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Abstract

The International Thermonuclear Experimental Reactor (ITER) plays a pivotal role in energy fusion research based
on tokamak technology and will magnetically confine a hot toroidal plasma, whose heat exhausted will impact the
internal surface of the tokamak chamber closest to the plasma itself, namely the First Wall (FW), potentially leading to
accidental conditions. The FW will be protected in real-time (RT) by the First Wall Heat Load Controller (FWHLC),
which evaluates its surface temperature through a combination of measurements from infrared (IR) cameras and
reconstruction of the impacting heat load thanks to the coupling with a thermal model, which is the focus of this
thesis.

This work has been at the center of a research and development process as ITER is presently undergoing a re-
baseline involving a series of proposals, including the installation of inertially cooled First Wall Panels (FWPs) in
an early operation phase called Augmented First Plasma (AFP). Thermal models present in the literature lack the
necessary flexibility to cope with the FW design evolution imposed by the re-baseline. Moreover, the literature lacks
a systematic approach to identify a trade-off between accuracy and running time requirements for RT applications.
Finally, no FW temperature map data are presently available in the ITER database, which are needed for the planned
development of IR cameras’ synthetic diagnostics. In light of these research gaps, this work aims first at finding the
most suitable thermal model for the FWHLC in the AFP phase in terms of a trade-off between accuracy and running
time requirements for RT response, secondly analysing the thermal response of the FW in the AFP phase, and thirdly
finding a simple yet reliable thermal model for IR cameras’ synthetic diagnostics.

The first two aims have been fulfilled by developing a control-oriented model kept flexible enough to adapt to evolving
FW geometries and either active or inertial cooling. Numerical heat transfer simulations have been carried out
in MATLAB with a focus on individual fingers composing FWPs. Simulations included fingers’ 1D and 2D models,
considering both constant and temperature-dependent properties. A comparative assessment between these simulations
allowed to find models at the same time simple and accurate. Additionally, 2D models have been validated against
higher fidelity simulations to test their accuracy. The comparative assessment has shown that a 1D model is suitable for
actively cooled FWPs while, in the case of inertially cooled panels, a 2D model is recommended. Also, the assumption
of constant thermal properties for the temperature range of interest has been verified. Furthermore, a convergence
analysis has been carried out to find time steps and computational grid sizes suitable for RT applications. Finally,
realistic heat load data coming from simulations including plasma dynamics have been employed to investigate FW
thermal response time scales essential for the controller design, which resulted in the order of seconds. The third
aim has been fulfilled by developing a simple steady-state 1D model for actively cooled FWPs. The problem allows
an analytical solution, which also considers the volumetric heat generated by neutrons produced by fusion reactions.
Results show that for most of the FWPs the expected surface temperature is lower than IR cameras’ lower detection
threshold and that volumetric heat generation is negligible.
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Sammanfattning

Den International Thermonuclear Experimental Reactor (ITER) spelar en central roll inom energifusionsforskning pa
tokamak-teknologin och kommer magnetiskt att begrénsa ett varmt toroidplasma, vars varme som forbrukas kom-
mer att paverka inre yta av tokamakammaren nirmast sjilva plasman, nimligen First Wall (FW), vilket potentiellt
leder till oavsiktliga forhallanden. FW kommer att skyddas i real-time (RT) av First Wall Heat Load Controller
(FWHLC), som utvéarderar dess yttemperatur genom en kombination av métningar fran infraréda (IR) kameror och
rekonstruktion av den paverkande varmebelastningen tack vare kopplingen med en termisk modell, som &r fokus for
denna avhandling.

Detta arbete har statt i centrum for en forsknings- och utvecklingsprocess eftersom ITER for ndrvarande genomgar
en ny baslinje involverar en rad forslag, inklusive installation av troghetskylda First Wall Panels (FWP) i en tidig
driftfas som kallas Augmented First Plasma (AFP). Termiska modeller som finns i litteraturen saknar det nédvéndiga
flexibilitet for att klara av FW-designutvecklingen som patvingas av re-baseline. Dessutom saknar litteraturen en
systematisk metod for att identifiera en kompromiss mellan krav pa noggrannhet och drifttid for RT-applikationer.
Slutligen, ingen FW temperaturkartdata finns for narvarande tillgdngliga i ITER-databasen, som behovs for den plan-
erade utvecklingen av IR-kameror syntetisk diagnostik. Mot bakgrund av dessa forskningsluckor syftar detta arbete
forst till att hitta den mest ldmpliga termisk modell f6r FWHLC i AFP-fasen i termer av avvigning mellan nog-
grannhet och kortidskrav for RT-svar, for det andra att analysera det termiska svaret av FW i AFP-fasen, och for det
tredje hitta en enkel &nda palitlig termisk modell fér IR-kameror syntetisk diagnostik.

De tva forsta malen har uppfyllts genom att utveckla en kontrollorienterad modell som halls tillrackligt flexibel for att
anpassa sig till utvecklingen FW-geometrier och antingen aktiv eller troghetskylning. Numeriska varmeoverforings-
simuleringar har genomforts i MATLAB med fokus pa enskilda fingrar som komponerar FWP. Simuleringarna inklud-
erade fingrarnas 1D- och 2D-modeller, med hénsyn till bade konstanta och temperaturberoende egenskaper. En
jamforande bedomning mellan dessa simuleringar tillats hitta modeller pa samma gang enkelt och korrekt. Dessutom
har 2D-modeller validerats mot simuleringar med hogre kvalitet for att testa deras noggrannhet. Den jamférande
bedémningen har visat att en 1D-modell ar lamplig for aktivt kylda FWP:er medan, for troghetskylda paneler, en 2D-
modell rekommenderas. Ockséa antagandet konstanta termiska egenskaper for temperaturomradet av intresse har veri-
fierats. Dessutom en konvergens analys har utforts for att hitta tidssteg och berédkningsnétstorlekar som ar lampliga for
RT-tillaimpningar. Till sist, realistiska virmebelastningsdata fran simuleringar inklusive plasmadynamik har anvants
for att understka FW termiska svarstidsskalor som &r viktiga for styrenhetens design, vilket resulterade i storlek-
sordningen sekunder. Den tredje Malet har uppfyllts genom att utveckla en enkel steady-state 1D-modell for aktivt
kylda FWP. Problemet tillater en analytisk losning, som ocksa tar hénsyn till den volymetriska varmen som gener-
eras av neutroner som produceras av fusionsreaktioner. Resultaten visar att for de flesta FWP:er ar den forvantade
yttemperaturen ligre &n IR-kameror lagre detektion troskeln och att volymetrisk varmealstring ar forsumbar.

Nyckelord

Karnfusion, ITER, forsta vigg, virmebelastning i realtid, kontrollorienterad modellering, numerisk varmeoverforing,
termisk modellering, infraréda kameror syntetisk diagnostik
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Chapter 1

Introduction

While this thesis is being written, climate change is a major concern for humanity. Consequences of climate change
such as wildfires, droughts, floods, and sea-level rise are clearly evident and are seriously threatening the existing
ecosystems, besides undermining the socio-economic human structures [European Commission, n.d.]. Climate change
is caused by greenhouse gases, especially carbon dioxide, mainly emitted by burning fossil fuels (coal, oil, and natural
gas), responsible for 75% of global greenhouse gas emissions [United Nations, n.d.]. Despite this, as depicted in figure
not only humanity has largely relied on fossil fuels consumption in recent history, but still today fossil fuels
dominate with nearly 77% of total primary energy consumption. Therefore, the urgency of the climate crisis requires
a rapid “energy transition” towards carbon-free energy sources. On top of that, the combination of the expected
increase in world energy demand and the limited available fossil fuel resources on Earth may cause an energy shortfall
in the coming decades at the present rate of fossil fuels consumption [Lee and Saw, 2011]. As depicted in figure
the direct consequence is the need for abundant energy sources alternative to fossil fuels. Another important point is
the need for energy security, namely the “uninterrupted availability of energy sources at an affordable price”, related
both to long-term and short-term energy supply, with the latter dealing with “timely investments to supply energy
in line with economic developments and environmental needs” and the former with “the ability of the energy system
to react promptly to sudden changes in the supply-demand balance” [[EA, n.d.b]. From the standpoint of long-term
energy security, being particularly concentrated in specific areas in the world, fossil fuels often represented and still
today represent a source of geopolitical tensions and conflicts, undermining their continuous availability. It would be
hypocritical not to mention that fossil fuels have been a key to the development of human societies, resulting in the
present social and economic wealth that characterizes most of the countries in the world. Nevertheless, in light of
the above, humanity needs alternative energy sources to fossil fuels, in particular having the following characteristics:
carbon-free, abundant, and secure.

Other
renewables
Modern biofuels
Solar

Wind
Hydropower
Nuclear

160,000 TWh
140,000 TWh
Natural gas
120,000 TWh
100,000 TWh
80,000 TWh
60,000 TWh
40,000 TWh

Coal

20,000 TWh

0TWh biomass
1800 1850 1900 1950 2022

Figure 1.1: Global primary energy consumption by source measured in TWh [Ritchie et al., 2020].
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Figure 1.2: Projected energy shortfall |[Ritchie et al., 2020]. As the beginning of the shortfall may considerably vary
because of significant uncertainty both on the future energy demand and on fossil fuels reserves, this chart is meant
to be qualitative.

In this venture of finding alternative energy sources, some suitable candidates are: fossil fuels combined with carbon
capture, utilization and storage (CCUS); renewable energy sources; nuclear fission; nuclear fusion. CCUS consists of
capturing carbon dioxide mainly from quite large facilities such as power plants or industries, utilizing it in indus-
trial processes and/or storing it typically in geological reservoirs [IEA, n.d.a]. CCUS is currently under development,
representing a valid alternative for the energy transition, particularly in hard-to-abate sectors, like heavy indus-
try and chemicals, besides possibly offsetting unavoidable emissions from sectors like transportation and agriculture
[Dziejarski et al., 2023]. However, despite being a possible short-term answer to the climate crisis when combined
with CCUS, fossil fuels do not represent a long-term energy solution because of their inherent limited abundance. Re-
newable energy sources like solar, wind, hydro, geothermal, and bioenergy are carbon-free, abundant, and long-term
secure. However, renewable energies have insufficient energy density to cope with the entire global energy demand
alone [Pironti and Walker, 2005|, therefore an excessive increase in renewables penetration may cause environmental
issues related to land use, such as threatening food security and biodiversity conservation [Capellan-Pérez et al., 2017].
Furthermore, some renewable energy sources like solar and wind are non-dispatchable, i.e., are intrinsically intermit-
tent, posing a problem of energy security in the short-term, therefore they need to be complemented with frequency
reserves and energy storage. Nuclear fission is based on fission reactions, which involve the splitting of nuclei with
high atomic numbers. Nuclear fission reactors constitute a mature technology and have the advantage of assuring a
carbon-free and secure energy supply. On the other hand, due to large up-front costs, severe safety requirements, and
high-level waste management, nuclear fission often lacks public acceptance and competitiveness with other technologies
[IEA, n.d.c]. Additionally, the risk of proliferation further exacerbates public acceptance. Nuclear fusion is instead
based on fusion reactions, which involve the merging of nuclei with low atomic numbers. Unlike fission, nuclear fusion
is currently in an early stage of development, and has many advantages:

e carbon-free. The most promising fusion reaction, namely the one having deuterium (D) and tritium (T) as
reactants, has a neutron and helium as by-products, the latter being an inert and non-toxic gas. No greenhouse
gases are produced [ITER Organization, n.d.a]

e abundant. As fusion reactions release tremendous amounts of energy, fuel consumption is relatively small. Deu-
terium can be extracted from water at a very low cost while tritium, despite not being present in nature because of
its relatively short half-life of just 12.3 years, can be produced from nuclear reactions involving lithium. Reserves
of lithium on Earth are enough to produce energy for 1000 years from fusion reactors [[TER Organization, n.d.a

e secure (long-term). Deuterium and tritium are so abundant and cheap to ensure a reduced energy dependency
[Ongena, 2016]

e high energy density. In terms of land requirements, fusion power plants are expected to be of the same order
of magnitude as conventional power plants such as thermoelectric plants (20 — 1000 m?/MW), contrarily to
renewable power plants’ quite large land requirements (4000 — 90,000 m?/MW) [Schleisner et al., 2001]

e inherent safety. Unlike fission, fusion does not involve neutron chain reaction: the main safety issue for a
nuclear fission reaction. i.e. core meltdown, can not physically happen. In case of undesired and unpredicted
disturbances, a fusion reactor can be safely stopped within seconds [I[TER Organization, n.d.a
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e absence of high-level waste. Fusion reactors will produce more waste than fission reactors, but low-level and
intermediate-level waste, thus avoiding the need for long-term radioactive waste storage. The level of radioactivity
is foreseen to drop significantly in 100 years time [De Vicente et al., 2022

e limited risks of proliferation. Fusion does not involve the direct production of materials that could be employed
to produce nuclear weapons [ITER Organization, n.d.aj.

Nuclear fusion has obviously some drawbacks, including scientific complexity, engineering challenges, and economic
competitiveness with other energy sources [Freidberg, 2008|]. Scientific complexity is linked to the astonishing high
temperatures required for fusion to happen, i.e., 150 million K for a deuterium-tritium (D-T) reaction, 10 times hotter
than the core of the sun. The temperature is so high that deuterium and tritium become a fully ionized gas, namely
a plasma, whose macroscopic fluid behavior is characterized by complex nonlinear dynamics. Moreover, in order to
have fusion reactions, a sufficient amount of charged particles has to be held together for a sufficient time, i.e., the
plasma must be confined. As a consequence, the requirement of maintaining a desired quantity of plasma sufficiently
hot and confined makes fusion extremely challenging from a scientific standpoint. Engineering challenges range from
developing suitable materials to withstand neutron and heat loads, realizing efficient heating systems to reach such
extremely high temperatures, ensuring effective confinement, and also producing and managing tritium. FEconomic
competitiveness is linked to the inherent complexity of nuclear fusion power plants, resulting in large up-front costs.
Today it is quite hard to predict whether fusion reactors will be able to compete with other energy sources in the
future energy mix, given nuclear fusion’s early stage of development. However, focusing on electricity generation, in
the context of a significant future renewable penetration in the energy mix, as can be expected given the current trend
of increasing renewable generation, fusion reactors could benefit from the premiums deriving from reliable and steady
electricity generation [Kembleton, 2023]. Indeed, fusion reactors can be designed to provide a constant power supply
acting as base load, reducing the need for frequency reserves and storage. Additionally, fusion reactors could provide
also thermal energy, which could be useful for district heating, desalination, and other industrial processes. Therefore,
if the challenges mentioned are overcome, nuclear fusion represents an outstanding alternative energy source, with
fusion reactors capable of providing carbon-free, abundant, secure, high-density, and safe energy supply, thus being
integrated as base-load generation in the energy mix in combination with renewables.

Nuclear fusion research is fundamentally categorized into magnetic confinement and inertial confinement, with the
former being more promising for base-load electricity generation [Lerede et al., 2023]. Currently, there are ongoing
projects on various configurations but research is mainly focused on machines named tokamaks [Lee and Saw, 2011].
In this context, the International Thermonuclear Experimental Reactor (ITER) plays a pivotal role. ITER is an
international project located in the south of France involving 35 countries including the US, South Korea, Russia,
Japan, India, the European Union, and China and it will be the largest tokamak on Earth [[TER Organization, n.d.c|.
Its primary aim is obtaining an energy gain of () = 10, meaning that the output power from fusion needs to be at
least ten times more than the input power absorbed by the plasma. Indeed, ITER will be equipped with 50 MW
of auxiliary heating to produce 500 MW from fusion reactions, and it will not produce electricity. Basically, ITER
constitutes the bridge between small experimental reactors and demonstration fusion power reactors such as DEMO
[Federici et al., 2019], therefore paving the way for the commercialization of fusion energy, expected in the second half
of the present century [Lerede et al., 2023]. ITER will also integrate and test components and technologies which will
be used in future fusion reactors.

At the time of this thesis finalization, there is an ongoing re-baseline process at ITER [Loarte A., 2023]. For the scope
of this thesis, the two main takeaways are the new proposed first wall (FW) material and the new ITER operation
plan. According to the original ITER design, the FW material was beryllium while, according to the re-baseline, the
new proposal is tungsten. Tungsten, with respect to beryllium, has a higher melting point and lower surface erosion
[Pitts R., 2024]. On top of that, not only beryllium is toxic thus posing some issues from the operation and licensing
standpoint, but has also the issue of trapping the tritium fuel in the case of erosion. On the other hand, tungsten
dissipates more plasma energy, therefore lower plasma contamination can be tolerated. Concerning ITER research
plan, with the re-baseline it is currently envisaged to divide ITER operation into three main phases:

e Augmented First Plasma (AFP): during this phase, the machine is operated at low-risk conditions, allowing the
commissioning of the necessary systems. It is envisaged to employ non-active cooling of the FW, namely inertial

cooling. Inertial cooling is a novelty, as before the re-baseline it has always been assumed to use active cooling

e DT-1: in this phase, the FW is actively cooled and additional heating power is installed
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e DT-2: in this phase, ITER reaches “its final configuration in terms of tokamak components and auxiliary systems.
The objective will then be to produce long-lived plasmas” [Loarte A.; 2023]

The work presented herein is carried out in collaboration with ITER Organization, in particular within Controls and
Operation Department (SCOD), Science Division (SCD), Experiments and Plasma Operation Section (EPO). Some
of the works cited in this thesis constitute an ITER internal documentation which, as such, is not publicly accessible.

1.1 Motivation of the study

Due to transport in tokamak plasma, charged particles and fusion-generated neutrons continuously escape the magnetic
confinement, eventually interacting with plasma-facing components (PFCs) with the generation of heat and particle
fluxes [Freidberg, 2008]. For this reason, ITER is equipped with a divertor, a PFC having the specific aim of managing
most of the heat exhausted from the plasma in steady-state conditions, resulting in approximately 10 MW /m?
comparable to a taking-off rocket [Pitts et al., 2011]. Consequently, the rest of PFCs, namely the FW, receive relatively
low thermal fluxes in steady-state conditions [ITER Organization, n.d.b]. However, during nominal and off-nominal
transient events, the FW can receive heat fluxes exceeding the steady-state limit and be subjected to a great amount
of deposited energy [Mitteau et al., 2010]. That being the case, a first line of defense is given by the First Wall Heat
Load Controller (FWHLC) whose role is to avoid the development of undesired heat fluxes on the FW by acting
in feedback on the plasma [Ravensbergen et al., 2023]. The FWHLC, which is part of the broader Plasma Control
System (PCS) and currently under development at ITER, will be designed following a model-based approach, involving
a plasma model, a thermal model, a series of actuators, and finally several synthetic diagnostics, the main one being
infrared (IR) cameras [Pesamosca et al., 2023]. In particular, this work is focused on the thermal model for ITER
FW, whose objective is evaluating the surface temperature evolution of the PFCs impacted by the heat flux dictated
by the plasma equilibrium and power balance, considering the wall geometry. This model has three main applications
which will dictate the requirements for its development:

e model-based control design, i.e., modelling the FW thermal dynamics during the controller design phase to
correctly include the characteristic time for heat diffusion

e active control, i.e., allowing real-time (RT) simulations of the temperature evolution in the PFCs to enable
predictive control when combined with IR camera measurements

e development of IR cameras’ synthetic diagnostics, i.e., benchmarking the surface temperature distribution com-
puted through the thermal model with the values measured by IR cameras

In this framework, several thermal models of the FW or, more generally, of PFCs, are available in the literature,
both for control and design purposes. In fusion research, the reference thermal model is the RACLETTE code
[Raffray and Federici, 1997], a relatively simple but thorough 1D transient heat transfer model developed for actively
cooled plasma plasma-facing components (PFCs) simulating various key heat transfer phenomena occurring on their
surface including evaporation, melting, and radiation. That being the case, the RACLETTE code is particularly
suitable in case of large heat fluxes or accidental situations, where the key heat transfer phenomena just mentioned
play a significant role in the heat transfer dynamics. Besides that, other 1D transient heat transfer models have been
developed for the heat load control in RT for actively-cooled PFCs, for instance, the ones employed in the experimental
tokamaks Joint European Torus (JET) in the UK [Valcarcel et al., 2014] and DIII-D in the US [Anand et al., 2021]. A
similar 1D thermal model for RT applications, more specific for ITER and for the FW in the case of active cooling, has
also been developed [Pesamosca et al., 2023|. Besides 1D simulations, 3D transient simulations of the FW have been
performed, particularly by ITER Blanket Section [Hunt, 2023]. The Blanket Section is currently developing models for
design purposes, therefore they are extremely accurate taking into account both thermal and electromagnetic loads for
thermo-mechanical stability of the FW, thus they are not suitable as control-oriented models which inherently have a
reduced complexity. Additionally, concerning 3D simulations, [Brank et al., 2019] proposed to employ 3D geometries
of the FW to perform thermal simulations in steady-state conditions with the finite element method (FEM) in the
case of active cooling, with the possibility of integrating such thermal models with the field line tracing environment
SMITER software package, which computes the heat flux impacting the PFCs for a given plasma equilibrium and FW
geometry [Kos et al., 2019]. Being this thermal model 3D and being developed in steady-state conditions, and thus
not suitable as a control-oriented model (which instead should be simple and dynamic), it can be applied to accurately
evaluate the FW temperature maps as inputs to optical simulations of IR cameras’ response.

Nevertheless, for the purpose of model-based control design, the thermal models available in the literature lack a
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fundamental requirement, i.e., the necessary flexibility to cope with the FW design evolution imposed by the ongoing
re-baseline process. Therefore, this thesis work introduces novel thermal models capable of considering either beryllium
or tungsten as FW material, either active or inertial cooling, and evolving FW geometries for the sake of FWHLC
design.

For the purpose of active control, the thermal models available in the literature do not provide a systematic approach to
identify the most suitable model for simulating transient heat transfer phenomena in the FW in a sufficiently accurate
way yet compliant with the RT requirements of the PCS. Therefore, this thesis work aims to fill this research gap
through quantitative analyses on the trade-off between accuracy and computational cost for the FWHLC operation
in RT.

