Conclusion and Recommendations

This thesis set out to investigate the design and performance of a liquid hydrogen storage system for a
high performance fuel cell vehicle, taking the Dallara Stradale as a case study. The work addressed the
system-level modeling and integration of the storage system and comparison with the conceptual study
of the same vehicle but with gaseous hydrogen technology. Additionally, it focused on the design and
thermal behavior of the cryogenic tank and heat exchanger, as well as the evaluation of an alternative
layout using a gaseous hydrogen compressor. The overall aim was to provide a simulation framework
and engineering insights that can guide the implementation of liquid hydrogen technology in future
motorsport applications.

The full line model was developed to evaluate the differences between the liquid and gaseous fuel
supply systems for the fuel cell electric vehicle. These two configurations were assessed in terms of
range of the vehicle, which could be limited by battery and hydrogen storage capacity factors. The
study demonstrated that a liquid hydrogen configuration offers a decisive advantage in terms of fuel
energy density, this vehicle range compared with a gaseous hydrogen high pressure system. Despite
the additional complexity of cryogenic components in terms of reliability and design requirements,
the LHSS achieved boil-off rates and dormancy times within the lower range of literature data. This
confirmed that careful insulation combined with low fuel mass flow demands of the power unit can
keep hydrogen losses to a minimum. These results establish liquid hydrogen as a technically feasible
and competitive option for motorsport vehicles, provided that packaging and thermal management are
carefully managed.

The dedicated tank model was set provide insights into the influence of varying external conditions
and of heat leakage on the dormancy and boil-off behavior. More, thermal stratification and fuel
sloshing effects were studied to gather further knowledge on hydrogen behavior within the storage
unit. The dedicated tank model quantified heat leakage under static and dynamic conditions and
highlighted the critical role of MLI and vehicle temperature. The simulations showed limited sensitivity
of the total heat flux to particle velocity effects because of the small temperature gradients inside the
tank. Additionally, they revealed that practical MLI implementation can lead to significant deviations
from ideal predictions. Some preliminary results concerning dynamic phenomena such as thermal
stratification and sloshing were captured only in an approximate manner, underlining the need for
combined 1D and 3D approaches in future work.

For what concerns the heat exchanger, the results show that the two key criteria considered in the model
development have been respected. The design objectives based on achieving the target temperature
of hydrogen were achieved using a compact plate geometry in a counter-flow configuration. More,
the component was successfully integrated into the fuel cell cooling system, allowing for potential
reductions in radiator size. Even though convergence issues and the absence of experimental calibration
limit the current predictive accuracy, this model provided a solid benchmark for future work on the
system.

At last, the layout alternative model evaluated the replacement of the cryogenic pump with a gaseous
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hydrogen compressor. While the compressor reduces evaporator sizing requirements and mitigates
pump reliability concerns, it substantially increases electrical power consumption, which in turn impacts
fuel cell and battery sizing. This preliminary study underlined the importance of evaluating different
systems designs in a phase were regulations are still in the process of being made and potential to
evaluate different configurations is present.

This work contributes to the field by developing an integrated 1D system model of a liquid hydrogen
storage system for a racing fuel cell vehicle, capable of predicting dormancy, boil-off and transient
operation. It provided a tank model that captures key heat transfer mechanisms and offers a basis for
insulation sensitivity studies and operating temperature analyses. Additionally, it presented an initial
heat exchanger design framework for cryogenic liquid to gaseous hydrogen conversion for motorsport
applications. Lastly, it quantified the trade-offs of an alternative compressor layout, offering guidance
for future FIA hydrogen class vehicle designs.

Limitations of the study reside in the fact that it is primarily simulation based and relies on simplified 1D
and 3D representations and limited experimental validation. The pump control logic, the detailed physics
of thermal stratification and phase change, and the calibration of heat exchanger effectiveness remain
open issues. Furthermore, the packaging constraints of the Dallara Stradale imposed compromises in
tank volume and battery capacity that may not fully represent future hydrogen racing prototypes.