For the purpose of IR cameras’ synthetic diagnostic, despite the recent development of [Brank et al., 2019], SMITER
does not yet include a simplified but reliable way to generate FW temperature maps for IR cameras’ synthetic
diagnostics. Therefore, this thesis work has also the goal of integrating the present workflow in the case of active
cooling of the FW by providing a complementary and simpler thermal model.

1.2 Aim of the study

The aim of this study is: to find the most representative thermal model for the FWHLC in terms of a compromise
between accuracy and running time requirements for RT response; to analyze the thermal response of the FW of ITER,;
to find the simplest yet reliable thermal model for IR cameras’ synthetic diagnostics. The specific goal is to develop
two types of thermal models, the first one for the design and operation in RT of the FWHLC (thus being applicable
for model-based control design and active control), and the second one for IR cameras’ synthetic diagnostics.

The first model must fulfill the following requirements:

e be control-oriented, i.e., dynamic and capable of handling time-dependent inputs. As said, the FWHLC comes
into play during transient conditions, therefore the model shall be capable of addressing transient heat transfer
phenomena. Also, in the case of FW inertial cooling, heat transfer phenomena are intrinsically time-dependent

e be computationally efficient and run in real-time

e be implemented in MATLAB in order to ease its integration in the PCS, which is designed in MATLAB/Simulink
[Ravensbergen et al., 2023]

e be general, i.e., be applicable to the entire FW, which is characterized by a complex three-dimensional toroidal
geometry

e be as flexible as possible. Indeed, as said, the design of the FW is currently an ongoing process, therefore
it is desirable to have a model flexible enough to accommodate potential modifications in their geometry and
materials

The second model has instead the following requirements:

e be steady-state and as simple as possible. Indeed, as said, this approach aims to be complementary to the steady
state 3D simulations developed by [Brank et al., 2019] but simpler

e be general

e be as flexible as possible (for the same reason as above)

As a consequence of the flexibility requirements, the models are coded from scratch in MATLAB without using external
libraries.

1.3 Scope of the study

This work has the following scopes:
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the models developed are applied to the FW only, thus excluding the divertor, which involves much more complex
physics and control [Ravensbergen et al., 2021]

the analyses are carried out having tungsten as plasma facing material. However, the thermal models are kept
flexible enough to change potentially, in the future, the material

the RT thermal model for FWHLC is developed for the AFP phase only. It is still not clear if in the AFP phase
the FW will be partially or exclusively inertially cooled. In any case, the models developed are flexible enough
to account for either inertial cooling or active cooling

as addressed more in detail in section [2.4] the FWHLC is applied in the case of nominal conditions and off-
nominal conditions potentially leading to accidental events, leaving disruptions aside. Indeed, disruptions may
take place at a much shorter time, thus requiring a different approach from the thermal modelling standpoint

the thermal model for IR cameras’ diagnostics is developed for the DT phase only, where the FW is foreseen to
be actively cooled

1.4 Research questions

The research questions of this thesis can be formulated as such:

1.

What is the most suitable thermal model in terms of a trade-off between accuracy and computational cost for
the design and RT operation of the FWHLC in the AFP phase?

What is the transient thermal response of the entire ITER FW in the AFP phase?

What is the simplest but reliable model to generate temperature maps for IR cameras’ synthetic diagnostics in
the DT phase?

In this thesis, research questions are addressed starting with a theoretical background in chapter [2] followed by the
methodology in chapter [3] Results and discussions are provided in chapter 4} followed by conclusions in chapter
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Chapter 2

Theoretical background

This chapter provides the theoretical foundation for this thesis work. It starts by giving a general overview of nuclear
fusion in section both in terms of underlying physical principles and tokamak technology, with a particular focus
on the ITER project and its main components. Section [2:2] addresses the part of ITER object of this work, namely
the Blanket system, followed by section [2.3]in which the transients occurring during ITER operation, for which a heat
load controller is needed, are detailed. Section [2.4] introduces the FWHLC. The last two sections and provide
the theoretical background needed for the development of the thermal models by presenting respectively the energy
balance equations employed and numerical methods applied in this work.

2.1 Nuclear fusion

2.1.1 Physical principles

The idea of employing nuclear fusion for energy production comes from the intent of imitating what powers the Sun and
the stars. A fusion reaction is a nuclear reaction, meaning that it involves the interaction between reactants’ nuclei.
These nuclei need to be close enough for the reaction to happen, therefore it is necessary to win the electrostatic
repulsion between the positive charges composing the nuclei [Freidberg, 2008]. This can be achieved by reaching
high temperatures so that particles acquire sufficient thermal energy to overcome the electrostatic repulsion. The
combination of gravitational confinement and quantum tunneling effect allows the proton-proton reaction to take
place in the Sun, whose core temperature reaches 15 million K. In order to realize fusion reactions on Earth, where
gravitational confinement cannot be achieved for obvious reasons, other reactions are considered. On Earth, most
experiments rely on the D-T reaction, in which D and T need to reach 150 millions K (corresponding to an energy of
10 — 20 keV), 10 times more than in the core of the Sun, for a high reaction probability when they collide (as shown
in figure . At this temperature, a D and T mixture becomes a plasma, i.e., an ionized gas characterized by high
conductivity which results globally neutral, but not locally. Additionally, as shown in figure the D-T reaction has
a lower energy threshold and a higher reaction rate for a given temperature than other fusion reactions.
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Figure 2.1: Comparison between D-T reaction and other fusion reactions: (a) fusion cross-section as a function of
deuterium kinetic energy (the cross-section o measures the probability of a reaction per square meter); (b) reaction
rate ov weighted on the velocity distribution as a function of the temperature. Adapted from [Freidberg, 2008].
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The D-T reaction is the following;:

H+%H —* He+n+ 17.6 MeV (2.1)

where 2H is deuterium, 3 H tritium, * He helium, and n a neutron. By looking at the binding energy per nucleon curve
depicted in figure namely the energy released when a nucleus is formed, it is possible to conclude that the reaction
is exothermic. Indeed, there is a mass defect between products and reactants which translates into energy following
Einstein’s relation E = mc?: the difference between the binding energy of * He and that of the reactants corresponds
to the energy released by the reaction, approximately 17.6 MeV, released as kinetic energy. As a consequence of
momentum and energy conservation, kinetic energy is divided among the products: the neutron receives 14.1 MeV,
while the alpha particle (a nucleus of * He) the remaining 3.5 MeV.
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Figure 2.2: Binding energy per nucleon as a function of the number of nucleons. Adapted from |[Wikipedia, n.d.|.
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Figure 2.3: Triple products for MCF and ICF for a given concept vs year achieved [Wurzel and Hsu, 2022]. Note that
for some of the experiments (like for ITER) a band is provided as the machines are not yet complete.

In order to have a fusion reaction, it is not sufficient to reach high temperatures, but it is also necessary for D and
T to be close enough for a sufficient amount of time. In fusion physics, the “triple product” [Lawson, 1957] is often
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used to quantify the requirements for a fusion reactor, and is defined as nTgT, where n is the plasma density, 75
is the confinement time (i.e., the rate at which a system loses energy to its environment), and T the temperature
expressed in eV. It turns out that there is a minimum value of the triple product for fusion reactions to generate as
much fusion energy as it is given to the plasma, and in particular n7gT ~ 10%! m™3 -s-keV. This value corresponds
to a unitary energy gain ) = 1, the ”"break-even”. For controlled engineering application, the goal is to obtain energy
multiplication (@ > 1) and regulate the fusion power as a function of the external energy input (Q < o0), thus, for
a given temperature, the product nTg can be varied in such a way as to meet the requirements of a minimum value
of the triple product. In order to do so, there are two strategies that define the two main research pathways: inertial
confinement fusion (ICF) and magnetic confinement fusion (MCF). The former is based on maximizing the plasma
density with a relatively low confinement time, the opposite for the latter. Figure 2.3 gives an idea about the progress
of the current experiments and facilities towards the break-even.

2.1.2 Fusion experiments and tokamaks

While this thesis is being written, as shown in figure 23] there are several ongoing experimental projects and start-ups
around the world, both focusing on ICF and MCF [Meschini et al., 2023]. Concerning ICF, the main experiment is
the National Ignition Facility in the US, in which relatively high plasma densities are achieved through high-power
lasers. Concerning MCF, there are different machine configurations, e.g., stellarators, and tokamaks. While stellara-
tors employ complex-shaped magnets to achieve plasma confinement, in tokamaks the plasma is confined in a toroidal
chamber. The main stellarator project is Wendelstein 7-X in Germany, while the main tokamaks projects, besides the
already cited JET in the UK and DIII-D in the US, are ASDEX Upgrade in Germany, EAST in China, KSTAR in
South Korea, JT-60SA in Japan, SPARC in the US, and ITER in France.

In particular, in tokamaks, in order to effectively confine the plasma, three kinds of magnets are necessary, namely
toroidal magnets, a central solenoid, and poloidal magnets. As depicted in figure these magnets generate re-
spectively the toroidal component of the magnetic field, the poloidal one, and the vertical one. An electric current is
driven in the toroidal magnets generating a toroidal magnetic field By which is given by Ampere’s law (ﬁgure. The
central solenoid relies upon the working principle of a transformer: the plasma is the secondary side of a transformer
having the central solenoid as the primary side. A ramp variation of current flowing in the central solenoid generates
a variable magnetic field, which generates in turn an electric field according to Faraday’s law when the magnetic flux
is concatenated to a coil represented by the plasma itself. Being the plasma a resistive medium, a plasma current
of the order of magnitude of MA is induced in the plasma following Ohm’s law. The plasma current generates the
poloidal magnetic field By. The combination of a toroidal magnetic field and a poloidal magnetic field results in a
helical magnetic field. Finally, poloidal magnets are used in order to get a certain plasma shape so that it is not
unstable. The resulting magnetic field is very high, of the order of magnitude up to several T, approximately 5 orders
of magnitude more than the magnetic field on Earth.

Inner Poloidal field coils
(Primary transformer circuit)

Outer Poloidal field coils
(for plasma positioning and shaping)

Poloidal magnetic field

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 2.4: Magnetic field components in a tokamak [Federici et al., 2019].
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Figure 2.5: Picture of an ITER toroidal magnet taken during a site visit. Note the magnet’s size compared to the
operator circled in red.

In tokamaks, the energy gain Q is a function of the radius of the machine and the magnetic field as shown in figure
The same energy gain Q can be achieved with a relatively low radius and very high magnetic field, which is
the case of SPARC where High-Temperature Superconductors are employed, or alternatively with a higher radius
and lower magnetic field, which is the case of ITER. In ITER, superconductor magnets are typically refrigerated
with supercritical helium at 4 K. This characteristic of the magnets, together with their complex shape and huge
dimensions, make them very delicate components of tokamaks, thus constituting a significant amount of the total
up-front cost.
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Figure 2.6: Energy gain Q as a function of major radius Ry and toroidal magnetic field By for several tokamaks
characterized by different types of magnets (namely, copper, Low-Temperature Superconductors (LTS), and High-
Temperature Superconductors (HTS)[Creely et al., 2020].

2.1.3 ITER project and its main components

As already stated in chapter [I, ITER is an international project aiming to be the largest tokamak on Earth and to
obtain a Q = 10. ITER is characterized by a major radius of 6.2 m and nominal values of plasma current and toroidal
magnetic field of 15 MA and 5.3 T respectively [Li et al., 2019]. ITER will not produce electricity, but it is essential
for the commercialization of fusion energy as it will contribute to demonstrating the operation of technologies for a
power plant. Fusion power plants, such as DEMO, will be based on the fact that neutrons emitted by fusion reactions,
having no electric charge, are not influenced by the total magnetic field, thus interacting with the components behind
the tokamak wall, generating thermal energy which in turn can be converted into electricity through a turbine. The
kinetic energy of « particles can be employed to heat the plasma and compensate for the thermal losses due to energy
and particle transport.
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Besides magnets, tokamaks encompass several components, the main ones being, in the case of ITER, the following

(figure [2.7):

e vacuum vessel. It is the structure containing the chamber hosting the plasma. As fusion reactions require an
extremely pure fuel mix, the vacuum vessel is kept under vacuum conditions. Moreover, it represents the first
containment barrier for the neutrons released by fusion reactions, therefore is made of borated steel for neutron
shielding. The thermal energy deposited by neutrons during operation is removed through primary cooling water
systems. These systems are then connected to secondary cooling systems, which are finally connected to cooling
towers for heat rejection to the environment. Again, ITER is not designed for electricity production, but in the
future commercial power plants’ cooling systems will serve as power cycles in connection with steam turbines

e blanket. The blanket is composed of blanket modules (BM) directly facing the hot plasma and has two main
functions: conversion of neutrons’ kinetic energy into thermal energy and neutrons shielding. Moreover, some
of ITER blanket modules will be replaced with special modules testing the ”tritium breeding concept”, namely
the production of tritium from lithium in situ. The blanket portion facing the plasma is called first wall (FW)
and is composed of first wall panels (FWPs)

e cryostat. It is a stainless steel structure containing the vacuum vessel and the superconducting magnets, ensuring
the vacuum and a sufficiently low temperature for the proper operation of magnets

e ports. The vacuum vessel is characterized by dozens of openings, called ports, for various purposes, e.g. diagnos-
tics, vacuum systems, remote handling, and external heating systems. Indeed, the heat released by « particles
is not enough to sustain autonomously the fusion reaction rate for which the machine is designed, therefore
ITER relies on the heat provided by the plasma current and by external heating systems, namely neutral beam
injection and two sources of high-frequency electromagnetic waves

e divertor. Together with the blanket, it directly faces the hot plasma. Together they are referred to as plasma-
facing components (PFCs). The divertor is designed to manage particle fluxes and thermal fluxes, besides
minimizing plasma contamination.

Torvidal Vacuum
Magnetic Coils Cryostal Vessel
Buleidal First Wall
Magnetic Coils Ports

Yacuum

Vessel Blanket
Divertor

Divertor

Central Solenoid
(a) (b)
Figure 2.7: (a) ITER main components. (b) ITER poloidal cross section [ITER Organization, n.d.b].

2.2 ITER Blanket systems

The blanket of ITER is a PFC having the multiple objectives of providing thermal and neutron shielding both to
the vacuum vessel and superconducting magnets, limiting plasma contamination, and withstanding heat loads during
nominal transient conditions and accidental events |[Merola et al., 2010]. The blanket is composed of 440 blanket
modules (BMs), which cover the VV inner wall. In a poloidal cross-section, there are 18 BMs which can be divided
into three groups according to the three zones called high-field side (HFS), top side, and low-field side (LFS). HFS
and LFS refer to the magnitude of the toroidal magnetic field. A BM is composed of two main components, the shield
block (SB) and the first wall panel (FWP). The SB provides mechanical and electrical connections of the BM to the
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VV and contains the manifolds for the SB cooling, while the FWP is the component directly facing the hot plasma.

A FWP is mechanically connected to a SB through bolts, located in the middle of the FWP itself. Figures [2.8 and
depict the above description.

Modules 7-10
|

_Modules 1-6 o
Mcdules 11-18

~850 — 1240 mm

~1240 — 2000 mm

(a)

Figure 2.8: (a) BM structure and order of magnitude of FWPs’ dimensions [Merola et al., 2010]. (b) ITER’s poloidal

cross section showing BMs’ specific numbers and the three zones (HFS in green, top in brown, LFS in purple)
|Pitts et al., 2011].

Figure 2.9: Detail of an SB and its connection to the VV [Hunt, 2023].

2.2.1 First wall panels design

As depicted in figure FWPs are divided into fingers installed onto a support beam [Pitts et al., 2011|. Fingers are

essential to limit the formation of eddy currents in the plasma-facing materials and can be individually manufactured,
assembled, and inspected through remote handling systems.

m

Figure 2.10: FWP subdivided into fingers |Brank et al., 2019].

29



CHAPTER 2. THEORETICAL BACKGROUND

As charged particles move following magnetic field lines, the incidence angle of the latter on FWPs is an important
parameter for their design. Indeed, charged particles are characterized by a thermal flux denoted as g,,, whose
projection on FWPs is (denoted as ¢, ), and the higher the incidence angle the higher ¢, is. Fortunately, as the
toroidal field is much stronger than the poloidal field, incidence angles are relatively low. However, the heat flux
needs to be further lowered in some critical edges like FWPs penetrations. That being the case, FWPs have toroidally
shaped front surfaces for optimized power spreading, thus providing magnetic shadowing and separating “shadowed
areas” from “wetted areas”. At first, it was believed ¢/, (evaluated at the outer midplane of the machine) to decay
with a single exponential close to the wall, but in 2013 during an experimental campaign at the experimental tokamak
JET in the UK, a double exponential was found |[Arnoux et al., 2013]. This led to the new toroidal shaping profile
depicted in figure 2.1}
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Figure 2.11: FWPs’ original and new shaping following experimental campaigns at JET in 2013 |[Kocan et al., 2015]|.

Before the re-baseline, detailed studies led to two different designs of FWPs, namely Normal Heat Flux (NHF) and
Enhanced Heat Flux (EHF) panels, both actively cooled and capable of accommodating 2 MW /m? and 4.7 MW /m?
respectively [Mitteau et al., 2013]. In both types of panels, each finger is individually cooled and is composed of
armour tiles made of a plasma-facing material, a heat sink made of the copper alloy CuCrZr, and a stainless steel
support structure. In NHF fingers, the cooling channels are stainless steel pipes, while EHF fingers rely on the
hypervapotron technology, namely rectangular cooling channels designed for maximizing the heat transfer coefficient.
Additionally, NHF and EHF armour tiles are divided into small cells, i.e., ”castellations”, for thermo-mechanical
stability [Litnovsky et al., 2009]. Figures and depict NHF and EHF panels design respectively before the
re-baseline. Currently, it is envisaged to use the same design as in the past with the only difference of having W tiles
instead of Be ones facing the plasma. As anticipated in chapter [I} with the re-baseline, a new type of FWP has been
introduced, namely temporary first wall (TFW) panels, which are inertially cooled and will be employed in the AFP
phase. Their design is still under discussion but, at the moment of this thesis finalization, the current concept design
is the one depicted in figure Currently, it is still unclear whether ITER FW will be entirely covered by TFW
panels during the AFP phase or by a mix of TFW, EHF, and NHF panels. Conversely, in the DT phase, the FW will
be exclusively covered by NHF and EHF panels as shown in figure [2.15]

Be Tile
10 (plasma facing material)
—— 2 Cu interlayer

Heat Sink
(mainly cooling
high heat flux)

22
SS hollo

structure

Steel structure
(mainly cooling

35 nuclear heating and
providing water return)

Be tiles

Figure 2.12: Design of NHF before the re-baseline with a particular on the cross-section |[Perez-Pichel et al., 2017].
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Figure 2.13: Design of EHF panels before the re-baseline: (a) FWP general view; (b) finger; (c) cross-section. Adapted
from [Mazul et al., 2012].
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Figure 2.14: Current TFW panel design and particular of a generic finger. Adapted from [Hunt, 2023]. Note that, in
this design, W tiles are characterized by toroidal gaps.
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Figure 2.15: Distribution of NHF and EHF panels in the DT phase |[Mitteau et al., 2013]. Figure adapted from

|[Kocan et al., 2015].

2.3 Transients occurring during ITER operation

During ITER operation there are several transients, the main ones being ramp-up and ramp-down phases, L-H
transition, and plasma instabilities, described hereafter. The FW is designed to withstand all of them.
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2.3.1 Ramp-up and ramp-down phases

As the plasma current is induced by the central solenoid following the working principle of a transformer, the operation
of ITER will be pulsed, meaning that the plasma will be generated by the ionization of a neutral gas at the beginning
of each pulse [Ravensbergen et al., 2023]. As shown in ﬁgure the plasma current follows three operational phases:
ramp-up, flat-top, and ramp-down.

Plasma current

Breakdown /
l_l - Auxiliary heating’“‘“xr-,_%__
usion power T

Time™

Figure 2.16: Plasma current operational phases [Ravensbergen et al., 2023|.

The typical operation of a plasma pulse at ITER is hereafter described. During ramp-up and ramp-down phases, as
depicted in figure the plasma is “limited” on the central column of the FW, located on the HFS, meaning that
it is in direct contact with FWPs (the plasma start-up happens on the central column itself). As a consequence, in
the ramp-up and ramp-down phases, the central column of the FW experiences its largest incident time-dependent
heat flux of the entire nominal operation. During the ramp-up phase, the plasma passes from being limited to being
“diverted”. In this state, the plasma is characterized by a so-called x-point (see magenta line in figure and is
detached from the central column. When the plasma is diverted, the majority of the heat exhausted from the plasma
is discharged onto the divertor, therefore the FW receives relatively low heat fluxes. When the plasma current reaches
the flat-top, the plasma is diverted in the so-called “L mode”, which corresponds to a plasma low confinement state
[Freidberg, 2008]. When the plasma is diverted in L. mode this corresponds to the steady-state phase of a single
pulse. Additionally, a plasma pulse operation can be designed such that the plasma undergoes a transition from a
low confinement state to a high confinement state, referred to as H mode. A plasma in H-mode is characterized by a
confinement time 7p approximately twice as in L-mode, therefore reaching H-mode is desirable from the standpoint
of a fusion reactor economy. For the duration of the LH transition (fractions of a second), inherently dynamic, the
incident heat flux on the FW is again time-dependent. Apart from this, it is expected that for the majority of the L
or H mode, the incident heat flux on the central column of the FW is considerably lower with respect to ramp-up and
ramp-down phases, as it is concentrated by design in the divertor region, although significant heat fluxes can impact
the upper FW also in H mode.

‘2:.—4:5;4 VA

5.3s,2MA
99s,3MA .
full bore, 15 MA

Figure 2.17: Plasma magnetic surfaces in the ramp-up phase for increasing values of the plasma current [Pitts, 2019].
Note that when the plasma is limited it is in contact with the central column of the FW, while when the plasma is
diverted it is detached from the wall. Note also the x-point when the plasma is diverted.
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2.3.2 Plasma instabilities

Plasmas are high-order non-linear systems subjected to numerous types of instabilities, which are inherently dynamic
thus determining time-dependent heat loads [Pironti and Walker, 2005]. As stated in section in order to reach the
break-even, plasmas must be heated and confined in such a way as to reach the necessary triple product. However, as
its temperature and density increase, a plasma becomes more unstable. During an instability, a plasma can possibly
undergo a disruption, in which it suddenly changes its structure and can not be magnetically confined anymore, thus
losing its energy to the surrounding structures and eventually extinguishing. The energy deposited on PFCs following
a plasma disruption represents a serious threat, as it may potentially lead to unacceptable surface erosion and plasma
contamination in successive plasma pulses.

There are several types of plasma instabilities, characterized by very different time scales, which can be divided
into long-term and short-term instabilities. Among short-term instabilities, there are edge localized modes (ELMs),
which take place when the plasma is in H-mode [Freidberg, 2008]. Short-term instabilities are fast compared to the
characteristic thermal time scales of the first wall, which will be shown in section to be in the order of 1 s. A
typical approach to include their effect in thermal simulations that have a duration comparable to a plasma discharge
(~ 100 s) is to consider only the time-averaged contribution of cyclical fast instabilities [Kocan et al., 2015]. Conversely,
long-term instabilities, whose characteristic time is around 1 s, may be corrected in real-time using feedback control,
and their influence on the FW surface temperature can be controlled.

2.4 First Wall Heat Load Controller

Due to unavoidable energy and particle transport in tokamak plasma, charged particles escape from the magnetic
confinement thus hitting PFCs. As a consequence, not only these charged particles deposit thermal fluxes on the
wall materials, but they also damage and erode the structures. The phenomenon of erosion, known as sputtering,
causes impurities to flow in the core plasma, where they can irradiate away the plasma energy thus causing nuclear
reactions, which are thermally sustained, to stop. For this reason, as pointed out before, the divertor is designed to
concentrate particle fluxes thus managing thermal flux deposition and plasma contamination. In order to do so, the
magnetic field is optimized to avoid contact of the core plasma with the wall and divert the most external flux surface
onto the divertor, thereby concentrating particle fluxes and heat exhaust on it. The resulting configuration of diverted
plasma is qualitatively shown in figure In this configuration, there are two regions, namely the core plasma
region and the scrape-off layer (SOL) region, separated by the separatrix, which for diverted plasma is the magnetic
surface including the x-point (a point where the magnetic field is identically zero). The SOL region is a continuous
region in space, but the heat flux deposited by charged particles decays exponentially [Stangeby et al., 2000], therefore
in steady-state conditions during the flat-top phase in L. mode the heat load is managed by the cooling system of the
divertor [Mitteau et al., 2010]. However, in transient nominal conditions, i.e., when the plasma is limited in ramp-up
and ramp-down phases, or off-nominal conditions such as plasma instabilities, the FW is subjected to heat loads much
higher than in steady-state conditions. That being the case, it is essential to design a First Wall Heat Load Controller
(FWHLC) to effectively manage heat exhausted from the plasma to the FW during these transient events.
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Figure 2.18: Magnetic field lines in the presence of a divertor [Kumar, 2021].
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The FWHLC is part of the broader Plasma Control System (PCS), which is composed of controllers receiving measure-
ments from diagnostics in real-time and sending signals to ITER actuators accordingly |[Ravensbergen et al., 2023].
The PCS, currently in the design process for the AFP phase at EPO at ITER, is being implemented in the PCS
Simulation Platform (PCSSP), a specific framework in Simulink [Walker et al., 2015]. In particular, the FWHLC
is characterized by a modular structure in order to benchmark and validate specific modules against more accurate
simulations and evaluates the thermal response onto the FW in real-time by combining temperature measurements
from IR cameras and heat flux estimations for a given plasma equilibrium [Pesamosca et al., 2023]. The FWHLC (in
blue in figure will be designed with a model-based approach, where a dynamical model of the physical process to
control is an integral part of the controller synthesis procedure. This lightweight control-oriented dynamical model for
the simulation of ITER wall temperature response to transients in the plasma shape and auxiliary power is validated
against high fidelity codes (in light blue in figure .

W-=i=ble  high fidelity modeling
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Figure 2.19: Design of the FWHLC in the PCSSP [Pesamosca et al., 2023].
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Figure 2.20: Typical distribution of magnetic field lines (highlighted in orange on the left), which determine shadowed
and wetted areas (on the right) [Pesamosca, 2023]. For a given FWP, the wetted area is cast by the apex of the
neighbor FWP.

The constituting modules of the FWHLC are actuator models, a heat flux estimator, a thermal model, and IR
cameras model. Actuators are either magnetic or kinetic. Through magnetic actuators, it is possible to modify the
plasma shape, while through kinetic actuators the auxiliary power coupled with the plasma. Indeed, by lowering the
auxiliary power, the power lost from the plasma to the SOL because of particle diffusion, indicated as Psor, is lowered
accordingly. The output of this model, namely the magnetic equilibrium ¥ and Psop,, constitutes the input for the
heat flux estimation, through which it is possible to determine the wetted area on a specific FWP and calculate the
incident heat flux (figure . The heat flux is the input of a thermal model, which evaluates its thermal response.
The resulting temperature distribution, complementary to the measurements with IR cameras, is the input for the
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controller. The thermal model flanks IR cameras’ measurements because of their limited FW coverage. Moreover, the
temperature map can be used to perform synthetic diagnostics for IR cameras [Aumeunier et al., 2017].

It is important to underline that the FWHLC is a part of the broader PCS limited to work during nominal and
off-nominal transient events in which the plasma can be too close to the FW (as it may happen when the plasma is
limited) or when it receives excessive heat load after the L-H transition. In both cases, the incident heat flux on the
FW may lead to unacceptable temperatures. The FWHLC is therefore not designed for handling disruptions, as they
are characterized by different time scales. Specifically, the incident heat flux on the FW is composed of the thermal
power coming from the SOL (specifically, its projection on the normal direction of a FWP) and, when the plasma is
in H mode, time-averaged ELMs load.

2.5 Energy balance equation for First Wall Panels

This section provides the theoretical foundations to formulate the energy balance equation for FWPs, which is imple-
mented in the thermal model to find the temperature distribution.

Starting from the first law of thermodynamics in integral form applied to a Control Volume (CV) coinciding with a
generic infinitesimal element:

o ),
— pedV =0+ > W+S 2.2

where p is the density, V(t) a time-dependent volume, e the total energy, ® is the net heat flux, > W the rate of work
done by forces onto the CV, and S internal sources [Munson et al., 2013]. The left-hand side represents the rate of
change, expressed with a total derivative, of the total energy, which is defined as follows:

e=u+-U-U (2.3)

where u is the internal energy and %17 - ¥ the kinetic energy, being o' the velocity. By considering pressure p, viscous
stresses T, and body forces per unit of mass F' as acting on the CV, the equation |2.2] can be written as:

D

1
— pu+17~17]dV=—/ q-ndS — pU - dS+
Dt Jy { 2 S(t) 5(t)

+/ (F~17)-ﬁd5+/ pﬁ~ﬁdv+/ gav (24)
5(t) V(t) Vi(t)

where ¢ the heat flux per unit area, ¢ the heat generated per unit volume, S(¢) the potentially time-dependent surface
of the CV, and 7 the vector normal to the surface pointing outside the volume. This expression can be further simplified
by applying the Reynolds theorem to the left-hand side term, allowing to move the total derivative inside the integral
[Munson et al., 2013]. Additionally, the application of the Gauss theorem leads to the following expression:

D 1 . .
p[qu'fi-z_f}dV/ V-(j’dvf/ V- (p¥)dV+
vy Dt 2 V(L) 70

+/ ﬁ.(;.g)var/ pﬁ-’UdV—F/ ddV (2.5)
V(t) V(t) Vi(t)

Being this expression completely independent from any specific definition of CV, it is also equivalent to the following:

- - —

17.6]€~JV~(p17)+V~(F-17)+pF~D'+¢ (2.6)
Bearing in mind the definition of the total derivative, i.e. %p [u + %17- 17] = % (pu + %pv2) + (17- 6) (pu + %pvQ),
the kinetic energy term can be canceled out by applying the momentum equation [Anderson and Wendt, 1995]. In

this way, the energy balance equation can be expressed in the following form:
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0 . . - .
W) +V - (put) = =V - §—pV - T+7-Vo+¢ (2.7)

It is worthwhile underlining that the density can be extracted from the partial derivatives in the left-hand side term.
Indeed:

gt (pu) + V - (pud) = p% + Vu - (p?) +u <g§’ +V- (;ﬁ)) (2.8)
but (% +V- (pﬁ)) = 0 for the continuity equation, thus:
0 - . ou = o ou = .
a(pu) + V- (put) = rn + Vu- (pt) =p- {(% +V. (uv)] (2.9)
Therefore, equation [2.7] can be further simplified as follows:
ou I T
pa—kpv-Vu:—V~q—pV'v+T-Vv+d> (2.10)

which is the general expression for the energy balance equation.

As previously mentioned, the thermal models are applied to FWPs, which are obviously solid bodies. That be-
ing the case, the internal energy w reduces to u = ¢(T)T', with ¢ being the specific heat and T the temperature
[Moran et al., 2010]. In a solid body, the means of heat transfer are conduction and radiation heat transfer, with
the latter being considered as occurring on the surface of the material only [Bergman et al., 2011]. As a consequence
¥ = 0, allowing to neglect both compressible and viscous terms (pﬁ -7 and 7+ Vv respectively), as well as the transport
term (pv - V_'u) Finally, by modeling conduction heat transfer through Fourier’s law, namely ¢ = —k(T)ﬁT with k
being the heat conductivity, it is possible to write the energy balance equation for a solid:

p(T) ==L =V - (K(T)VT) + ¢ (2.11)

T
worthwhile stressing that this equation is quite general, and can be applied to any solid body. Strictly speaking, this
applies to any isotropic solid body. Indeed, thermal properties are assumed to be potentially dependent on temperature
only, and not by any space coordinate.

where the lett-hand side can be written as ( p(1)c +p S¢ by computing the partial derivative. It is
here the left-hand sid be wri T)e(T) + p(T)T L) 9L v, ing th ial derivative. It i

As reported in Appendix [A] which contains materials properties adopted for the present study, the relation between
specific heat and temperature can be modeled as a polynomial approximation for the materials of interest in this work,
namely SS, CuCrZr, and W. In particular, the specific heat can be generally expressed as ¢(T) = co + 1T + T2,
with cg, ¢1, and co depending on the specific material. It can be shown that the left-hand side term of equation [2.11

can be written as p(T) - {co + 2¢1T + 35T - %—{ [Hristov, 2023]. If then a ”corrected” specific heat is defined as

ct = {co + 2T + 302T2}, thereby accounting for its dependence upon the temperature, the equation |2.11| can be

expressed in the following compact form:

p(T)c*(T)%f =V (k(T)VT) + ¢ (2.12)

As it will be subsequently explained, in this work FWPs are modeled by employing 1D and 2D simplifications, thus
the previous equation is hereafter particularized in these two cases respectively.
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2.5.1 1D simplification

When considering a 1D simplification, the divergence terms are reduced to:

B) T T  9k(T) oT O*T  Ok(T) (8T)2 (2.13)

O D97 = 2 (M5 ) = w5+ 200 Sy T+ D (O

By substituting this expression in equation [2.12] the 1D energy balance for a solid body with temperature-dependent
properties is expressed by:

p(T)c*(T)%—jl; - k(T)gTJ; + % : (‘Z) +6 (2.14)

In the particular case of constant thermal properties, this equation reduces to:

oT 0*T

2.5.2 2D simplification

When considering a 2D simplification, the divergence term reduces to:

V- (K(T)VT) = k(T) - V2T + VT - Vk(T) =
2T 9T ok OT ok OT

— k(T Dl 2.16
( )[8:524_8312}4—&% 6x+8y Oy (2.16)
As for the 1D simplification, this equation can be written in a compact way:
or 0*T  0°T) ok OT 0Ok OT
e (T)— =k(T)| =— + — — == 2.17
P(T)e(T) Gy =k ){ax2+ay2] 9z ar "oy oy ¢ (2.17)
In the particular case of constant thermal properties, this equation reduces to:
oT 0T 0°T
oL _ 2.18
n {3362 + ayQ} ¢ (2.18)

2.6 Numerical methods

The equations deduced in the previous section do not admit, except in particular cases, analytical solutions, therefore
they are solved numerically to maintain the generality of the solution. This section provides the theoretical foundations
for the numerical schemes employed in this thesis and for numerical methods applied to handle non-linearity. The
discretization of equations follows the finite difference method [Hirsch, 198§].

2.6.1 Euler numerical schemes for PDEs

The most general energy balance equation for this work, namely equation is a partial differential equation (PDE)
as the variable T' depends on both spatial coordinates and time. If this equation is discretized in space, it becomes an
ordinary differential equation (ODE) [Hirsch, 1988|, having the following general expression:

or

S = (o). (1), K(T), Az, Ay, Az, 0) (219)

where Az, Ay and Az correspond to the grid sizes in the x-direction, y-direction, and z-direction respectively. For
ODEs there are several numerical schemes. In this work, essentially two numerical schemes are employed, explicit
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Euler scheme and implicit Euler scheme. The explicit Euler scheme, also known as forward Euler (FE), consists in
discretizing the left-hand side term of equation [2.19]in time between the current time step m + 1 and the previous one
m and evaluating the right-hand side term at the previous time step m, namely:

Tm+1 _Tm B

= FT™, p(T™), " (T™), k(T™), Az, Ay, Az, 6) (2.20)

On the other hand, the implicit Euler scheme, also known as backward Euler (BE), consists of evaluating the right-hand
side at the time step m + 1.

Terl _ Tm

o = ST () (), A, Ay, Az, ) (2:21)

In both cases, the numerical discretization in space is performed with centered finite differences, which have a second
order of accuracy, meaning that for a reduction of the grid size of one order of magnitude there is a reduction of
the discretization error of two orders of magnitude. The discretization in time is instead, in both cases, of the first
order. Therefore, both explicit and implicit Euler methods are first-order accurate in time and second-order accurate
in space. FE method has the disadvantage of requiring a criterion for numerical stability [Hirsch, 1988|. The stability
limit, in the case of constant properties and 1D simplification, is:

1 Az?
At < 5795 (2.22)

«

where « is the thermal diffusivity, while in the case of 2D simplification is:

At < 1 (2.23)

- 1 1
- (Aa:z + Ay2>

The consequence of the stability limit is that finer grid sizes imply smaller time steps, which can be very small
compared to the typical timescales of interest, thus requiring a greater number of computations. Conversely, the BE
method is “unconditionally stable”, meaning that there is no stability limit, therefore the grid size and the time step
can be independently chosen. However, FE scheme is much more straightforward to implement than BE, as the latter
involves solving a linear system of equations by performing matrix inversions, thus increasing the computational cost.

2.6.2 Methods for non-linear equations

The presence of temperature-dependent properties renders the energy balance equation non-linear, therefore when
equations are discretized a system of non-linear equations has to be solved for each time step. There are several methods
available in the literature to handle non-linearity, and in this thesis two of them are employed: Newton’s method
[Hirsch, 1988] and the frozen-coefficients (FC) method [Kachanov, 1959]. Newton’s method is iterative, meaning
that the algorithm is applied until a set tolerance is reached (for each time step) and is one of the fastest iterative
methods, albeit not straightforward to implement, while the FC method is a simplified method consisting in evaluating
the thermal properties at the previous time step (m) instead of the current one (m + 1). In this way, the problem is
linearized and there is no need to solve a system of non-linear equations, therefore it is ideal from the computational cost
standpoint with respect to Newton’s method. The FC method introduces an error in the computation, which depends
on the sensitivity of the thermal properties with the temperature. For this reason, both methods are implemented in
this work and compared in terms of accuracy and computational cost. Solving equations for temperature-dependent
properties yields more accurate solutions at the expense of the computational cost.
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Methodology

In the framework of the FWHLC, as mentioned in section this thesis has the specific goal of developing a control-
oriented thermal model for its design and RT operation in the AFP phase. In particular, the thermal model is
developed with the objective of being a trade-off between accuracy and computational cost for it to be suitable for
RT application. Furthermore, this thesis has the specific goal of developing an additional simple and reliable thermal
model to generate temperature maps for IR cameras’ synthetic diagnostics in the DT phase. This chapter describes
the methodology followed in order to answer the research questions stated in section

The features for the first model of being control-oriented and for the second model of being simpler than the 3D simu-
lations already available imply in both cases the necessity of narrowing down models’ complexity through simplifying
assumptions. Therefore, the rationale of this work is to start with the simplest model possible, then benchmark the
results with more accurate models (provided the lack of experimental results) and, in the case of insufficient accuracy,
adding complexity to the original model. This approach of progressively increasing the complexity of the model allows
on the one hand to gradually verify the model’s underlying assumptions, and on the other hand to find a simple model
without dramatically losing the accuracy of the solution. Figure depicts the methodology followed in order to
fulfill the thesis’ aim and answer to the research questions reported in section The flowchart is divided into two
parts reflecting the thermal models developed: a thermal model for the design and RT operation of the FWHLC in
the AFP phase, and a thermal model for IR cameras’ synthetic diagnostics in the DT phase.

Concerning the first one, currently, it is still unclear whether ITER FW will be entirely covered by TFW panels during
the AFP phase or by a mix of TFW, EHF, and NHF panels. However, even in the case of EHF and NHF panels’
installation, the current proposal is to avoid having active cooling in order to minimize the risk of losing coolant in
accidental cases. Therefore the thermal model developed encompasses the possibility of having all three types of panels
following the flexibility requirement. Additionally, according to the requirement of having a general model stated in
section the thermal model can be applied to any FWP. Therefore, for a given FWP design (and FWP type),
there is first a part of model design and validation, after which the thermal model is ready to be integrated into the
PCS and used to investigate the thermal response of the FW. Specifically, the model design and validation part is
structured in a thermal modelling part, a comparative assessment, and a convergence analysis. Regarding the thermal
modelling, different time-dependent models of increasing complexity are developed: a 0D model, a 1D semi-infinite
model, a 1D model, and a 2D model having a rectangular grid. In particular, the 2D simplification with a rectangular
grid is deemed to be the maximum complexity acceptable for a control-oriented model. Initially, in order to reduce
the variables into play and without lacking generality, an artificial constant heat load corresponding to the maximum
value allowed for the specific panel type is employed. For both 1D and 2D models, constant properties and variable
properties (temperature dependent) are investigated. Additionally, in the case of variable properties, two different
methods are employed to handle the non-linearity, the FC method and Newton’s method. The thermal modelling is
done in MATLAB and the discretization is performed with finite difference (FD) schemes, which provide a simple and
versatile approach, thus respecting the flexibility requirement. For the same reason, codes are written from scratch
in MATLAB without using external libraries. After the thermal modelling, a comparative assessment is carried out,
comparing:

e the 2D model with a rectangular grid with more accurate simulations obtained using higher fidelity models
providing the ground truth

e the 1D model with the 2D model
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e constant properties with variable properties approximations (both FC and Newton’s methods)

The comparative assessment allows in this way to test the assumptions of 2D with a rectangular grid simplification,
1D simplification, constant properties, and FC method respectively. Specifically, as the 2D model is the most accurate
amongst the models developed, the validity of the 2D simplification with rectangular grid is assessed through a
benchmark with more accurate models developed not for control purposes from third parties in Ansys and Python
(called ”2D validation” in the figure). The comparative assessment allows to find the most representative control-
oriented thermal model depending on the type of FWP, namely a model capable of computing the thermal response
of FWPs with sufficient accuracy while being as simple as possible at the same time. Once a representative model
is identified, a convergence analysis is performed in order to find a reasonable grid size and time step so that the
model is compliant with RT requirements. Because of its excessive simplification, the 1D semi-infinite model is not
considered a representative model, but instead, it is useful for the convergence analysis to find a reasonable first-guess
grid size. At this point, a systematic approach to identify the most suitable control-oriented model in terms of a trade-
off between accuracy and computational cost for the design and RT operation of the FWHLC in the AFP phase for
each FWP design and type has been provided. The final part is the integration in the PCS, which requires respecting
the formalism of the PCSSP in Simulink, after which the thermal models developed are finally applied using realistic
time-dependent heat loads in order to investigate the thermal response of the FW in the AFP phase. The advantage
of coding in MATLAB is that the integration with Simulink is facilitated.

Concerning the model for IR cameras’ diagnostics, unlike the AFP phase, in the DT phase, there will exclusively be
NHF and EHF panels. The thermal model, developed in steady-state conditions, reads the thermal flux data from
the SMITER code, evaluates the surface temperature map for every FWP, and loads the temperature data back to
SMITER. Therefore, these data can be used as a benchmark with the measurements of the IR cameras during the
flat-top phase (as this model is limited to steady-state conditions) in DT operation. In this case, there is no need to
address a representative model, as this is already done for the AFP phase. Indeed, the model developed for the AFP
phase, being time-dependent, is more general than the one needed for the DT phase (steady-state conditions are just a
particular case of transient conditions), thus the same representative model can be employed without lacking validity.
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Figure 3.1: Methodology flowchart.