The results of this thesis demonstrate that liquid hydrogen storage is a viable and technology for
high performance fuel cell racing vehicles. Although significant engineering challenges remain, the
modeling framework and design insights developed here provide a solid foundation for the next
generation of hydrogen powered motorsport prototypes and contribute to the broader effort of achieving
carbon-neutral racing.

6.1. Recommendations

To build on the findings of this thesis, different actions are recommended and summarized as follows:

¢ Full line model: the entire vehicle model could be simulated under different speed profiles, thus
racing tracks as well us different power unit types and fuel consumption profiles. More, evaluate
effects of valve geometries, heat transfer from piping to ambient as well as a pump map for its
control. Extend the potential of the model by simulating safety related scenarios such as the purge
of hydrogen as well as the tank filling process.

¢ Tank model: use of 3D CFD analysis to estimate the fluid to wall heat transfer coefficient in static
and dynamic conditions. Additionally, implement a phase change model for sloshing simulations
for greater accuracy as well as propose heat transfer models for the two phases separately and
their interaction with the wall. At last, look into the loss of vacuum case and its implications in
terms of design adjustments and safety concerns.

¢ Heat exchanger model: validate the model geometry and output characteristics by implementing
calibration maps based on experimental data and geometry. Study the effects of integrating the
device in other cooling cycles of the vehicle such as the one of the electric motors or battery. Look
into additive manufacturing techniques to develop such systems.

¢ Layout alternative model: carry out a more detailed analysis on the system that provide insights
into the practicability of such solution based on system-level simulations on the whole FCEV.

e Other: explore other potential design implementations of the LHSS such as the use of boil-off gas
as a power source or its re-liquefaction through cryogenic refrigeration cycles.
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Model Background

Fuel Cell Loss Model

Activation Losses

These losses occur due to the electrochemical reactions at the electrodes, where electrons are transferred.
They are most significant at low current densities, requiring additional energy to initiate the reactions.
They are defined using the Butler-Volmer equation, which expresses the relationship between the
activation overpotential and the current density as i = f(E;c:).

The equation is given in an implicit form as:

. ( [aRdF(Eact)
i=iglexp | ———=—|—exp

Al
ot (A1)

anP(Eact) :| )
RgasT

where:

e E,.: activation losses

e i: current density

¢ ip: exchange current density
® Rgps: universal gas constant

¢ T: temperature

Since equation A.1 is valid for both the anode and cathode, two different values of E,; are calculated.
The overall activation loss is the sum of both. The exchange current density ij is a key parameter,
representing the rate of electrochemical reactions at the electrodes. It depends on the temperature,
pressure, and material properties at the reaction sites. It is typically determined under reference
conditions, then adjusted to the actual boundary conditions (pressure and temperature) with equation
A2:

y
. .ref pPr Eqct _ T
io =1, acLc (_pyef) exp [—RgusT (1 Tref)} (A.2)

where:

.re .
i I reference exchange current density (at reference temperature and pressure)

® g.: catalyst-specific area

L.: catalyst loading

* p,: reactant partial pressure
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. p:ef : reference pressure of the reactant
¢ y: pressure dependency coefficient 0.5 to 1

® Lyey: reference temperature

Given that the Butler-Volmer equation is implicit, thus computationally expensive to solve, a simplified
form known as the Tafel equation A.3 is often used to estimate activation losses.

Ry, T ]
Eqet = ———-In (i) (A3)
aF 10

As shown in equation A.3, activation losses follow a logarithmic trend with respect to the current
density. Figure A.1 shows how they are significant at low loads and become almost constant as the load
increases.

potential loss (V)
o
o

0.4 r///_/——————*
0.24

0 500 1000 1500 2000
current density (mA/cm?)