The next two sections are dedicated to the details of the thermal modelling for the design and RT operation of the
FWHLC in the AFP phase and IR cameras’ synthetic diagnostics in the DT phase respectively. Both sections start
with presenting the underlying model assumptions, followed by their mathematical derivation. Specifically, for the
design and RT operation of the FWHLC in the AFP phase part, the order in which the thermal models developed are
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presented follows the logic of increasing model complexity as shown in figure [3.1] The application and the results of
the models developed are then presented and discussed in chapter

3.1 Thermal modelling in the AFP phase - FWHLC design and RT
operation

3.1.1 Assumptions

In order to narrow down the complexity of the study, one of the most important assumptions of this work is considering
the fingers of FWPs to be thermally isolated. As a consequence, the thermal models are developed for individual fingers
of any FWP of any type. This assumption is supported by the fact that, as mentioned in section fingers are
mechanically separated. An individual finger in a given FWP can be identified by defining a local frame of reference
for the specific FWP having the following coordinates as represented in figure ¢ (toroidal direction), 6 (poloidal
direction), and x (FWP depth). While the heat flux considerably varies along the poloidal direction along the entire
FWP, its variation along the poloidal direction when looking at an individual finger is instead much lower. The
direct consequence is that higher thermal gradients are expected in the toroidal direction (where the heat flux is
suddenly interrupted) and in the x direction than in the poloidal one. That being the case, as the goal is developing a
control-oriented model (which inherently involves a reduced complexity, thus a reduced computational cost), another
fundamental assumption is that the heat transfer along the poloidal direction of a finger is not considered, and only
the toroidal direction and x direction are taken into account. In other words, a simplification from 3D heat transfer to
2D in an individual finger is carried out. Thermal fluxes are then considered to be uniform in the poloidal direction
and distributed along the toroidal direction of the given finger, as depicted in figure Subsequently, the complexity
is further narrowed down by assuming a rectangular computational grid for the 2D model in order to employ finite
differences in a simple way, thus ignoring the toroidal curvature. Figure shows the sketch of the computational
grid of interest. It is important to underline that the presence of design details such as the finger’s leading edges
is neglected. These elements play a crucial role in FWPs design as magnetic field lines’ incidence angle is locally
increased thus increasing the local heat load [Mitteau et al., 2017]. Therefore, this assumption is deemed reasonable
as the model is developed for control purposes rather than for design purposes. Additionally, once a final FWPs design
is established, one can think of adding correcting factors in order to take into account the temperature peaks due to
leading edges. Another relevant feature of fingers belonging to EHF and NHF panels is the presence of castellations,
because of which not only magnetic field lines’ incidence angle is locally increased due to poloidal and toroidal gaps
thus increasing the local heat load but also the heat diffusion in the toroidal direction is interrupted. However,
concerning the aspect of local increased heat load, similarly to leading edges, this is mostly related to design purposes
rather than to control purposes. Concerning the aspect of the interruption of heat diffusion in the toroidal direction,
for EHF and NHF panels the thermal gradient is expected to be predominant in the x direction rather than in the
toroidal direction because of the heat transfer with the coolant, therefore the presence of castellations is not expected
to play a significant role and hence is neglected. Additional design details are neglected for the sake of reducing model
complexity. Moreover, as in the AFP phase temperatures are relatively low for fusion reactions to happen, there is no
volumetric heat generation in the materials as no neutrons are produced. Furthermore, the phenomenon of melting
is not involved in the modelling, as it is expected to take place in the case of accidental situations (in which the
RACLETTE code, as stated in section is particularly suitable), while this model is developed with the objective
of FW protection, thus actuators should intervene before melting becomes relevant. Additionally, the phenomenon of
sputtering is neglected. Finally, also the presence of vapour shielding is neglected, which is a phenomenon thanks to
which the heat load onto the FW is mitigated, therefore this is a conservative assumption [Raffray and Federici, 1997].

Figure 3.2: Scheme of a generic FWP’s finger and computational grid employed. Adapted from [Brank et al., 2019].
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Figure 3.3: Example of the typical heat flux profile along the toroidal direction on selected fingers for a given FWP,
which may change in magnitude in time and change spatially |[Pesamosca et al., 2023]. Note that the heat flux is

significant in the wetted area only (in magenta).

Fingers’ geometric measures are taken thanks to CAD models from the Blanket Section. Specifically, the length of
the computational grid in the ¢ direction corresponds to a single finger’s toroidal length, while the thickness in the x
direction, which depends on the type of FWP, is taken as shown in figure [3.4] Basically, the materials involved are W
(armour tiles) and CuCrZr or SS for the underneath layer (CuCrZr for NHF and EHF panels, SS for TFW panels).
In all the cases, the thermal resistance between the materials is neglected. Geometric measures employed are summed

up in tables [3.1] and

b

4

a b

Figure 3.4: Thickness along the x direction considered for NHF (a), EHF (b), TFW (c) panels respectively. Adapted
from |Perez-Pichel et al., 2017], [Mazul et al., 2012], and [Hunt, 2023] respectively. Note that in the case of NHF

panels, the thin Cu layer is neglected for the sake of model simplification.

FWP type
NHF | EHF | TFW
Length x la\;\ir 10 7 15
direction [mm)]
CuCrZr/SS
aver 7 4 20

Table 3.1: Geometric measures in the x direction for each FWP type.
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FWP type
NHF | EHF | TFW

0.69 | 0.64 | 0.66

Length ¢
direction [m]

Table 3.2: Geometric measures in the ¢ direction for each FWP type.

3.1.2 State-space formulation

Before addressing the details of the thermal models developed, it is important to underline that those thermal mod-
els involving a discretization are expressed using a state-space formulation. This formulation is widely employed
in control system theory. Indeed, among the thermal models developed for control purposes cited in section,
[Valcarcel et al., 2014] and [Anand et al., 2021] employ a state-space formulation with explicit schemes assuming con-
stant coefficients (therefore matrices A, B, C, and D are constant). This present work extends this approach by
applying an implicit scheme and variable properties. The advantage of using a state-space representation is to fa-
cilitate the implementation in Simulink and consequently the integration in the PCSSP, which is indeed designed in
Simulink. The most general representation of a discrete state-space representation discretized with an explicit scheme
having n state variables and evaluated at the time m + 1 is the following:

xm—l—l :A(xm)gm +§(£m)um

y" = C™)z™ + D)™ (3.1)

m—+1 m—+1

where & is the state vector with n states, y the output vector with n states, u™ the input vector, A(z™) the
nXn state matrix, B(z™) the input matrix, C(z™) the output matrix, and D(z™) the feedforward matrix. Specifically,
in the thermal models employed in this work, the state vector corresponds to the temperature distribution at time
m + 1, the output vector to the surface temperature distribution at time m + 1, the input vector to the incident heat
flux distribution on a finger and to the heat transfer to the surrounding environment, while the state matrix describes
the diffusion process. In the case of an implicit discretization, right-hand side terms are evaluated at time m + 1,
therefore the general representation is the following:

m+1 — (xm+1>xnz+ (l,m+1) m—+1

(xm+1)mm+ (wm+1) m+1 (3.2)
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Note that the formulation of matrices A, B, C, and D changes going from an explicit to an implicit discretization
of the same system. However, for the sake of keeping the notation as general as possible, matrices in the state-space
representation are always referred to as A, B, C, and D but their formulation changes according to the specific system

under study and the specific discretization. Moreover, in the case of constant properties, the matrices do not depend
on the values of the state vector.

3.1.3 0D model

The simplest heat transfer model is a 0D model, also known as ”lumped capacitance method” [Cengel and Ghajar, 2020].
In the 0D approximation, the temperature in a solid body is assumed to be uniform in space and vary exclusively in
time. If the solid body of interest is cooled down or heated up by convection heat transfer, then the dimensionless
Biot number B; number can be defined:

(3.3)

where h is the heat transfer coefficient (HTC), L. a characteristic length, and & the thermal conductivity. The validity
of the 0D approximation can be determined according to this rule of thumb:

e if B; > 0.1 thermal gradients inside the material are quite relevant, so a 0D model would be highly inaccurate

e if B; < 0.1 employing a 0D model is a good approximation
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The situation in which the solid body is exclusively subjected to convective heat transfer is referred to as ”classical
lumped capacitance method”. This method can be generalized in order to take into account also radiation heat
transfer, incident heat flux, and volumetric heat generation [Bergman et al., 2011]. However, while in the classical
lumped capacitance method the Biot number is the only relevant parameter for assessing the validity of the 0D
approximation, in the generalized method also incident heat flux and volumetric heat generation may play a significant
role, therefore the verification of the previous rule of thumb is not sufficient. Therefore, if one wants to rigorously
apply the generalized lumped capacitance method, further studies investigating the impact of incident heat flux
and volumetric heat generation are needed. Alternatively, it is possible to apply enhanced 0D models present in the
literature which, despite being analytically more complex, extend the validity of the 0D approximation to heat transfer
problems that are not interested by heat convection only (and to situations of high Biot number as well). For instance,
[Sahu and Behera, 2012] proposed an enhanced lumped capacitance method by employing a polynomial approximation,
concluding that the uniform time-dependent temperature distribution depends on Biot number, incident heat flux and
volumetric heat generation parameters, and time. The application of the 0D model is discussed in section [4.1.1

3.1.4 1D semi-infinite model

The first model consists of considering the heat transfer along the x direction of a finger with the approximation of
modeling only the W layer, where high thermal gradients are expected. This 1D homogeneous model is schematically
depicted in figure |3.5

s h (T = Twater)
% )

Figure 3.5: Schematic representation of 1D homogeneous heat transfer model. In this figure, g5 is the incident heat
flux, h is the heat transfer coefficient, and T4 is the coolant temperature.

In order to narrow down the complexity, a 1D semi-infinite model is first implemented. In the 1D semi-infinite model
it is assumed that L — oo and, assuming constant thermal properties, equation can be applied for the energy
conservation. It can be shown that, with the additional assumptions of constant heat flux ¢s and absence of volumetric
heat generation, the equation admits an analytical solution, namely:

2
T(z,t) =1T; +%§[ ?-ewp(&) —z-erfc (\/Z%ﬂ (3.4)

with T;, being the initial temperature, o the thermal diffusivity, and er fc the error function [Maurizio, 2020]. This
model is particularly useful when the heat deposition time is much smaller than the typical timescales for heat diffusion
in the material [Cengel and Ghajar, 2020]. In this case, indeed, relatively high thermal gradients occur close to the
surface facing the heat flux, while the temperature is basically undisturbed far from the surface.

In order to understand if a 1D semi-infinite model is a good approximation, this model is compared with a simplified
1D model, in which it is assumed an adiabatic boundary condition for x = L (with reference to figure and a
homogeneous material in this case too. It is expected these two models to yield the same results at the beginning of
the heat transfer process, in which the temperature is almost undisturbed far from the surface. In this case, indeed,
the thermal gradient far from the surface is relatively low, therefore imposing an adiabatic condition is consistent with
the 1D semi-infinite model assumption. However, due to heat diffusion, it is expected that at a certain time ¢* the
temperature far from the surface is not undisturbed anymore and therefore the two models start to yield different
results. In order words, for ¢ > t* the underlying assumption of very rapid thermal fluxes does not hold anymore,
hence the 1D semi-infinite model is not valid. Note that t* depends on the value of L: a lower slab length implies
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lower t* because the heat diffusion process is more rapid (less heat capacity available). Essentially, the 1D semi-infinite
approximation is valid if the time ¢* is higher than typical heat deposition times on ITER FW for the given finger’s
dimensions in the x direction.

s
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Figure 3.6: Schematic representation of 1D simplified heat transfer model.

The 1D simplified model is solved numerically by using a FE discretization scheme. With the assumption of constant
properties, the energy conservation equation [2.15|can be discretized with centered differences in space around a generic
node i at the time step m as follows:

PO O O T 2
At Ax?
where At and Az are the fixed time step and the grid size respectively. The above expression can be applied to the

domain shown in figure (to all the n nodes) together with the boundary condition of imposed heat flux for x = 0
and the adiabatic boundary condition for = L, thus yielding the following expression in state-space:

(3.5)
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where a = Zﬁﬁ. The full derivation is provided in Appendix It is important to underline that, as mentioned in
section [2.6] in the case of FE method the stability limit has to be respected.

When comparing the 1D semi-infinite model with the 1D simplified model, if the final time of the simulation is fixed,
there is a source of error linked to the discretization of the 1D simplified model scheme, and another error linked to
the length of the domain used. Indeed, as mentioned above, at a given time the lower the slab length is, the higher
the difference between the two models is. Therefore, in order to isolate the first source of error from the second one,
the length of the slab is set to be 100 mm, one order of magnitude larger than the typical values for FWPs. In this
way, the two models should yield approximately the same solution during the simulation time, and the potential errors
committed would exclusively be linked to the discretization error. Because of the discretization error, using a too
coarse grid would imply losing information about thermal gradients. Therefore this approach is useful in order to
identify a typical grid size in the x direction to avoid losing information about thermal gradients.

Given the fact that the 1D semi-infinite model is applied to W only (which is common to every type of FWP), and to

an arbitrarily long slab, this model does not depend on the type of FWP. The results of this comparison are shown in
section [4.1.2]
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3.1.5 1D model

A more complex and accurate model is a bi-layer 1D model along the x-direction, whose domain is schematically
depicted in [3.7} The geometric quantities Ly and L;,; depend on the type of FWP. Moreover, the layer besides the
W one can be made of CuCrZr or SS depending on if the FWP considered is a NHF/EHF or TEW respectively.

s (T-T,
— W Cu CT«ZT/SS u water)

0 LW Ltot

Figure 3.7: Schematic representation of 1D bi-layer heat transfer model.
Note that CuCrZr is employed in the case of NHF and EHF panels, while SS in the case of TFW panels.

In the above figure, ¢, is the incident heat flux which may potentially vary in time, h is the HTC, and Ty,q¢e, is the
temperature of the coolant.

The HTC in the case of NHF and EHF panels is quite straightforward to evaluate, as it depends on the coolant flow
regime exclusively. In order to narrow down the complexity of the study, the HTC is considered to be constant without
employing any correlation to determine it. Instead, a reasonable fixed value is chosen. On top of that, also the coolant
temperature Tyqter 18 considered to be constant. From this standpoint, more accurate models are needed to assess
the coupling between the FWP and the coolant, especially in order to include nucleate boiling and avoid reaching the
boiling crisis [Bergman et al., 2011]. Conversely, in the case of TEFW panels, the cooling process is inertial, meaning
that the panel is not actively cooled. Therefore, these panels can cool down by transferring heat to the surrounding
structures for diffusion or thermal radiation. In order to take this phenomenon into account, an equivalent HTC
heq can be defined. In this way, the domain depicted in figure can be generalized to TFW panels as well. The
equivalent HTC is determined through a 0D approximation as described in section

The transient is solved numerically by using a backward Euler discretization scheme. With the assumption of constant
properties, the energy conservation equation [2.15 can be discretized around a generic node i at the time step m as
follows:

T m
? ? — k

pe At Ax?

il (3.7)

This expression is applied to the domain depicted in figure [3.7] together with the boundary conditions of imposed heat
flux for = 0 (in which the heat flux is evaluated at the time step m+1), heat flux continuity at the interface between
the materials, and convective heat transfer to the coolant:

m—+1 B Al A,
Ty 1 -1 0 . e 0 D[ A
Ty —aw 14+ 2aw —aw 0 0 s
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where ay = a&’fzt for tungsten and a = Zéff for CuCrZr/SS. Note that the above expression is not written in the state-

space formulation. Appendix provides the full derivation of the above expression and the state-space formulation.

In the case of temperature-dependent properties the energy balance equation to consider is equation As far as
the FC method is concerned, the definition of the matrix is quite similar but its coefficients need to be updated at each
time step, therefore it is necessary to perform a matrix inversion at each time step, thus increasing the computational
cost. Concerning Newton’s method, it is necessary to solve a system of non-linear equations at each time step, which
increases the computational cost. Conversely, the advantage of having constant properties is that the matrix inversion
can be performed just once before the time loop, at the expense of a lower accuracy in the solution. The discretization
with both the FC method and Newton’s method is provided in Appendix[B-3] The 1D model is applied to EHF, NHF,
and TFW panels, and results are discussed in sections [£.1.9} [£.1.4] and [.1.5] respectively.

3.1.6 2D model

A more accurate model is a 2D model along the x direction and the toroidal direction. The domain is schematically
depicted in figure [3.8]

q:(p, 1)

CuCrZ,/SS

9coolant

Figure 3.8: Schematic representation of 2D model’s domain. ¢ and j are the indexes along the toroidal and the x
direction respectively.

The incoming heat flux ¢s; can vary both in time and in the toroidal direction. With the hypothesis of constant thermal
properties, the energy balance equation [2.18| can be discretized as follows with a backward Euler scheme:

m—+1 m m—+1 m—+1 m+1 m—+1 m—+1 m+1
S M N Il O B e £ L 2 Bt M 20 (3.9)

At A2 Az?
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For the sake of convenience, the above expression can be written using another index k defined as follows:

T;; — T}
Ti1,; — Te—1
Tit1,; — Tht
Tij—1 = Tgrn,
T;jr1 = Thin, (3.10)

with £ =1,...,n4 - n,. Therefore, equation [3.9] can be written as:

41 +1 +1 +1 m+1 m+1 m+1
TI?T — Tl;n —k Tl:n—l - 2T]:n + Tlﬁ-l + Tk—n¢ QTk + Tk+n¢ (3.11)

At Ag? Az?

pc

By applying this equation to the domain in figure a pentadiagonal matrix of dimensions ng - ny X ng - ng is
obtained, having (ng - ny) elements on the main diagonal, (ng -n,;) — 1 elements on the inferior and superior diagonals,
(ng - ny) — ng elements on the ng-th inferior diagonal and on the ng-th superior diagonal. More precisely, the above
equation is applied to the inner nodes, namely those nodes not belonging to interfaces. As a result, by employing the
single underlining as a symbol of a vector and the double underlining as a symbol of a matrix, the above expression
can be written as:
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A
pc =
Atk
= (I— — -P) =1 (3.12)
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where P is the pentadiagonal matrix, and I the identity matrix. By the defining a new matrix L = (£ — % g),

the temperature distribution at the time step m + 1 can be found by performing a matrix inversion:

rtt=pt (3.13)

Boundary conditions can be formulated for matrix L. Their definition, as well as the state-space formulation, are
described in Appendix

In the case of variable thermal properties, the energy equation to solve is In the case of the FC method, the
definition of the matrix is quite similar but its coefficients need to be updated at each time step, therefore it is necessary
to perform a matrix inversion at each time step, thus increasing the computational cost. Further details about the
discretization are provided in Appendix [C.2] The 2D model is applied to EHF, NHF, and TFW panels, and results
are discussed in sections [@.1.3} [.1.4] and [£.1.5] respectively.

3.2 Thermal modelling in DT phase - IR cameras’ synthetic diagnostics

3.2.1 Assumptions

Contrarily to section the thermal model is developed for NHF and EHF panels only, as they are the only
panels employed in the DT phase. Additionally, the solution is computed under the assumptions of constant thermal
properties and steady-state. As a consequence, heat fluxes on FWPs have a similar distribution as depicted in figure
-3 with the difference that the heat load is constant in time, which is considered generally the case during the flat-top
and in absence of transient auxiliary heating. As in section [3.1.1} fingers are considered to be thermally isolated from
each other. On top of that, only the x direction is considered because, as it will be demonstrated in section [4.1.4]
a 1D thermal model (with constant properties) accurately describes the heat transfer phenomena in actively cooled
panels. Also in this model, the presence of castellations is neglected. Finally, unlike in the AFP phase, in the DT
phase fusion reactions are expected to take place, therefore in the energy balance equation volumetric heat generation
must be taken into account. As reported by [Zhang et al., 2011], the heat deposited by neutrons decreases with the
penetrated depth in the material. However, for the sake of simplicity, the volumetric heat generation, which depends
on the specific material, is considered to be homogeneous. This conservative assumption is justified by the fact that,
as it will be subsequently shown in section the influence of volumetric heat generation is less impactful on the
temperature distribution than that of the heat flux deposited on the surface. Finally, as this study is carried out in
nominal conditions, melting is not involved in the modelling, while sputtering is neglected as it is not expected to play
a significant role.

3.2.2 Analytical solution
Figure [3.9] qualitatively depicts the domain of interest.
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Figure 3.9: Schematic representation of 1D bi-layer heat transfer model in steady state conditions with volumetric
heat generation. Note that ¢, is constant in time.
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Given the assumptions mentioned above, the energy balance equation to solve is[2.15 with the addition of the left-hand
side being zero. This equation admits an analytical solution. In particular, as the thermal model aims to evaluate the
temperature maps needed for IR cameras’ synthetic diagnostics, it is sufficient to evaluate the surface temperature,
which has the following expression:

—_ owL?, Lo ¢cucrzrLouwerzr — kouorzr - (— ;fCVZCLZ - kCHqCSTZT.) N
surf 2kW kW w h
L2 -L
¢CUCTZT CuCrZr _ LCuCrZr : <_ ¢W W - es ) +Twater (314)
2ij’uC?‘Zr kCuCTZT kCuCTZT‘

The full derivation is provided in Appendix

The volumetric heat generation in the C,C,.Zr layer is assumed to be ¢cucrzr = 10 MVV/m3 [Zhang et al., 2011].
Concerning the heat generation in the W layer, no data have been found in the literature. Therefore, this value has
been calculated by making the conservative assumption that all the neutrons scattered by the interaction with W
atoms release all their carrying energy. This assumption is conservative because there can be several types of particle
impacts (e.g., elastic, inelastic) in which the energy transferred by neutrons to W atoms is only a part of their carrying
energy. Specifically, the volumetric heat can be estimated as:

¢ow =FE-R (3.15)

where F is the energy carried by neutrons (i.e., 14.1 MeV for the D-T reaction, see section and R is the reaction
rate. The reaction rate can be expressed as R = o - Ny - ]’&—WW - N, where o is the scattering microscopic cross section
(assumed to be 5 - 10724 ¢m? [National Nuclear Data Center, 2024]), N4y is Avogadro’s number, py and My, are
the density and molar mass of tungsten respectively, and N is the neutron flux (assumed to be 0.45 - 10** 1/(s - cm?)

[[TER, 2007]). As a result, ¢y = 32 MW /m?.
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Results and discussion

This chapter is dedicated to presenting the results of the thermal modelling. The chapter reflects the structure
presented in the methodology flowchart (ﬁgure7 therefore the first section is relative to the design and RT operation
of the FWHLC in the AFP phase and the second section is relative to IR cameras’ synthetic diagnostics in DT phase.

4.1 AFP phase - FWHLC in RT

This section presents the results of the thermal models developed in an order that reflects the logic of increasing
model complexity, coherently with the methodology flowchart structure. Initially, the 0D and 1D semi-infinite models,
which do not depend on the type of FWP, are presented, followed by 1D and 2D models for EHF, NHF, and TFW
panels respectively (1D and 2D models are instead specific for the type of FWP). After a sum-up of the main results
of comparative assessments and convergence analyses, the thermal models developed are applied using realistic heat
load data. Subsequently, further insights about model reduction techniques and comparison between explicit and
implicit Euler schemes are presented. It is important to underline that, to have precise estimations of computational
times, simulations should be performed in a dedicated RT framework. However, as this has not been possible during
this thesis work, simulations have been performed using ITER computing cluster [[TER Computing Cluster, n.d.], for
which it is not straightforward to define the computational time in a deterministic way as it depends on the cluster’s
load at the moment the simulation is performed. Therefore, simulations are repeated for 100 times and a statistical
distribution of computational times is provided. In this work, the approach described is deemed to be sufficient to
draw meaningful conclusions and simulations’ replication in a dedicated RT framework is left for further studies.

4.1.1 0D model

Heat transfer phenomena occurring in FWP fingers (of any type) are essentially incident heat flux on their surface
exposed to the plasma and convective heat transfer with the coolant. That being the case, the classical lumped
capacitance method, which assumes the presence of convective heat transfer only, can not be directly applied, but
instead a generalized lumped capacitance method is more appropriate. As pointed out in section[3.1.3] the applicability
of this generalized method, besides the verification of the Biot number, is limited by the prior investigation of the
impact of the incident heat flux on thermal gradients. As mentioned earlier, an alternative is employing the enhanced
0D models present in the literature (for instance the one developed by [Sahu and Behera, 2012]), which however
have the limitation of being analytically more complex and therefore not straightforward from the implementation
standpoint. Because of these limitations, it is deemed reasonable to directly choose more accurate models than the
0D approximation, i.e., a 1D semi-infinite model. This approach is supported by the fact that, if the 1D semi-infinite
model turns out to be inaccurate, the 0D is inaccurate as a consequence of having a poorer level of approximation.

Among the heat transfer phenomena analyzed, the only case in which the underlying assumptions of the classical
lumped capacitance method are respected is during the cooling phase of TFW panels. Indeed, TFW panels, even
if not actively cooled, are cooled down by transferring heat to the surrounding structures for diffusion or thermal
radiation. This phenomenon is equivalent to a convective heat transfer with a fluid upon a suitable definition of an
equivalent heat transfer coefficient h.y. In this case, if B; < 0.1, the classical lumped capacitance method can be
applied. In order to define the equivalent heat transfer coefficient, the system is initially supposed to be simplified
with a 0D approximation, therefore the resulting energy balance is:
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pcaa—fV = —heg - A- (T —Tp) (4.1)
where T} is the temperature of the surrounding structures, assumed constant, V' the volume, A the external surface,
while p and ¢ can be considered the density and specific heat capacity respectively averaged on the volume (indeed, a
TFW panel is composed of two materials in the models developed, W and SS). In order for the model to be as general
as possible, Ty can be treated as the temperature of an equivalent coolant, therefore referred to as T’ q¢er as for NHF
and EHF panels. The above equation has the following analytical solution:

T(t) = Twater + (Tm - Twater) . e_t/T (4.2)

with T}, being the initial temperature, and 7 = -;:’ec—‘fq. At this point, this analytical solution can be compared to data
from more accurate simulations as shown in figure
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Figure 4.1: 3D time-dependent simulation of a TFW panel’s finger with a periodical heat load in Ansys. In particular:
temperature distribution at the end of the 6th cycle (a); detail of the temperature distribution of W tile and a
bolt at the end of the 6th cycle (b); trend of the maximum temperature in the finger compared to the exponential
approximation (c); periodical heat load employed (Qcony in the figure); (e) heat load space distribution. Courtesy of

ITER Blanket Section [Deliege, 2024].
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The simulation reported in the above picture is a time-dependent 3D simulation in Ansys for the purpose of TFW
panel’s finger design. The input heat load is applied periodically for 6 cycles every 1800 s for a total of 100 s,
corresponding to the duration of a plasma pulse. This heat load is artificial and it is used for design purposes, thus
it does not represent typical heat flux profiles during a single plasma pulse. However, similarly to realistic heat flux
profiles, this heat load is periodic in time, coherently with the fact that ITER operation will be pulsed. Indeed,
because of inertial cooling, a discharge phase is necessary so that panels can cool down for some time through diffusion
and radiation heat transfer before initiating a new plasma pulse. That being said, the exponential approximation is
compared to the time evolution of the maximum temperature during the discharge phase of the 6th cycle, knowing
the initial and the final temperature of the discharge phase. In this way, the only unknown value in equation is
7, allowing to then evaluate h.y = pTCX. Finally, the Biot number results in B; = % ~ 0.06 < 0.1, therefore the
initial assumption of using a 0D model is verified. As can be observed in the picture, the 0D approximation does
not accurately describe the transient temperature variation in the discharge phase. This is quite reasonable as one
of the key heat transfer phenomena involved, namely radiation heat transfer, should be described with a polynomial
approximation rather than with an exponential. However, the 0D approximation allows to accurately describe the
final temperature of each discharge phase, whose accuracy is essential as it constitutes the initial temperature of the
following pulse. Moreover, the 0D approximation allows to define a h, (from this point forward referred to as simply
h) similarly to NHF and EHF panel’s models, thus increasing the flexibility of this model, which is one of the essential
model requirements. Another limit of this approach is that the equivalent HTC calculated is defined in the case of high
temperatures, therefore more precise estimations should take other types of heat loads into account. The h., has then
to be considered a first-guess value suitable for representing panels’ discharge phase in the case of high temperatures.

4.1.2 1D semi-infinite model

As mentioned in section [3.1.4] the 1D semi-infinite model is compared with the 1D simplified model in the domain
depicted in figure This comparison is useful to estimate a first-guess grid size in the x direction in order not to lose
information about the thermal gradients in the material. In particular, as shown in figure the analytical solution
of 1D semi-infinite model, independent of the grid size, is compared with the numerical solution of the simplified 1D
model solved with a FE scheme both in terms of accuracy and computational cost for different grid sizes. The final
time of the simulation is set to be 1 s. The comparison is carried out by applying the same thermal flux in both
models, namely ¢s = 4.7 MW /m?, which is a realistic value corresponding to the maximum heat load for EHF panels.
Indeed, to get reliable results in terms of time scales involved, it is important to employ a realistic value of the thermal
flux for the comparison as the magnitude of the heat flux influences the diffusion process, and in particular the higher
the heat flux the sooner the temperature is undisturbed for a given distance from the surface.
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Figure 4.2: Comparison between 1D semi-infinite model and 1D simplified model in absolute terms (a) and in marginal
terms (b). In (a) the error is computed in infinity norm on the entire temperature profile for each grid size k, namely
err(k) = |T'(k) — T,, |00, and evaluated at the final time step of the simulation. T, is the temperature distribution
computed through the analytical solution. On the right y-axis, the simulation of the elapsed time time(k) of the 1D
simplified model is shown. In (b) the error difference is defined as e(k) = |err(k) — err(k — 1)|, and similarly the
saved time savedime = [time(k) — time(k — 1), that is plotted on a logarithmic scale. In both figures, the x-axis is
logarithmic.

52



CHAPTER 4. RESULTS AND DISCUSSION

As shown in the picture, the difference between the models reasonably decreases for lower Az, because the discretization
error goes down, at the expense of the computational time. As shown in figure for Ax = le — 4 m there is the
highest saved time with a very low discretization error of around 2 °C. If this grid size is used for the computational
grid of EHF panels, the resulting number of nodes is IV, = 108. As NHF and TFW panels’ thickness is higher,
this would result in a bigger number of nodes. However, for the sake of keeping models as general as possible, it is
desirable to have the same number of nodes in the x direction for each model regardless of FWP type. Therefore, in
the case of NHF and TFW panels, it is chosen Az ~ 3e — 4 m so that the number of nodes is Nx = 108 as well.
Obviously, in this way, the discretization error committed is higher, specifically around 10 °C (figure , which is
still deemed to be acceptable. Therefore, N, = 108 is deemed to be a reasonable grid resolution to accurately get
temperature variations in the few first millimeters of FWPs. Another conclusion that is possible to draw from picture
is that the 1D numerical model discretized with a FE scheme is quite computationally heavy. For instance, in the
case of Az = le — 4 m, the simulation takes around 1.2 s (as shown in figure this value is obtained by computing
the statistical distribution of computational times in ITER computing cluster). This value is too high for the RT
implementation (indeed, it is above the final time of the simulation) and this is due to the stability limit required
for the FE scheme, which is clearly quite stringent. Therefore, in order to achieve lower computational times, from
this point forward it has been preferred to choose BE discretization schemes, which do not have the limitation of the
stability condition.
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Figure 4.3: Statistical distribution of computational time obtained by performing 100 simulations in ITER computing
cluster.

As discussed in section the length of the slab is set to be high enough for the temperature profile far from the
surface to be undisturbed as much as possible, thus respecting the underlying hypothesis of the 1D semi-infinite model
of rapid thermal fluxes. In order to verify the choice of the slab length, the comparison between 1D semi-infinite
model and 1D simplified model is carried out for increasing lengths, but with the fixed value of Az = le — 4 m.
That being the case, the discretization error is fixed, so the only difference in the models is associated to the length
employed. In this case, the simulation time is not 1 s, but instead, the simulation is stopped when the error (still in
infinity norm) between the models is set to reach 100 °C, which is deemed to be a non-acceptable difference. Figure
[ 4] shows the result of this comparison. As expected, the longer the slab is the higher is the time needed for the 1D
semi-infinite model to be inaccurate. Indeed, for higher slab lengths, the heat takes more time to diffuse, therefore it
is more likely that the temperature far from the surface is undisturbed. It turns out that, in the case of L = 100 mm,
the 1D semi-infinite model becomes unacceptably inaccurate after about 55 s, far more than the simulation time of
before (1 s). Therefore, this justifies the choice of the slab length in the previous simulation. Nevertheless, for a slab
length of around 10 mm, which is the typical order of magnitude of fingers’ thickness in the models developed, the
1D semi-infinite model is inaccurate after already 1.5 s. On top of that, ramp-up and ramp-down phases at ITER
last tens of seconds, so the heat has more time to diffuse making it is even less likely for the temperature profile to
be undisturbed. In other words, for longer simulations of tens of seconds, errors would be even higher, namely the 1D
semi-infinite model would be less accurate, i.e., the underlying hypothesis of rapid thermal fluxes would not be valid
anymore. For this reason, the 1D semi-infinite model is deemed useful exclusively to get a first-guess reasonable value
of N,, but more accurate models are needed to accurately describe heat transfer processes. Furthermore, as written
at the beginning of this section, being the 1D semi-infinite model not a valid approximation, the 0D model is not valid
as well.
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Figure 4.4: Time at which the maximum temperature difference between the 1D semi-infinite model and 1D simplified
model reaches the threshold of 100 °C as a function of the slab length. Calculations done assuming g, = 4.7 MW /m?2.

4.1.3 EHF panels

In this section, the results for EHF panel’s fingers, depicted in figure are presented and discussed. For the sake
of conciseness, only the results of the 1D model with constant properties and the 2D model with constant properties
are presented, leaving the results of the variable properties aside. Subsequently, a comparative assessment is carried
out. In particular, first, the 2D model is validated against a more accurate simulation in order to demonstrate the
validity of the 2D assumption with a rectangular grid for a finger. Afterwards, a comparison between 1D versus 2D
models in order to assess the validity of the 1D assumption is performed. The following comparison is between the
1D model with constant properties with the 1D model with variable properties (solved with both Newton’s method
and FC method) in order to assess the validity of using constant properties. The comparative assessment allows to
find the most representative model for modelling heat transfer phenomena in EHF panels, namely a model capable of
computing the thermal response of FWPs with sufficient accuracy while being as simple as possible at the same time.
A convergence analysis on this model is then carried out in order to find a reasonable time step for the time simulation
for RT application. At this point, a suitable model in terms of a trade-off between accuracy and computational cost
is identified for EHF panels. Having made a decision on the final model to employ, a sensitivity analysis on the heat
transfer coefficient is finally carried out.

Figure 4.5: CAD file of EHF panel’s fingers. Courtesy of ITER Blanket Section.

1D model with constant properties

In the case of a 1D model of a finger along the x direction, the domain of interest is the one depicted in figure [3.7]
With the hypothesis of constant properties, the discretization of the energy balance equation is equation [3.7] in which
the Az employed is the one discussed in section The geometric values in figure are taken as shown in figure
It is assumed the finger to be in thermal equilibrium with the cooling water at the beginning of the simulation.
Subsequently, a constant heat flux of g, = 4.7 MW /m?, equal to the maximum design value for EHF panels, is applied.
The final time of the simulation is 30 s, corresponding to a steady-state temperature distribution. Results are shown

in figure [£.6]
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Figure 4.6: Results of 1D model for EHF panel’s fingers: (a) temperature distribution; (b) surface temperature time
evolution; (c¢) power flow; (d) energy conservation.

As depicted in figure there is a transient phase in the temperature distribution of the domain, after which a steady-
state condition is reached because the incident heat flux g5 is balanced by the heat transferred to the cooling water
(indeed, as shown in figure the net power eventually becomes zero). The steady-state temperature distribution
is reasonably linear and is characterized by slope change at the interface between the materials due to their different
thermal conductivity, coherently with the condition of heat flux continuity. As far as the surface temperature time
evolution is concerned, it goes from an initial value corresponding to the cooling water temperature to a plateau in
steady-state conditions. The energy conservation is respected (indeed E;, in figure is linear coherently with
¢s being constant, and the time derivative of the energy stored in the domain eventually approaches a zero value
coherently with the temperature distribution being constant).

2D model with constant properties

In the case of a 2D model of a finger along x and toroidal directions, the domain of interest is the one depicted in
figure 3.8l With the hypothesis of constant properties, the discretization of the energy balance equation is equation
The thermal response of an EHF panel’s finger is investigated by applying the incident constant heat flux g
profile depicted in figure [£.7¢] Results are reported in figures and As it is possible to observe from the
figure, isothermal lines are approximately horizontal, meaning that heat diffusion takes place predominantly in the x
direction. This is due to the presence of the coolant. The energy conservation demonstrates the physical consistency
of the model, as F;, linearly increases (coherently with the incident heat flux being constant) and Egipreq is constant
in steady-state conditions.
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Figure 4.7: EHF panel’s finger 2D model: (a) steady state temperature distribution; (b) energy conservation; (c)
incident heat flux g5 toroidal profile applied to the domain depicted in figure

Comparative assessment

In order to find the most representative model for heat transfer phenomena occurring in EHF panel’s fingers, a
comparative assessment is carried out. Firstly, with the goal of assessing the validity of the 2D model with a rectangular
grid, the 2D model is validated against a more accurate simulation available, namely a 2D simulation solved with finite
volumes (FV) taking into account fingers’ toroidal shaping and developed in Python [Brank, 2024]. This simulation
employs the constant incident thermal flux profile g5 shown in figure [£.8a] The steady-state temperature map is shown
in figure
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Figure 4.8: 2D simulation with toroidal shaping solved with FV method. (a) Incident heat flux profile. (b) Steady-
state temperature distribution.

The benchmark of the 2D model with a rectangular grid developed in MATLAB with the more accurate 2D simulation
with toroidal shaping is performed by comparing their surface temperature distribution in steady-state conditions and
by employing the same constant incident heat flux profile and the same heat transfer coefficient with a coolant at the
same temperature. The result of the validation is presented in figure [f.9] As shown in the figure, there is only a slight
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difference between the profiles, probably due to the toroidal shaping. Therefore this comparison validates the 2D
model with a rectangular grid thus justifying one of its underlying assumptions, namely that fingers’ toroidal shaping
can be neglected. This model has the advantage of being more flexible than the FV model (indeed, for instance, in
the latter the thermal flux is not designed to be updated in time).
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Figure 4.9: Results of the validation for EHF panels: surface temperature distribution in steady-state conditions.

The following comparison is between the 1D model with constant properties with the 2D model with constant properties
with the goal of verifying the 1D approximation. As shown in figure the comparison is performed in steady-
state conditions in different sections of the domain, a section characterized by a high toroidal thermal gradient of the
incident heat flux, and a section in which the incident heat flux is toroidally uniform. Along the first section, the 1D
model slightly overestimates the surface temperature of approximately 30 °C, as it does not take the toroidal diffusion
into account. Along the second section, instead, the temperature profiles are basically overlapping.
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conditions: (a) sections of interest; (b) temperature distribution along section 1; (¢) temperature distribution along
section 2.
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By looking at figure reporting the statistical distribution of computational times in ITER computing cluster, it
is evident that the computational cost of the 2D model is much higher than that of the 1D model. Given its relatively
small difference with the 2D model (also on the conservative side) and its benefit in terms of computational cost, the
1D model approximation is deemed to be acceptable. The validity of the 1D approximation consequently justifies
the assumption of neglecting the castellations, whose presence could have been, in principle, relevant because of the
interruption of heat diffusion in the toroidal direction.
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Figure 4.11: Comparison between 1D and 2D models in terms of computational cost, measured as simulations’ elapsed
time: (a) computational time distribution for the 1D model; (b) computational time distribution for the 2D model.
Note the different time scales, ms for the 1D model and s for the 2D model. The statistical distribution is obtained
by performing 100 simulations in ITER computing cluster.

Once established the validity of the 1D approximation, the influence of variable properties is investigated. When
doing a comparison between a model with constant properties and a model with variable properties, the immediate
question is at what temperature to evaluate the properties of the model with constant properties. As a first guess,
the criterion is evaluating W properties at the average temperature between the surface and the interface in steady-
state conditions, and CuCrZr properties at the average temperature between the interface and the cooling water in
steady-state conditions. These temperatures can be easily evaluated in steady-state conditions because an analytical
solution can be found through the electric analogy. Indeed, with reference to the domain in figure the electric
analogy yields:

AT T(e=0)—T(e = L) T(x=0)— T(x = L)
- - = L Tooi—L (4.3)
Ryt Rw + Rcucrzr R
w CuCrzr

ds

where Ry and Rcyucrzr are the thermal resistances of W and CuCrZr and Ry, the total one. Given that ¢, =
h - (T(x = Ltot) — Twater) in steady-state, the temperature of the surface exposed to the plasma can be found by
substituting this expression in the previous one:

s L Liot — L
Tsurf - q_ + Twater + qs <_W + ”—W) (44)
h kW kCuCrZT
from which the temperature at the interface can be found as:
Tint = Tsurf — Qs RW (45)

At this point, the 1D model with constant properties can be compared with the 1D model with variable properties
solved with Newton’s method and FC method. The results of the comparison are shown in figure [£.12]
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Figure 4.12: Comparison between the 1D model with constant properties with the 1D model with variable properties:
(a) temperature distribution in steady-state conditions; (b) simulation elapsed time in case of FC method (statistical
distribution); (c¢) simulation elapsed time in case of Newton’s method (statistical distribution).

As depicted in the figure, the influence of variable properties on the solution is negligible for the steady-state distri-
bution, while the computational cost of implementing either the FC method or Newton’s method is obviously higher
than that of having constant properties depicted in figure This is due to the fact that, for the FC method, it is
necessary to update the coefficients of the matrix at each time step, therefore a matrix inversion must be performed at
each time step while, in the case of constant properties, the matrix can be inverted only once before the time loop. For
Newton’s method, the higher computational cost is linked to solving a system of non-linear equations at each time step.
Additionally, by comparing Newton’s method with the FC method, even if the FC method is a simplified approach to
solving non-linear problems, it is evident that Newton’s method does not have any benefit in terms of accuracy, while
its computational cost is higher. Therefore, if one wants to consider variable thermal properties, Newton’s method is
not recommended.

In order to prove that evaluating the thermal properties using the average temperature in the materials is a reasonable
approximation when comparing a 1D model with constant properties with a 1D model with variable properties, the
former model is compared with the latter in terms of absolute difference in the computed surface temperature for
different magnitudes of incident thermal fluxes. The comparison, reported in figure [f.13] shows that the difference
between the models increases for higher heat fluxes, but is quite low in all the cases with a maximum error of 12 °C for
g =5 MW /m?2. It is meaningless to investigate the effect of higher heat fluxes, which occur in the case of accidental
events, as this work has the objective of FW protection, thus actuators should intervene before reaching these higher
heat fluxes. Therefore, this justifies the choice of the temperature at which thermal properties are evaluated in the
case of constant properties. The result of these analyses confirms the validity of the constant properties assumption.

As a consequence of the comparative assessment, the 1D model with constant properties is deemed to be the most
representative model for modelling heat transfer phenomena in EHF panels’ fingers.
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Figure 4.13: Difference in terms of surface temperature between 1D model with constant properties and 1D model
with variable properties (solved with FC method) for different incident heat fluxes.

Convergence analysis

The following step towards the definition of a suitable thermal model for EHF panel’s fingers in terms of a trade-off
between accuracy and computational cost is a convergence analysis. As the grid size in the x direction is already fixed
from the analysis on the 1D semi-infinite model, as discussed in section the convergence analysis is focused on
the choice of the time step of the simulation At, which is a free parameter.

The convergence analysis on At is carried out starting from analyzing two different types of incident heat flux. As dis-
cussed in section the incident heat flux is distributed on a given FWP and, when the plasma changes its position
(such as during ramp-up and ramp-down phases) the heat flux shifts in time because the wetted area shifts accordingly
to plasma movements. On top of that, the FWP of interest receives the thermal flux crossing the separatrix Psop,
which increases during the ramp-up phase and remains constant during the flat-top phase. Therefore, a given point
on a FWP can be interested by two types of heat fluxes. The first type, linked to plasma movements, causes the point
of interest, in the first place not belonging to the wetted area, to be suddenly exposed to a heat flux. This is modelled
as a step response ¢4(t) = 4.7 MW /m?2. The second type, linked to Psor, causes the point of interest, continuously
belonging to the wetted area, to be exposed to an increasing heat flux in the ramp-up phase. This is modelled through
an exponential starting from zero and eventually reaching a constant value, namely g, (t) = 4.7 - (1 — e=*/7) MW /m?.
This exponential is assumed to have a time constant corresponding to the confinement time in ITER, namely 7 = 3.7 s
[Shimada et al., 2007]. Indeed, when the auxiliary power is turned on, Psoy, follows the ramp-up auxiliary power with
a characteristic time of 7.