Figure A.1: Activation Losses - voltage versus current density [20]

Fuel Crossover and Internal Currents

Even when the fuel cell is at open circuit voltage, some reactants pass through the electrolyte (such as
the membrane in PEMFCs), causing a small internal current. Since activation losses increase sharply at
low current densities, even a small reactant crossover can result in a notable voltage drop. Using the
Tafel equation A.3, the current is considered as the sum of the external current required to supply the
load i.y¢ and the internal current i;,¢, which represents the fuel crossover phenomenon:

I =lext + iint (A4)

From the Tafel equation A.3, considering a condition in which no load is present (i.x; = 0), the open
circuit voltage loss can be expressed as:

RopsT i:

Eoc,loss = f;ﬂ; In (z_nt) (A5)
Ohmic Losses

This voltage drop results from the resistance to electron flow through the electrodes, electrolyte, and
other conductive components. It follows a linear relationship with current density. These losses can be
quantified using Ohm'’s law:

AEgum =R -1 (A.6)

The resistance R in equation A.6 is not constant. It depends on the fuel cell’s operating conditions,
particularly the membrane humidity and the operating temperature. One of the most used models
to evaluate ohmic resistance is the Springer correlation [58]. This model was developed based on an
isothermal, 1D steady-state model for a PEMF using a Nafion 117 membrane. The model accounts for
two primary mechanisms of water transport:
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* water transport through the porous electrode

e water transport through membrane electrolyte

Water equilibrium in the membrane is determined by the water activity (a), which is evaluated as the
ratio between the partial pressure of the water vapor (p,) and the saturation pressure (ps,:):

_ P
Psat

(A7)

The water activity is a parameter needed for calculating the water content in the membrane (A). The
relationship between the water activity and the water content is not linear, such that an empirical
formula is used to approximate it:

A =0.043 + 17.81a — 39.854° + 36a° (A.8)
14
124 a
IC;‘ 10
5 *
o] 6 i

A=

0.0 1.0

0.2 0.4 06 08
Water Vapor Activity (P, /P,,)
Figure A.2: Ohmic Losses - water content versus water activity [58]

In this simulation model, constant humidity along the membrane is assumed. For this reason, the water
contend along the membrane thickness is given as a constant value. This allows us to compute the
proton conductivity (o), which is related to the membrane humidity, hence to the water content:

1 1
G(Tcgll) =exp [1268 (% - m)] 030 (Ag)

where:

030 = buid = b2 (A.10)

is the experimental proton conductivity obtained at 30°C, which is a function of the water content
(A) and two calibration parameters (b11 — b12). Proton conductivity is the inverse of resistance. By
integrating the inverse of conductivity over the membrane thickness, it is possible to calculate the ohmic
resistance of the membrane R, as:

t
1
Rm = ‘/0 mdz (A11)

If the conditions at the anode and cathode are assumed to be constant, the ohmic resistance R, is also
constant and the ohmic loss is linearly increasing with the current.
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Concentration Losses

As the fuel is consumed, its concentration decreases at the reaction sites. If the system cannot supply
sufficient fuel to maintain a stable concentration, this depletion leads to a significant voltage drop,
particularly at high current densities. To evaluate the concentration losses, it is necessary to begin by
computing the flux of the reactants N using Fick’s law:

_D-(G-C)

N
0

Ael (A.12)

where:
e D: diffusion coefficient of the reactants
¢ Cy: bulk concentration of the reactants
® C,: concentration of the reactant at the surface catalyst
e A, electrode active area
e O: diffusion distance

Under steady-state conditions, the consumption rate of the reactants is equal to the diffusion flux:

N=— (A.13)

From equations A.12, A.13 it is possible to obtain:

;D gcb ) (A14)

From equation A.14, it becomes clear that the reactant concentration at the surface decreases as the
current density increases. Knowing this relationship, it is possible to evaluate the current density at
which the reactant consumption rate is the same as the supply rate. This condition corresponds to the
maximum current available from the fuel cell as no more reactants are available to sustain the reaction.
This occurs when the reactant concentration C; = 0, such that the limiting current is:

F.
i = ”ch (A.15)

Using the Nernst equation, it is possible to evaluate the concentration losses (AE,,.) as a function of
the limiting current density:

RT i
AEcone =~ In (l,L = l,) (A.16)

According to equation A.16, when the current density approaches the limiting current density, the
voltage loss would have a sharp increase. However, in practice, the trend is typically more gradual than
the sharp rise predicted in the equation.
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Figure A.3: Concentration Losses - voltage loss versus current density [20]
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