As the thermal model is discretized in time, there can be some discretization errors due to the finite At employed.
Specifically, as far as the step response is concerned, there can be a delay between the effective signal and its com-
putation. In the worst-case scenario, the delay is At/2. As far as the exponential heat flux is concerned, a finite At
causes the input energy in the domain to be lower than in the case of a continuous input signal, thus leading to inac-
curacies in the temperature distribution. That being the case, the convergence analysis is carried out by investigating
the impact of different time steps on the solution with the two types of heat flux signals described above. Results
are shown in figure [£.14] showing the discretization error and the number of computations for different time steps
and for the two types of heat flux signals. In the case of a step input signal, the error for each At is calculated by
comparing the solution obtained with an input delayed by At/2 with the solution without input delay. The error is
defined as the maximum difference (in absolute terms) between the two solutions during the whole transient. In the
case of exponential signal, the error for each At is evaluated by comparing the computed surface temperature with
the solution obtained with the smallest At employed, which is taken as a reference. Additionally, for each At, the
number of computations approximated as n, = clapsed time g computed. As shown in the figure, while the number of
computations for the two types of heat fluxes is of the same order of magnitude, the error committed in the case of a
delay of the step response signal is higher than that of the exponential signal for the same At. This is probably due
to the fact that, for an exponential signal, the slab receives some heat flux at least, even though less than it would
receive in the case of a continuous signal, while for a step input the slab does not receive any heat at all for At/2,
determining a higher temperature difference between the two cases. The At chosen as a result of a compromise be-
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tween accuracy and computational cost is At = 1le — 2 s, which determines an error of approximately 25 °C in the case
of a step response signal (in absolute terms). It is important to underline that the convergence analysis itself should
be replicated several times as the number of computations in the ITER cluster is not deterministic. This is left for
further studies, therefore the number of computations in the figure is to be considered indicative of the computational

cost.

6 250 & 140
10 _ 10% p
—_ e hy —
@) ~ &)
_ e 4 i 120 A
~ 108 2005 © Sy 5
e B 5
= T % T 100 @
= U 5 U
T = ©19 =
S 102 150 E € =
g g 8 = e'nexp flux 80 g
s -8 =y nuy F 5 —&—Negnst flux 3 =)
w5 100F |7 Mconst i 100 & & =8 =M fux N 60 x
E -9 - Errexp flux g ‘g 10° =BT st flux i ™ S
'g —0— MM st flux 5 g B 40 5
22 = ~ =
= 10 50 8 o ik 8
= o E ©20 o
< g <
r=wn————g-==-"= 0 0 -y - S S F R R P T e A 0
10° 1026 o -
10 1072 107 101 10° 1072 102 101 10°
At [s] At [s]
(a) (b)

Figure 4.14: Results of time convergence analysis for a step input heat flux and an exponential heat flux:
number of computations in absolute terms (a), and in marginal terms (b).

error and

At this point, having carried out a comparative assessment and a convergence analysis, it is possible to conclude that
the 1D thermal model with constant properties with N, = 108 nodes in the x direction and with a At = le — 2 s
represents the most suitable control-oriented model in terms of a trade-off between accuracy and computational cost
for modelling heat transfer phenomena occurring in EHF panel’s fingers. Once this is established, a further analysis
of the HTC is hereafter presented.

Sensitivity analysis on the heat transfer coefficient

As already mentioned in the HTC employed is assumed to be constant without employing any correlation. In
order to investigate the validity of this assumption, a sensitivity analysis of the HTC is carried out. Specifically, for a
given perturbation of dh the corresponding perturbation of the surface temperature in steady-state conditions 07} is
evaluated. The result is shown in figure
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Figure 4.15: Sensitivity analysis on the HTC, showing the impact of its variation on the variation of the surface
temperature in steady-state conditions.

Obviously, the worst case is an underestimation of the HT'C, as it leads to a higher surface temperature. However,
the surface temperature is not severely affected by HTC variation, as for an underestimation of the HTC of 50 % the
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corresponding increase in the surface temperature is 11 %. However, it can be shown that for higher thermal fluxes
the surface temperature becomes more sensible as the HT'C varies. Indeed, in steady-state conditions by applying the
electric analogy:

T, — Ty
ds = ST =h- (TO - Twater) (46)
T
where T} is the temperature of the surface in contact with the coolant and R is the total thermal resistance. The
above expression can be written as:

Ts =d(s RT + % + Twater (47)
If this expression is then perturbed, it turns out that:
oh
0Ts(6h) = —q - 4.

which proves that the surface temperature’s sensitivity with HT'C depends linearly on the incident heat flux. Therefore,
the conclusion is that for EHF panel’s fingers, even in the case of a design-limit heat flux of 4.7 MW /m?, the assumption
of considering a constant heat transfer coefficient without employing a correlation is reasonable. Nevertheless, if
one wants to have higher model precision or in the case of higher thermal fluxes such as in accidental cases, it is
recommended to evaluate the HTC in a more accurate way by using suitable correlations, taking into account also the
evolving conditions of the coolant.

4.1.4 NHF panels

In this section, the results for NHF panels, depicted in figure [£.16] are presented and discussed. For the sake of
conciseness, only the results of the 1D model with constant properties and the 2D model with constant properties are
presented, leaving the results of the variable properties aside. Subsequently, a comparative assessment is carried out.
In particular, first, a comparison between 1D versus 2D models in order to assess the validity of the 1D assumption
is performed. The following comparison is between the 1D model with constant properties with the 1D model with
variable properties (solved with both Newton’s method and FC method) in order to assess the validity of using
constant properties. The comparative assessment allows to find the most representative model for modelling heat
transfer phenomena in NHF panels, namely a model capable of computing the thermal response of FWPs with
sufficient accuracy while being as simple as possible at the same time. A convergence analysis on this model is then
carried out in order to find a reasonable time step for the time simulation for RT application. At this point, a suitable
model in terms of a trade-off between accuracy and computational cost is identified for NHF panels. Having made a
decision on the final model to employ, a sensibility analysis on the heat transfer coefficient is finally carried out.

Figure 4.16: CAD file of NHF panels. Courtesy of ITER Blanket Section.
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1D model with constant properties

In the case of a 1D model of a finger along the x direction, the domain of interest is the one depicted in figure
With the hypothesis of constant properties, the discretization of the energy balance equation is equation [3.7] in which
the Az employed is the one discussed in section [£.1.2] The geometric values in figure [3.7] are taken as shown in figure
It is assumed the finger to be in thermal equilibrium with the cooling water at the beginning of the simulation.
Subsequently, a constant heat flux of ¢s = 2 MW /m?, equal to the maximum design value for NHF panels, is applied.
The final time of the simulation is 30 s, corresponding to a steady-state temperature distribution. Contrarily to
EHF panels in which cooling channels have a rectangular shape thus making the thermal gradient predominantly 1D
towards the coolant, NHF panels are characterized by circular pipes, introducing 2D effects as a consequence. In
order to take these 2D effects into account, the HT'C is divided by a factor fop retrieved from the RACLETTE code
|Raffray and Federici, 1997]. The fop factor employed in the RACLETTE code is defined for a similar geometry of
PFCs as NHF panels, but it is defined for specific geometric quantities, which are different from the ones involved in
this work. Therefore, the fop factor employed is considered to be suitable for a first guess, but further studies are
necessary to assess a more accurate fop factor for the specific geometry of NHF panels. Results are shown in figure
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Figure 4.17: Results of 1D model for NHF panel’s fingers: (a) temperature distribution; (b) surface temperature time
evolution; (c) power flow; (d) energy conservation.

Heat transfer phenomena are qualitatively similar to EHF panel’s fingers. Indeed, as depicted in figure there
is a transient phase in the temperature distribution of the domain, after which a steady-state condition is reached
because the incident heat flux ¢ is balanced by the heat transferred to the cooling water (indeed, as shown in figure
the net power eventually becomes zero). The steady-state temperature distribution is reasonably linear, and
is characterized by a slope change at the interface between the materials due to their different thermal conductivity,
coherently with the condition of heat flux continuity imposed. As far as the surface temperature time evolution is
concerned, it goes from an initial value corresponding to the cooling water temperature to a plateau in steady-state
conditions. The energy conservation is respected (indeed FE;, in figure is linear coherently with g5 being constant,
and the time derivative of the energy stored in the domain eventually approaches a zero value coherently with the
temperature distribution being constant).
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2D model with constant properties

In the case of a 2D model of a finger along x and toroidal directions, the domain of interest is the one depicted in
figure With the hypothesis of constant properties, the discretization of the energy balance equation is equation
The thermal response of an NHF panel’s finger is investigated by applying the incident constant heat flux g,

profile depicted in figure Results are reported in figures [£.18a] and [£.185]
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Figure 4.18: NHF panel’s finger 2D model: (a) steady state temperature distribution; (b) energy conservation; (c)
Incident heat flux g5 toroidal profile applied to the domain depicted in figure

As it is possible to observe from the above figure, isothermal lines are approximately horizontal, meaning that the
heat diffusion takes place predominantly in the x direction. This is due to the presence of the coolant. The energy
conservation demonstrates the validity of the model, as E;,, linearly increases (consistently with the incident heat flux
being constant) and FEstoreq is constant in steady-state conditions.

Comparative assessment

In order to find the most representative model for heat transfer phenomena occurring in NHF panel’s fingers, a
comparative assessment is carried out. Contrarily to the case of EHF panel’s fingers, for NHF ones the validation of
the 2D model against a more accurate solution is not carried out, as more accurate simulations were not available.
However, NHF panels are very similar to EHF ones both in terms of materials and heat transfer dynamic (indeed, both
panels are actively cooled), therefore performing a model validation besides that of EHF panel’s fingers is deemed to be
not essential to assess the validity of the 2D assumption with rectangular grid for NHF panel’s fingers. Nevertheless,
a validation of the 1D model with a 2D simulation taking into account the presence of circular channels in order to
estimate the fop in a more accurate way is deemed to be necessary and left for further studies. The first comparison
is between the 1D model with constant properties and the 2D model with constant properties in order to assess the
validity of the 1D simplification. As shown in figure the comparison is performed in steady-state conditions in
different sections of the domain, a section having a high toroidal thermal gradient in the incident heat flux, and a
section in which the incident heat flux is toroidally uniform. Along the first section, the 1D model overestimates the
surface temperature of approximately 45 °C, as it does not take the toroidal diffusion into account. Along the second
section, instead, the temperature profiles are almost overlapping. Therefore, the 1D model is deemed to be sufficiently
accurate, despite the slight overestimation with respect to the 2D model (which is also on the conservative side). By
looking at figure [£.20] reporting the statistical distribution of computational times in ITER computing cluster, it is
evident that the computational cost of the 2D model is much higher than that of the 1D model. Given its benefit in
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terms of computational cost and its sufficient accuracy, the 1D model approximation is deemed to be acceptable. The
validity of the 1D approximation consequently justifies the assumption of neglecting the castellations, whose presence
could have been, in principle, relevant because of the interruption of heat diffusion in the toroidal direction.
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Figure 4.19: Comparison between 1D and 2D models in terms of accuracy in two different sections in steady-state

conditions: (a) sections of interest; (b) temperature distribution along section 1; (¢) temperature distribution along
section 2.
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Figure 4.20: Comparison between 1D and 2D models in terms of computational cost, measured as simulations’ elapsed
time: (a) computational time distribution for the 1D model; (b) computational time distribution for the 2D model.
Note the different time scales, ms for the 1D model and s for the 2D model. The statistical distribution is obtained
by performing 100 simulations in ITER computing cluster.
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Once established the validity of the 1D approximation, the influence of variable properties is investigated. In the case
of the constant properties model, properties are evaluated at the average temperature in the materials in steady-state
conditions, similarly as for EHF panel’s fingers. The 1D model with constant properties is compared with the 1D
model with variable properties solved with Newton’s method and FC method. The results of the comparison are
shown in figure [£:21]
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Figure 4.21: Comparison between the 1D model with constant properties with the 1D model with variable properties.
(a) temperature distribution in steady-state conditions; (b) simulation elapsed time in case of FC method (statistical
distribution); (c¢) simulation elapsed time in case of Newton’s method (statistical distribution).

As depicted in the figure, the influence of variable properties on the solution is negligible, while the computational cost
of implementing either the FC method or Newton’s method is obviously higher than that of having constant properties
depicted in figure This is due to the fact that, for the FC method, it is necessary to update the coefficients
of the matrix at each time step, therefore a matrix inversion must be performed at each time step while, in the case
of constant properties, the matrix can be inverted only once before the time loop. For Newton’s method, the higher
computational cost is linked to solving a system of non-linear equations at each time step. Additionally, by comparing
Newton’s method with FC method, it is evident that the former does not have any benefit in terms of accuracy, while
its computational cost is higher. Therefore, if one wants to consider variable thermal properties, Newton’s method is
not recommended. The result of this analysis confirms the validity of the constant properties assumption.

As a consequence of the comparative assessment, the 1D model with constant properties is deemed to be the most
representative model for modelling heat transfer phenomena in NHF panels’ fingers.

Convergence analysis

The following step towards the definition of a suitable thermal model for NHF panel’s fingers in terms of a trade-off
between accuracy and computational cost is a convergence analysis. As the grid size in the x direction is already fixed
from the analysis on the 1D semi-infinite model, as discussed in section [£.1.2] the convergence analysis is focused on
the choice of the time step of the simulation At. The convergence analysis on At is carried out by employing a step
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response heat flux and an exponential heat flux, as for the thermal model for EHF panel’s fingers. That being the
case, the convergence analysis is carried out by investigating the impact of different time steps on the solution with

the two types of heat flux signals mentioned above. Results are shown in figure
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Figure 4.22: Results of time convergence analysis for a step input heat flux and an exponential heat flux. Error and

number of computations in absolute terms (a), and in marginal terms (b).

As shown in the figure and as is valid for EHF model, while the number of computations for the two types of heat fluxes
is of the same order of magnitude, the error committed in case of a delay of the step response signal is higher than that
of the exponential signal for the same At. Compared to EHF panels, in this case, the error committed for the same
At is lower. The chosen At, result of a compromise between accuracy and computational cost, is At = le — 2 s, which
determines an error of approximately 10 °C in the case of the step response signal (in absolute terms). It is important
to underline that the convergence analysis itself should be replicated several times as the number of computations
in the ITER cluster is not deterministic. This is left for further studies, therefore the number of computations in
the figure is to be considered indicative of the computational cost. At this point, having carried out a comparative
assessment and a convergence analysis, it is possible to conclude that the 1D thermal model with constant properties
with IV, = 108 nodes in the x direction and with a At = le — 2 s represents the most suitable control-oriented model
in terms of a trade-off between accuracy and computational cost for modelling heat transfer phenomena occurring in
NHF panel’s fingers. Once this is established, a further analysis on the HT'C is hereafter presented.

HTC

A similar sensitivity analysis on the HTC as for EHF panel’s fingers is performed. The results is reported in figure
Compared to EHF panels, the surface temperature is more sensible, therefore the HT'C has to be evaluated more
carefully.
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Figure 4.23: Sensitivity analysis on the HTC, showing the impact of its variation on the variation of the surface
temperature in steady-state conditions.
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4.1.5 TFW panels

In this section, the results for TFW panels, depicted in figure are presented and discussed. For the sake of
conciseness, only the results of the 1D model with constant properties and the 2D model with constant properties are
presented, leaving the results of the variable properties aside. Subsequently, a comparative assessment is carried out.
In particular, first, the 2D model is validated against a more accurate simulation to demonstrate the validity of the
2D assumption with a rectangular grid for the given finger. Afterwards, a comparison between 1D versus 2D models
to assess the validity of the 1D assumption is performed. The following comparison is between the 2D model with
constant properties with the 2D model with variable properties to assess the validity of using constant properties. The
comparative assessment allows to find the most representative model for modelling heat transfer phenomena in TFW
panels, namely a model capable of computing the thermal response of FWPs with sufficient accuracy while being as
simple as possible at the same time. A convergence analysis of this model is then carried out to find a reasonable
time step for the time simulation for RT application. At this point, a suitable model in terms of a trade-off between
accuracy and computational cost is identified for TFW panels.

Figure 4.24: CAD file of TFW panel’s fingers. Courtesy of ITER Blanket Section.

1D model with constant properties

2500 . . . : . . 2500
2000 2000
s S
‘0 1500 @ 1500
3 2
= o
g g
21000 £ 1000
g &
= [
500 500
0 0 : ‘
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
x [mm] Time [s]
(a) (b)
5 150
_Em 4 ~
o 4 Epe ¥
£ Etored
Z 3l —n <100
E — A0t §
] 9tot =
<2 =
g S
ol a
£1 5 50
@
¥ o
Fo
1 ‘ j ) ; ; 0 i 4 : :
5 10 15 20 25 30 5 10 15 20 25 30
Time [s] Time [s]
(c) (d)

Figure 4.25: Results of 1D model for TEW panel’s fingers: (a) temperature distribution; (b) surface temperature time
evolution; (c¢) power flow; (d) energy conservation.
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In the case of a 1D model of a finger along the x direction, the domain of interest is the one depicted in figure
With the hypothesis of constant properties, the discretization of the energy balance equation is equation [3.7] in which
the Az employed is the one discussed in section The geometric values in figure are taken as shown in figure
[B-4 Tt is assumed the finger to be in thermal equilibrium with the surrounding structures at the beginning of the
simulation. Subsequently, a constant heat flux of ¢, = 4.7 MW /m? is applied. The final time of the simulation is
30 s. Results are shown in figure As depicted in the figure, contrarily to actively-cooled FWPs, for TFW panels
a steady-state condition is not reached. Indeed, as depicted in figure the thermal power out of the system
transferred by diffusion and radiation heat transfer to the surrounding structures is significantly low compared to the
input flux gs, therefore the system does not reach equilibrium, thus the temperature continues to increase reaching
considerably high values. That is why, in real operation conditions in the AFP phase, there will be a discharge phase
for panels to be cooled down thanks to diffusion and radiation heat transfer (even if realistic heat loads are lower
and not continuous). In other words, these results show that TFW panels’ cooling is not significant while they are
heated up, but instead are essential during the discharge phase. The energy conservation is respected: FEj;, linearly
increases as ¢s is constant, and almost the same as the stored energy, meaning that the average temperature in the
system increases. Finally, the discontinuity in the first derivative visible in figure is due to the different thermal
properties of the two layers of W and SS.

2D model with constant properties

In the case of a 2D model of a finger along x and toroidal directions, the domain of interest is the one depicted in
figure 3.8l With the hypothesis of constant properties, the discretization of the energy balance equation is equation
The thermal response of a TFW panel’s finger is investigated by applying the incident constant heat flux g5 profile

depicted in figure Results are reported in figures and [£.26b]
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Figure 4.26: TFW panel’s finger 2D model: (a) temperature distribution at the end of the simulation (the dashed
black horizontal line divides the two layers); (b) energy conservation; (¢) Incident heat flux ¢, toroidal profile applied
to the domain depicted in figure 3.8

As it is possible to observe from the figure, the energy conservation demonstrates the validity of the model, as F;,
linearly increases (consistently with the incident heat flux being constant) and FEgioreq is almost the same as E;,
because E,,; is very low, exactly as for 1D model. As shown in the available current design of TFW panel’s fingers
W tiles are mechanically separated by toroidal gaps, which are not taken into account in the model whose results
are shown above. However, toroidal gaps may significantly affect the temperature distribution because they interrupt
heat diffusion along the toroidal direction. For this reason, another 2D model is developed including the presence of
toroidal gaps in a simplified way by putting to zero the diffusion along the toroidal direction for those nodes placed
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astride toroidal gaps belonging to the W layer. This model employs the same incident heat flux. Results are reported
in figure As it is possible to observe, the maximum temperature, which occurs in the region in which the heat
flux is constant, does not change with respect to the model without toroidal gaps. However, the toroidal diffusion is
less in the region in which there is a high gradient of the thermal flux in the toroidal direction, ending up with higher
temperatures in that region. As expected, the energy conservation yields the same result as before as the incident
heat flux is the same.
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Figure 4.27: TFW panel’s finger 2D model with toroidal gaps: (a) temperature distribution at the end of the simulation
with the toroidal gaps schematically represented (the dashed black horizontal line divides the two layers and the dashed
red vertical line represents toroidal gaps); (b) energy conservation; (c¢) Incident heat flux ¢, toroidal profile applied to
the domain depicted in figure

Comparative assessment

In order to find the most representative model for heat transfer phenomena occurring in TFW panel’s fingers, a
comparative assessment is carried out. Firstly, with the goal of assessing the validity of the 2D model with a rectangular
grid, the 2D model is validated against a more accurate simulation available, namely the 3D simulation carried out
in Ansys simulating 6 plasma pulses shown in figure [Deliege, 2024]. The same heat load is employed. This 3D
simulation not only includes toroidal gaps between W tiles but also the bolts providing a mechanical connection of
W tiles to the underneath SS structure. Bolts play a significant role in the heat transfer as they constitute a thermal
bridge. In order to take into account the presence of bolts in a simple way, the heat conductivity of the SS layer is
artificially lowered to the 3.5 % of its original value. The results of the validation are presented in figure [4.28] which
contains the comparison between the maximum temperature during the 6th pulse obtained with the 3D simulation and
the maximum temperature during the same pulse obtained with a simple 2D model. A comparison with the maximum
temperature during the same pulse obtained with both a 2D model having toroidal gaps and a 2D model having both
toroidal gaps and bolts is also included. The 2D model with both toroidal gaps and bolts follows approximately the
same trend as the maximum temperature time evolution of the 3D simulation. This 2D model actually overestimates
the temperature during the discharge phase, and this is due to the definition of the equivalent heat transfer coefficient
reported in section [£.1.1] which approximates heat transfer phenomena in the finger through a 0D model. As shown
in the figure, bolts play an essential role in the heat transfer, leading to very high temperatures. Moreover, the
energy conservation indicates that the stored energy becomes periodic after the first two pulses, consistently with
the maximum temperature time evolution being periodic (shown in figure . The energy conservation is the same
for each version of the 2D model developed. This comparison demonstrates that by increasing the complexity of the
2D model, it is possible to get similar results as for the 3D simulation, thus validating the 2D model approximation
with a rectangular grid. For the sake of clarity, figure [£:29] depicts the 2D temperature distribution at the moment
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of maximum heat load during the 6th pulse in which toroidal gaps and bolts are included in the model. It is evident
that heat diffusion is essentially localized to the single W tiles, leading to high temperatures.
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Figure 4.28: Results of the validation for TEW panels: (a) maximum temperature time evolution during the 6th pulse
(with reference to the 3D simulation reported in figure ; (b) energy conservation during all the 6 pulses.
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Figure 4.29: 2D temperature distribution at 9100 s (with reference to figure .

The following comparison is between the 1D model with constant properties with the 2D model with constant properties
with the goal of verifying the 1D approximation. Initially, the presence of both toroidal gaps and bolts is neglected.
As shown in figure [£.30] the comparison is performed at the final time step of the simulation in different sections of the
domain, a section having a high toroidal thermal gradient in the incident heat flux, and a section in which the incident
heat flux is toroidally uniform. Along the first section, the 1D model excessively overestimates the temperature, due to
the fact that it does not take toroidal diffusion into account. Along the second section, in which the thermal gradient in
the toroidal direction is lower, the 1D model is closer to the 2D but still with a difference of 200 °C in terms of surface
temperature. Therefore, it seems that the 1D model does not accurately represent heat transfer phenomena in TFW
panels. In order to be sure about the validity of the 1D model with respect to the 2D model, an additional analysis
is done by comparing the 1D model with a 2D model with toroidal gaps which, by interrupting the diffusion in the
toroidal direction, make the 1D model closer to the 2D in terms of temperature distribution. Bolts are not included
in this comparison as they do not play a role in interrupting the diffusion. Results are shown in figure [£:31] While
the comparison between 1D and 2D models along section 2 is substantially the same as before, the comparison along
section 1 shows that the 2D model profile with toroidal gaps is closer to the 1D model than before with a difference of
300 °C in terms of surface temperature. This difference is deemed to be enough to choose the 2D model as the most
representative, despite the higher computational cost (as reported in ﬁgure. Therefore, the 1D approximation is
deemed not to be valid and a 2D model is necessary. In particular, the 2D model with both toroidal gaps and bolts
is deemed to be the most representative model for modelling heat transfer phenomena in TFW panel’s fingers.
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Figure 4.32: Comparison between 1D and 2D models in terms of computational cost, measured as simulations’ elapsed
time: (a) computational time distribution for the 1D model; (b) computational time distribution for the 2D model.
Note the different time scales, ms for the 1D model and s for the 2D model. The statistical distribution is obtained
by performing 100 simulations in ITER computing cluster.

Following, the influence of variable properties is investigated. The properties of the model with constant properties
are evaluated taking the average value in the temperature range for which the correlation is available. As for the
other FWPs Newton’s method proved not to have any added value compared with the FC method, only the latter is
employed. Results are reported in figure
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Figure 4.33: Comparison between 2D model with constant properties and 2D model with variable properties solved
with FC method. (a) Time evolution of the maximum temperature; (b) time evolution of the average temperature;
(c) elapsed time for the 2D model with variable properties.
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From the above figure, it is evident that accounting for temperature-dependent properties does not add any relevant
benefit in terms of accuracy and, on top of that, it implies a high computational cost as it may be observed by
comparing figures and This analysis confirms the validity of constant properties assumption.

As a consequence of the comparative assessment, the 2D model with constant properties is deemed to be the most
representative model for modelling heat transfer phenomena in TFW panels’ fingers.

Convergence analysis

The following step towards the definition of a suitable thermal model for TFW panel’s fingers in terms of a trade-off
between accuracy and computational cost is a convergence analysis. As the grid size in the x direction is already fixed
from the analysis on the 1D semi-infinite model, as discussed in section the convergence analysis is focused on
the choice of both the number of nodes in the toroidal direction Ny (space convergence) and the time step of the
simulation At (time convergence).

Concerning the space convergence, the discretization error is computed in relative terms by comparing the maximum
temperature computed for a certain number of grid points in the toroidal direction k with a more accurate reference

: Trmaz,ref —Tmac,
case (specifically, 129 nodes), namely espqace(k) = llef—in"ll
max,re water

make the error independent from the temperature unit used (°C or K). The maximum temperatures are evaluated at

the final time of the simulation, which is 30 s. Additionally, also the marginal error is computed as espqce margmal(k) =
|Trmaz,k—Tmaz,k—1|

[ Tmaz,k—1—Twater| ’
are reported in figure As shown in the above figure, the discretization error decreases for higher nodes in the

toroidal direction at the expense of the computational cost. As a trade-off between accuracy and computational cost,
it is chosen to employ Ny = 34 nodes in the toroidal direction, which determines a relative error of 15 % (in absolute
terms).

Twater 18 included in the denominator in order to

together with the computational cost for each grid size computed as elapsed simulation time. Results
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Figure 4.34: Convergence analysis for TFW panel’s finger : (a) relative error for different nodes in the toroidal
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Concerning the time convergence, the discretization error is computed in relative terms by comparing the maximum
temperature computed for a certain time step k with a more accurate reference case (specifically, At = le — 4 s),
namely etime(k) | Tmaz,ref —Tmax.k|

- |Tmaz,ref_Twute'r| .

The maximum temperatures are evaluated at the final time of the simulation,

which is 30 s. Additionally, also the marginal error is computed as €yimemarginal (k) = %, together with
the computational cost for each At computed as elapsed simulation time. Results are réported in figure [I.35] As
shown in the figure below, the discretization error decreases for smaller At at the expense of the computational cost.
As a trade-off between accuracy and computational cost, it is chosen to employ At = 0.1 s, which determines a relative
error of 4e — 4. It is important to underline that the convergence analysis itself should be replicated several times as
the number of computations in the ITER cluster is not deterministic. This is left for further studies, therefore the
number of computations in the figure is to be considered indicative of the computational cost.
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Figure 4.35: Time convergence analysis for TFW panel’s finger : (a) relative error for different A¢; (b) relative error
for different At in marginal terms; (c) elapsed time for different At.

At this point, having carried out a comparative assessment and a convergence analysis, it is possible to conclude that
the 2D thermal model with constant properties with N, = 108 nodes in the x direction, Ny = 34 nodes in the toroidal
direction, and with a At = 0.1 s represents the most suitable control-oriented model in terms of a trade-off between
accuracy and computational cost for modelling heat transfer phenomena occurring in TFW panel’s fingers.

4.1.6 Sum-up of the main results

The following table sums up the main results of the thermal modelling for FWHLC in RT in the AFP phase. In
particular, concerning the results of convergence analyses, the models developed have proved to be computationally
efficient as elapsed simulation times are lower than the time steps used in the models. This demonstrates the suitability
of the models for controller design and RT application.

(0]



CHAPTER 4. RESULTS AND DISCUSSION

Analysis carried out

Main assumptions

Main results

Definition of an equivalent HT'C for TF'W panel’s
fingers cooling phase

- 0D approximation

- artificial heat load used for design

purposes

- HTC defined in such a way as to accurately
estimate the final temperature of a discharge

phase rather than the temperature during the
transient

- TFW panel’s fingers cooling phase modeled

in a simple way

- HTC valid in the case of high temperatures

- definition of a HTC similar as for EHF and NHF
panels, so increased model flexibility

Comparison between 1D semi-infinite and
1D simplified models

- constant thermal flux of 4.7 MW /m?
- slab length of 100 mm
- simulation final time: 1 s

- Az = le — 4 m for EHF panels,

corresponding to N, = 108 nodes. Error of

2 °C (infinity norm)

- N, = 108 nodes also for NHF and TFW panels,
leading to an error of 10 °c

(infinity norm)

Comparative assessment for EHF panels

- heat flux constant in time and having

4.7 MW/m? as maximum value

- validation of the 2D model with a rectangular grid with
2D simulation with toroidal curvature solved with the
FV method

- 1D model is optimal, despite a difference of around
30 °C with respect to the 2D

model

- constant properties approximation is optimal, having
no significant difference compared to the results

with models considering variable properties (both FC
and Newton’s method)

Convergence analysis for EHF panels

- two types of heat fluxes: step signal and exponential,
both having 4.7 MW /m? as maximum
value

- At = le — 2 s leads to an error of

25 °C in the case of a step signal

- with At =1le — 2 s =10 ms

the elapsed time of a single time step is 0.2 ms

Comparative assessment for NHF panels

- heat flux constant in time and having
4.7 MW/m? as maximum value

- 1D model is optimal, despite a difference of around
45 °C with respect to the 2D

model

- constant properties approximation is optimal, having
no significant difference compared to the results

with models considering variable properties (both FC
and Newton’s method)

Convergence analysis for NHF panels

- two types of heat fluxes: step signal and exponential,
both having 2 MW /m? as a maximum
value

- At = le — 2 s leads to an error of

10 °C in the case of a step signal

- with At =1le — 2 s =10 ms

the elapsed time of a single time step is 0.2 ms

Comparative assessment for TFW panels

- heat flux constant in time and having

4.7 MW /m? as maximum value

- validation of the 2D model with a rectangular grid with
a 3D simulation having a periodic heat load in time

- 2D model is optimal, as the 1D model excessively
overestimates the temperature

- if TFW panel’s fingers are characterized by toroidal gaps
and/or bolts, they should be taken into account for higher
accuracy

- the influence of variable properties is negligible

Convergence analysis for TFW panels

- heat flux constant in time and having
4.7 MW/m? as maximum value

- Ny = 34 leads to a relative error of 15 %

- At = 0.1s = 100 ms leads to a

relative error of le-3 %

- the elapsed time of a single time step is 10 ms

Table 4.1: Sum-up of the main analyses and results for FWHLC in RT in the AFP phase.

4.1.7 PCS integration and FW thermal response

Comparative assessments and convergence analyses carried out so far for each type of FWP constitute a system-
atic approach to identifying the most suitable control-oriented model in terms of a trade-off between accuracy and
computational cost for the design and RT operation of the FWHLC in the AFP phase. At this point, the thermal
models developed can be integrated into the PCS and the FW thermal response can be investigated under realistic
time-dependent heat loads coming from simulations including plasma dynamics.

Concerning the integration in the PCS; it is fundamental to respect the formalism of the PCSSP in Simulink, in which
the matrices containing the discretization of the heat transfer process are characterized by a state-space representation.
The thermal models integrated into the PCSSP look qualitatively like in figure With reference to this figure,
Ul gim contains the time series of the model input (i.e., the heat flux and the coolant temperature), while out.simout
contains the desired output of the model, namely the fingers’ surface temperature at each time step. It is also possible
to observe that the Simulink block in the middle of the figure contains the state-space representation of the matrices.

As said before, with the models developed within this work is possible to evaluate the surface temperature distribu-
tion in RT with time-dependent heat fluxes for selected fingers of any FWP. As an example, figure [4.37] provides the
maximum temperature time evolution for selected fingers belonging to FWP 3 given some realistic time-dependent
heat loads. It is assumed FWP 3 to be a TF'W panel. In the figure, the plasma state is distinguished into the limited,
diverted in L mode, and diverted in H mode phases. As stated in section when the plasma is limited FWPs are
subjected to a higher heat flux due to the vicinity of the plasma to the FW, while when the plasma is diverted in L
mode the heat flux is considerably low as it is mostly directed to the divertor, indeed the temperature drops in this

76



CHAPTER 4. RESULTS AND DISCUSSION

phase. When the plasma is diverted in H mode, the FW receives the heat flux coming from ELMs, which causes a
temperature increase.

Y Xgat = Axy + B, 2
uu_sim . » out.simout
= ¥a = Cxy + Du,

Scope

Figure 4.36: State-space qualitative representation in Simulink of the thermal models developed and integrated in the
PCSSP.
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Figure 4.37: Results of the thermal models developed in this work applied to FWP 3, assumed to be a TFW panel: (a)
selected fingers on FWP 3; (b) thermal flux time evolution (maximum value) on the selected fingers; (c) temperature
time evolution (maximum value) on the selected fingers. Note that thermal flux and temperature time evolution on
selected fingers are marked by a color corresponding to the specific finger.

An important conclusion that is possible to draw from the above picture is that the characteristic time of heat transfer,
essential for the controller design, is of the order of seconds. This is consistent with the thermal models developed in
the case of constant artificial heat flux, indeed the time steps employed are At = le — 2 s for EHF and NHF panels
and At = 0.1 s for TFW panels. Therefore, is it possible to conclude that the thermal models developed within this
work are suitable to be applied in the case of realistic heat loads, as the heat transfer dynamic is correctly modelled.

Additionally, the application of thermal models developed is not restricted to the fingers of a FWP only, but it can
be extended to selected fingers belonging to the entire FW as shown in figure [4.38] This is consistent with one of the
requirements of the model of being general, i.e., being applicable to any finger in the FW, as stated in section [1.2
From the figure, it is evident that the maximum temperatures reached are significantly lower than the temperature
ranges shown in section [{.1.5] The reason is that heat fluxes profiles used in section [£.1.5] are artificial and correspond
to panels’ design limit, while realistic heat fluxes do not approach these limit values.

7
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Figure 4.38: Application of the thermal models developed in this work to selected fingers (represented with dots) spread
around the FW. All the FWP are assumed to be TFW panels. The figure on the left shows the time evolution of the
electric current, in which ramp-up and flat-top are clearly visible, while the other two figures show a snapshot of the
maximum heat flux and maximum temperature on selected fingers (figure in the middle and on the right respectively)
at the end of the simulation (corresponding to the plasma current identified by the blue circle in the left figure).

It is worthwhile to underline that in figure [£.38] only one single value of the temperature for each finger is provided
(specifically, the maximum value), but fingers are characterized by a temperature distribution in space. In particular,
as FWPs are assumed to be TFW panels, the underlying thermal model is the representative one for these panels,
namely a 2D model with a rectangular grid, toroidal gaps, and bolts. Therefore, for the sake of clarity, figure
shows the space distribution of the incident heat flux at the end of the simulation (which is the same simulation as in
figure and the resulting 2D temperature distribution at the end of the simulation for one of the fingers of FWP
8, which is the one characterized by the maximum temperature.
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Figure 4.39: Heat flux distribution in space and 2D temperature distribution for one of the fingers of FWP 8. The
distributions are relative to the final time of the simulation, which is the same as in figure .38
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4.1.8 Model reduction techniques

The computational performance of the models, which is summed up in table can be improved through model
reduction techniques, which are methods used to simplify complex mathematical models while preserving their es-
sential behavior [Alla, 2022]. Among the several methods available in the literature, [Alla, 2022] employed a Proper
Orthogonal Decomposition (POD) method, which consists of reducing the dimensionality by extracting the dominant
modes only through orthogonal projections. [Skopec et al., 2021] applied a Balanced Truncation method to solve a
1D heat diffusion equation. This method is based on neglecting states that have a relatively low effect on the overall
model response. [Gerardin et al., 2016] developed reduced thermal models to evaluate the surface temperature of
PFCs based on the concept of thermal quadrupole, which consists of representing the heat flow using equations similar
to those in electrical circuits through Laplace transforms. [Bhikkaji and Séderstrom, 2001] applied the method of
singular perturbations for the heat diffusion process in a homogeneous wall. This method is effective when the sys-
tem is characterized by components having significant differences in terms of time scales and involves approximating
the dynamics of the fast and slow components separately. [Tadjeran and Meerschaert, 2007] applied the Alternating
Direction Implicit (ADI) method to a 2D heat diffusion equation. This method consists of solving the heat diffusion
equation in one direction, calculating an intermediate temperature distribution, and finally solving the diffusion in the
other direction.

In order to understand the working principle of the ADI method, a simple model has been developed. In particular,
by considering a squared domain of unitary length having an initial temperature of 100 °C and boundary conditions of
a constant temperature of 0 °C, the time-dependent 2D heat diffusion equation has been solved with an ADI method
and with a Crank-Nicolson discretization scheme. In particular, to evaluate the temperature distribution at the time
step m + 1, this method consists of solving the following system of equations at each time step:

= (o) (- a2) 7]

where T™ is the temperature distribution at the previous time m, T* is the intermediate temperature distribution,
A, the matrix containing the heat diffusion along the x direction, A, the matrix containing the heat diffusion along

(4.9)

the y direction, and I the identity matrix. Further details about the definition of the matrices and the boundary
conditions are provided in Appendix@ In particular, A, is a tridiagonal matrix and A, a block-tridiagonal matrix.

The advantage of the ADI method is that inverting a tridiagonal matrix A, and a block-tridiagonal matrix A, should

be computationally faster than inverting the matrix Ao = 4, — A, which corresponds to the penta-diagonal matrix

that should be inverted without applying the ADI method.iTheErformance in terms of the computational cost of
this simple model has been tested on MATLAB in the ITER computing cluster. The results are the following:

e by assuming a total number of 10201 nodes, the elapsed time for inverting the matrix A, (which is 10201 X 10201)

is around 1 ms, evaluated by using the command ”backslash” in MATLAB, which applied Thomas algorithm
for matrix inversion

e by assuming the same number of nodes as before, the elapsed time for inverting the matrix A, is around 7000 ms,
evaluated by using the command ”backslash” in MATLAB as well o

e by assuming the same number of nodes as before, the elapsed time for inverting the matrix A;,; is around
5000 ms

From these results, it is possible to conclude that the application of this ADI method is limited by the computational
cost of inverting A,,, which is unexpectedly of the same order of magnitude as that of A, inversion. This is probably

due to the "backslash” command used in MATLAB, as it is possible that Thomas’s algorithm is not optimized for
block-tridiagonal matrices. In order to check the validity of this statement, another algorithm optimized for block-
tridiagonal matrices has been employed to invert A, [von Winckel G.; 2024]. The elapsed time with this algorithm

is around 80 ms, about two orders of magnitude lower than with the ”backslash” command in MATLAB. Therefore,
before applying this method to the diffusion processes investigated in this thesis work, it is fundamental to deeply
investigate how these algorithms work and possibly find suitable ones in order to efficiently invert block-tridiagonal
matrices. In this way, the ADI method can constitute an advantage from the computational cost standpoint. This is
left for further studies.
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4.1.9 Comparison between implicit and explicit schemes

As previously stated in section regarding the 1D semi-infinite model, due to the stringent stability requirement
for the FE scheme, both 1D and 2D models have been developed using a BE scheme to achieve lower computational
times. However, this choice has been based on the results of the 1D semi-infinite model only, therefore to check its
validity a comparison between the computational times required with a FE scheme and with a BE scheme is carried
out. Indeed, on the one hand, the FE scheme is limited by the stability requirement, but on the other hand the
resulting A matrix is sparse, and for sparse matrices multiplication algorithms are faster with respect to the ones of
non-sparse matrices resulting from a BE scheme. Results reported in table for the 2D model of TFW panel’s
fingers show that the model solved with a FE scheme is quite slow as the model time step is lower than the clock time.
However, in the case of smaller matrices, which can be the case if a non-uniform grid is employed, the FE method
could be faster than the BE method.

Method | Model time step [ms] | Clock time [ms]
BE 2D 100 10
FE 2D 1 23

Table 4.2: Comparison between the computational times for the 2D model with a rectangular grid of TFW panel’s
fingers solved with a BE method or with a FE method.

4.2 DT phase - IR cameras’ synthetic diagnostics

As presented in the methodology chapter |3 for the sake of generating temperature maps for IR cameras’ synthetic
diagnostics in the DT phase, thermal flux data of a specific FWP evaluated through the SMITER code together with
the geometric measures of the specific FWP and its cooling parameters, are used as input values for a thermal model
in order to evaluate the surface temperature. This thermal model is developed for the flat-top phase, therefore in
steady-state conditions, for which it has been demonstrated in section [f.1.4] that a 1D model with constant properties
is the most representative model for actively cooled panels, the only ones envisaged to be installed in the DT phase.

For a given plasma equilibrium and FWP design, through SMITER code it is possible to evaluate the heat flux crossing
the separatrix parallel to magnetic flux lines g, and identify FWPs’ wetted areas. Consequently, the perpendicular
heat flux ¢ to a given FWP can be evaluated. Figure [£.40] depicts the SMITER environment.

HePORYTOR<mue MELAYEED
vvvvvv HKEOWodlLdAdBAG S

(b)

Figure 4.40: SMITER environment: (a) User-interface showing the FWPs covering ITER FW; (b) particular of an
example of the computed ¢, on FWP 3.

After having computed the perpendicular heat flux on a given FWP for each grid point defined in SMITER, thermal
flux and geometric coordinates data (both defined for each grid point) are downloaded. In particular, every grid
point of each FWP is uniquely defined in SMITER in cylindrical coordinates. For each grid point, the thermal model
described in section [3.2]is run to evaluate the surface temperature in each grid point, taking into account how EHF
and NHF panels are distributed along the FW (see figure . Figure shows the temperature distribution on
the FWP 3 as an example, which reflects the heat flux distribution depicted in figure [.40b] Figure [£.42] shows the
extension of the model to the entire FW by showing an ITER sector. As it is possible to observe, almost all the panels
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do not exceed 200 °C therefore IR cameras, whose threshold for temperature measurement is indeed 200 °C, should
be able to detect only the temperatures on FWPs 4 and 8 according to this simple model.
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Figure 4.41: Steady-state surface temperature distribution on FWP 3 during the flat-top phase.
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Figure 4.42: Steady-state surface temperature distribution on ITER entire FW during flat-top phase: (a) ITER sector;
(b) maximum temperature on each FWP.

One of the assumptions of this model, as mentioned in section [3.2] is relative to the calculation of volumetric heat
generation, especially in the tungsten layer. Figure shows the comparison in terms of maximum temperature
reached in the case of volumetric heat generation (calculated as mentioned in section and in the case of absence
of volumetric heat generation. It is possible to observe that the difference is around 10 °C for EHF panels and around
40 °C for NHF panels. As the geometric values of these panels are comparable, probably the difference in terms of
the maximum temperature reached for the two types of panels is due to the different HTC employed. In any case, the
influence of the volumetric heat generation can be considered to be negligible with respect to the incident heat flux
on FWPs, despite the volumetric heat generation being of the order of magnitude of tens of MW /m?. The reason is
probably that, even if volumetric heat generation is relatively high, the volume available for heat deposition is quite
small, ending up in a relatively low heat deposited by neutrons compared to the incident heat flux. This justifies the
conservative calculation of ¢y .
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Figure 4.43: Comparison between models with and without volumetric heat generation in terms of surface temperature
for every FWP.

At this point, the calculation method of volumetric heat fluxes is justified, and the surface temperature distribution
computed for the entire FW is loaded on SMITER.
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Chapter 5

Conclusions

This thesis work is inserted in the framework of the FWHLC, which provides a first line of defense for ITER FW in
the case of undesired heat fluxes during nominal and off-nominal transients potentially leading to accidental events,
with a particular focus on the thermal model for the FW. Research gaps, addressed in section have been filled by
fulfilling the goal of developing two types of thermal models, a control-oriented model for the design and RT operation
of the FWHLC in AFP phase and a steady-state model for IR cameras’ synthetic diagnostic in DT phase.

Concerning the first one, consistently with the requirements stated in section a thermal model having the char-
acteristics of being control-oriented and general has been developed for FWP’s fingers in MATLAB. Fingers have
been considered to be thermally independent, but this assumption has not been justified, therefore further studies
are needed to investigate its validity, possibly in combination with high-fidelity CAD-based thermal models. Due to
the ITER re-baseline, this work has been at the center of a research and development process, which has implied a
continuous evolution of FW design. For this reason, an additional feature of this model, absent in the thermal models
available in the literature, has been its flexibility in terms of FWPs type, geometry, and materials. Indeed, the model
developed can be applied to any finger of any FWP depending on its type (EHF, NHF, TFW). The analyses have
been carried out by employing the latest available design of FWPs shown in section and assuming tungsten
as plasma-facing material, with the possibility to easily modify these model inputs in the codes thus following the
design evolution. The modelling approach has been divided into a part of comparative assessment and convergence
analysis, both characterized by an artificial constant heat flux corresponding to panels’ design limit, followed by a
second part of integration into the PCS and investigation of FW thermal response with realistic time-dependent heat
fluxes. In particular, the comparative assessment has allowed to find the most representative model for simulating the
heat transfer phenomena of the specific FWP type in an accurate yet simple way, highlighting that:

e a 1D semi-infinite approximation is not suitable given the heat transfer dynamics involved

e the 1D approximation along fingers’ depth is suitable for actively-cooled FWPs, namely for EHF and NHF
panels. The 2D approximation, albeit more accurate, has proven not to yield significant benefits. The 1D
approximation is conversely not suitable for TF'W panels, in which a 2D approximation with a rectangular grid
has instead been proposed. It has also been shown that toroidal gaps and bolts play a relevant role in the heat
transfer process, therefore it is important to include them in the model

e the assumption of neglecting fingers’ toroidal curvature has been justified both for EHF and TFW panels through
the benchmarking with higher fidelity simulations. As a more accurate simulation of NHF fingers has not
been retrieved, a benchmark with the 2D model developed is suggested for further studies both to prove the
assumption of neglecting toroidal curvature for this type of panels and to more precisely evaluate the coefficient
fop accounting for 2D effects

e in the range of temperatures relevant for this work, the dependency of thermal properties with the temperature
is negligible, therefore the assumption of constant properties is justified

Furthermore, the sensitivity analysis on the HT'C for EHF and NHF panels has shown that the assumption of employing
a constant HT'C is quite reasonable for EHF panels but less for NHF panels. In both cases, more accurate models,
whose development is left for further studies, are needed to assess the coupling between the FWP and the coolant
through appropriate correlations, especially to include nucleate boiling and avoid reaching the boiling crisis. Regarding
TFW panels, an equivalent HT'C has been defined through a 0D approximation. This approach provides a first-guess
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HTC which, despite being valid only for high temperatures, is useful to model TFW panels’ discharge phase in a simple
way, without developing more complex non-linear thermal models capable of handling radiation heat transfer. Once a
representative thermal model for each FWP type has been identified, a convergence analysis has been performed for
each FWP type in sections [4.1.3] [4.1.4] and [4.1.5| with the objective of finding a reasonable grid size and time step for
the models to be compliant with RT requirements. Comparative assessment and convergence analysis together provide
a systematic approach, absent in the literature, in order to identify a trade-off between accuracy and computational
cost for the design and RT operation of the FWHLC in the AFP phase, thus answering the first research question.
The selected models for each type of FWP are:

e EHF/NHF: 1D model with constant properties having N, = 108 nodes along fingers’ depth direction and
At=1le—2s

e TFW: 2D model with a rectangular grid (including toroidal gaps and bolts) and constant properties having
N, = 108 nodes along fingers’ depth direction, N4 = 34 nodes along the toroidal direction, and At = 0.1 s

Simulations have been performed in the ITER computing cluster, whose computational load is not deterministic.
Therefore, convergence analyses should be repeated in a dedicated RT framework to have more accurate results. Ad-
ditionally, the computational cost can be improved through model reduction techniques as stated in section
Among the others, the ADI method has been tested in this work, but this method turned out not to be computa-
tionally efficient because of the Thomas algorithm implemented in MATLAB. Therefore, further studies concerning
the optimization of the solving algorithm are needed. On top of that, the computational cost can be further reduced
by lowering the number of nodes in the x direction N,, which has been chosen, as explained in section with
the objective of not losing information about the thermal gradient. However, as major thermal gradients occur close
to the finger’s surfaces, one can think of employing a non-uniform grid, finer close to the surface and progressively
coarser moving further from it. Furthermore, this work presents the novelty of having employed a BE method for 1D
and 2D models (both with constant and variable properties), also demonstrating its advantage over a FE method in
terms of computational cost given the sizes of the matrices employed. However, in the case of lower matrices’ sizes,
which is the case if a non-uniform grid is employed, the FE method could be more advantageous, so the final choice of
the method to employ depends on the matrices’ sizes. After a trade-off between accuracy and computational cost has
been identified, the models developed have been integrated into Simulink to investigate FW thermal response through
realistic time-dependent heat loads. For this reason, throughout this work, a strong emphasis has been placed on
maintaining a state-space formulation that facilitates the integration in the Simulink-based PCS. Results, presented in
section show that heat transfer’s time scales are of the order of seconds, consistently with the models developed
in the case of constant artificial heat flux. The definition of the typical dynamics of heat transfer, which answers the
second research question, is essential for the controller design.

Concerning the steady-state model for IR cameras’ synthetic diagnostic in DT phase, a thermal model applied to EHF
and NHF panels, the only ones envisaged to be installed in the DT phase, has been proposed by analytically solving
the steady-state 1D heat conduction equation along panels’ depth with volumetric heat generation. This approach
allows to use thermal flux data from the SMITER code, evaluate the surface temperature map for every FWP, and load
temperature data back to SMITER, so that temperature map data can be used as a benchmark with the measurements
of the IR cameras during the flat-top phase (as this model is limited to steady-state conditions) in DT operation. This
approach is complementary and at the same time structurally simpler than coupling magnetic field line tracing codes
(SMITER) with finite-difference, time-evolving software and than employing rather complex 3D FEM simulations for
several FWP’s fingers, thus answering the third research question. Results show that:

e with the exception of FWPs 4 and 8, FWP’s surface temperature is generally lower than 200 °C, which corre-
sponds to IR cameras’ threshold for temperature measurement

e volumetric heat generation does not significantly influence the surface temperature. This justifies the assumption
of employing a constant volumetric heat flux and the conservative value of the calculated ¢y

This model has the limitation of being restricted to the DT phase and to the flat-top phase, for which a simple
analytical solution can be employed. Further studies are needed to extend the evaluation of temperature maps to
other phases for IR cameras’ synthetic diagnostics, reasonably by numerically solving the heat diffusion equation.

In conclusion, this thesis contributes to the progress in nuclear fusion research by providing a control-oriented thermal
model useful for developing a controller and designing protection functions for the ITER first wall in real-time.
Furthermore, it provides a steady-state model for generating temperature maps in the ITER DT phase useful for IR
cameras’ synthetic diagnostic.
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Material properties

This Appendix reports the correlations of material properties with the temperature employed in this work.

Tungsten (W)
Symbol Physical property Unit Temperature dependence
K heat conductivity [W/m/K] | k(T) = 174.9274 — 0.1067 - T + 5.0067¢ — 5 - 17 — 7.8349¢ — 9 - T°
cp specific heat [J/ke/K] ep(T) = 128.308 + 3.2797¢ — 2 - T — 3.4097e — 6 - T*
» density kg/m 3] p(T) = 1000 * (19.3027 — 2.3786e — 4T — 2.2448¢ — 8- T7)
c* “corrected” specific heat | [J/kg/K] c*(T) =128.308 + 2 - 3.2797¢ — 2 - T — 3 % 3.4097e — 6 - T*

Table A.1: Thermal properties of W as a function of the temperature. Range of validity: 20 °C to 1000 °C. From
[ITER, 2013].

CuCrZr
Symbol Physical property Unit Temperature dependence
k heat conductivity [W/m/K] k(T)=211le—T7-T%—-283¢—4-T?>—1.38¢ — 1-T + 323
cp specific heat J/kg/K cp(T) =6.32¢ — 6-T? +9.49¢ — 2 - T + 3.88¢2
) density kg/m 3] | p(T)=8900- (1 —3e—6-(7.20e —9- T3 —9.05¢ — 6 - T? + 6.2de — 3- T + 16.6) - (T — 20))
c* “corrected” specific heat | [J/kg/K c*(T)=3.88¢2+2-949¢ —2-T+3-6.32¢ — 6-T?

Table A.2: Thermal properties of CuCrZr as a function of the temperature. Range of validity: 20 °C to 700 °C. From
[ITER, 2013].

Stainless steel (SS)
Symbol Physical property Unit Temperature dependence
k heat conductivity (W/m/K] k(T) =1.502¢ —2-T +13.98
cp specific heat [J/kg/K ep(T) = 462.69 + 0.520265 - T — 1.7117 - 1le — 3 - T2 +3.3658 - le — 6 - T° — 2.1958 - le — 9 - T"*
P density kg/m"3 p(T)=—6-1le—5-T%—0.3977 - T + 7939.3
c* “corrected” specific heat | [J/kg/K] | ¢*(T) = 462.69 +2-0.520265 - T — 3 - 1.7117 - le — 3 - T% +4-3.3658 - le — 6 - T° — 5-2.1958 - le — 9 - T*

Table A.3: Thermal properties of stainless steel 316L(N)-IG as a function of the temperature. Range of validity: 20 °C
to 800 °C. From [[TER, 2013].
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Derivations of matrix formulations for 1D
models

This part is dedicated to the derivations of matrix formulations of the discretized energy balance equation depending
on the specific model considered and the numerical scheme employed for 1D models.

B.1 1D Forward Euler with constant properties

m+1__ pm mo_ m m
The discretized equation chi o CHE S 5 2;;1’2 T g applied to the domain shown in figure to the inner
nodes:
7\ " BC BC 0 v i oo 0 7 \"
Ty a 1-2¢ a 0 -+ .- 0 15
. 0 . . 0 0 .
= 0 (B.1)
Tend 0 ce BC BC Tend

_ aAt
where a = X75.

The boundary condition (BC in the equation above) on the first node takes into account the incident heat flux:

O _ | 9Ty | q.dA
P = o2 T Tav

where dA and dV are an infinitesimal area and volume respectively, which can be defined as dA = d¢ - df and
dV =dg¢ - df - dx. This equation is discretized as follows:

(B.2)

e S e
= k . -
P A Az
m A L m qut m m qSAt
= T =T a- Ty —a- T + pvie (1—a)T™ +a-T + PN (B.3)
The boundary condition on the last node is the adiabatic condition:
OTen, 0*T.,,
4 _k d (B.4)

ot Ox2
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which is discretized as follows:

pelend = Tina _ . Tena—y — Tena
At Az?
= T =Th —a-Thy+a-Thy =1 —-a)Thy+a-Thy (B.5)
Therefore, equation can be written in state-space formulation:
7\ " 1—q a 0 -0 e e 0 7\ pCAAtI
Ty a 1-2 a 0 - - 0 Ty 0
: 0 L 0 e 0
0 + gs
Tendfl
Tend 0 ce a 1—-a Tend 0
————
Tt A " B
u™ = [gs]ix1 C=11,0,...,0]ixn D =[0]ix1 (B.6)
B.2 1D Backward Euler with constant properties
m+1__pm m+1_ m+1 m+1
The discretized equation chT‘ "} EN PP 2:2302 it g applied to the domain shown in ﬁgureto the inner
nodes:
m—+1 m
BC BC 0 0 Ty Ty
—aw 14+2aw —aw O 0 T3 T
O .. ) .. ) .. ) O O . .
0 BC BC BC 0 0 T, =z, (B.7)
0 e —a 1+2a -—a
0 e 0 BC BC Tond Tond

where ay = ”A“’—IAJ for tungsten and a = Z@% for CuCrZr/SS. The boundary condition on the first node is a Neumann

boundary condition:

= (s (B'S)

which is discretized as follows:

T2m+1 _ T1m+1 m+1 | Ag

_k . = qs : Tm+1 _ Tm+1 _ s B
W Az q 1 2 kw (B.9)
The boundary condition on the last node is a Robin boundary condition:
or hA hAZTyater
k- = W(T(z = Liot) — Topater) = T75 . (14 228 ) _qmt 200 water (B.10)
Ox |,_p. k k
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The interface between the materials requires a boundary condition as well, namely a heat flux equivalence:

or

oT
B
"

— k=
ox

r=int

r=int

Its discretization is:

kW m—1 kW m+1 m-1
TR mt+—1+(1+ T =Tt =0

Equation therefore becomes:

m—+1 _
Ty 1 1 0 0 !
15 —aw 14+ 2aw —aw 0 0
N O ..' ... ... O O
. k k
Tint = : 0 - 1+ 5 —1 0 0
: 0 —a 14+2a —a
Tend 0 0 -1 1+%

hAzTwater
k

m
end—1

(B.11)

(B.12)

(B.13)

The above expression can be written in the state-space formulation. In order to do that, the above expression is

arranged as:

1 1 0 0 e i —Ir
o ) N 2aW Caw 0 0 T2m+1 T2m 0

0 0 0 .
T L S I ol Il Bt
0 —a 14+2a —a

0 o

hAx
0 0 -1 Tk Tcnd Tgid _Te’%d

A)

e 0
0 0
| hAz
0 tar

-(

m+1
4ds
Twate’r

(B.14)

The term * is equivalent to setting to zero elements at those positions corresponding to boundary conditions nodes:

0 0 .. 0 \"
0o 1 0 ... 0 15
) .
00 0 ... 0 Tint
0 1 0 0
0
0 0 0 0 T

By defining:
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1 -1 0 0 0 0 O 0
—aw 14+ 2aw —aw 0 0 0 1 0 0
0 . . 0 0 0
_ kEw kw _
A= 0 14 1 0 0 00 o0 0
0 —a 1+2a —a 0 1 0 0
0 . 0
0 0 -1 14bhae 00 0 0
1 -1 0 0\ ' /Az ¢
—aw 1+4+2aw —aw 0 0 0 0
0 0 0
B= 0 —beo14 ke 1 0 0
0 —a 1+2a —a
0 e . . . : :
hAx x
0 o 0 —1 1+ %8z 0 has
then expression can be finally written in state space formulation:
qm+1
T =A-T"+B- (TS ) (B.15)
- water
—_———
wmHL

For completeness, C = [1,0, ...,0]1xn, D = [0,0]1x2.

B.3 1D Backward Euler with variable properties

Frozen coefficients method

The term % . (%)2 equation is discretized as follows:

Kivi — ki1 (Ti-',-l - Ti—1)2 _ (ki1 — ki—1) - (T — Tiz1)

B.16
Tit1 —Tia 2Ax 4Ax? (B-16)

Therefore the entire energy equation is discretized as follows:

T Tk ki — ki ki [
T . *(T™) . — t M J . Tm+1 _9 ™ Tm+1 J i+ J . T_m+1
P (1) — 5 (AazQ 1AL ) v R Vv Vv 1

(B.17)

where k; = k(T]"), kit1 = k(T}},), and k;_1 = k(T;",) . This expression can be written more compactly by defining
the following quantities:
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o= (ki K — ki
- Ax? 4Ax?

(ki ki1 — ki1
ky = <Am2 * 4A 22 )

k o k, + k+ o kz
ae = Ty T Ag?
k_
[ —N
YT T e (T
e
adly = ————————— At
* p(Tim)C*(Tim)
kave
Alave = —rmmy iy A
p(T")e (T7)

(B.18)

Therefore, similarly to the previous section, the discretized equation is applied to the domain shown in figure and

the same boundary conditions are applied obtaining:

m+1

T 1 —1 0
T2 —a—w 1+ 2aave,W —a4+w 0
0 - " - 0
: _kw (T kw (Tih) _
Ty = 0 R LT R 1 0
0 e —a_ 14 2aqpe —ay
Tond 0 e 0 -1 1+

o O o o

hAz

KT

en

kw (T7")
m

hAzTyater

gs-Azx

13

m
end—1

k(T )

en

(B.19)

Similarly to the previous section, the above expression can be written in state-space formulation by defining the

matrices in the following way:

1 -1 0

0
—a_ W 1+ 2a,we7W —a4+.w 0 0
0 0 0
: _ kw () w (o)
Am=| 0 sy 1¢ vy 1 0 0
0 —a_ 14+ 2a4pe —a4
hAzx
0 e 0 -1 1+ (T Y
1 -1 0 . o 0
—a_w 14 2aqve,w —a4.w 0 .. - 0
0 0 0
: kw (Tj3,) Ew (T{5,)
Bm=1 0 ~Torg U s -1 0 0
0 - —a_ 14 2a4pe —a4
0 0 —1 14 haz

k(T )

0 0
0 1
0 0
0

0 0

Az

Fw (1)

0

o

o O o O

hAz
k(T™ )

end

For completeness, C' = [1,0,...,0]1xn, D = [0,0]1x2. The difference with respect to the BE method with constant

properties is that matrices A and B need to be computed at each time step.
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Newton’s method

Equation is discretized in time only and written as:

At 9*°T 0k [0T\?
m+1 _ m . D . -
T = S e ) [’“ax”aT (8” (B.20)

For a given time step m + 1, the following quantities are renamed: T™*+! = T},.,, and T™ = T,;4. At each time step, a
system of IV non-linear equations is solved, where N is the number of nodes. In particular, Newton’s method consists
of performing a certain number of iterations until a set tolerance is reached. At each iteration k, the following equation
is solved:

Tr}fju} = T?icew - i(Tr]few)il : i(Trchew) (B21)

where f(T},,) is a vector containing the non-linear equations to solve (and the boundary conditions), and J(T},,,) is
the Jacobian matrix.

F(TE ) is defined as follows:

new

fl(Tnew,laTnew,2; ---7Tnew,N> =0

F(Thew) = 4
fN(Tnew,lv Tnew,Za EES) Tnew,N) =0
qs - Az
:Tnew _Tnew ———=0
f1 1 2 (T )
At Tnew 1—1 2Tnew 1 + Tnew 1+1
i:Tnewi_To i : anewi : : ’ :
f ’ . p(Tnew,i)C*(Tnew,i) |: ( ’ ) AxZ +

% . (T7L€w7i+1 — Tnew,i—l)2
or)rg,.,. 472

} =0 withi=2,...,int—1,int +1,...,end — 1

fint : _Tnew,int—l + Tnew,int . (1 + k(Tnew,int) ) k(Tnew,fmt)

- : Tnew.in =0
kW (Tnew,int) kW (Tnew,int) At

fend : Tnew,end - <1 + k(TZ(Z];"d)) - k(Tnew’en}jf;"ew’end_l — Twater =0 (B.22)
The Jacobian matrix is defined as:

I = g =14 i i -

Jp(1,2) = % =-1

Jlii—1) = 8?{; - _ﬁ(ﬁ)x.?At T 42; . p(Ty) ~1c*(Ti) 2 (T = Ticr) % 7
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J(,,)_afl_l g At. d,B 2At 28(Ty)At — dp A
Y= 9r, =T A, A YTl AT T Az T ar|y, AT
At L . ,
AL (Tiy1 — : [ . } with i =2,...;int — L,int + 1,...,end — 1
af; B(T) - At At 1 ok
1 - _ — . QAT — T ). =
J (7/ 1+ ) BTZ L A2 AAx2 p(Tz) . C*(/Ivz) ( i+1 7 1) T T
Jy(int,int — 1) = aiﬂ =1
int—1
t t) = :]_ T’LTL _Tzn ] — s — .
Jf(ln o ) alent + kW( znt) +( ¢ t+1) kW( znt) dT Tint (kW( znt))Z dT Tint
8fmt _ k'(Tmt)

Jy(int,int +1) =

aTinH»l N kW (/Tznt)

k) K3
where 8(T;) = %
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Appendix C

Derivations of matrix formulations for 2D
models

This Appendix contains the derivations of matrix formulations in state-space for 2D models and the definition of the
boundary conditions.

C.1 2D Backward Euler with constant properties

As discussed in section the 2D energy equation discretized with a BE method can be written as:

m m—+1 m—+1 m+1 m+1 m—+1 m—+1
(it VU e TP O S V€ o

At Ag? Az?

pc

with k = 1,...,ny - ny. As already stated, by applying the equation to the inner nodes of the domain in figure a
pentadiagonal matrix of dimensions ng - n, X ng - n, is obtained, thus leading to the expression:

Atk

I’m-‘rl :Im"_i _B_Im-‘rl
pc =
Atk
= <I — 'P> =1 (C.2)
= pc =

where P is the pentadiagonal matrix, and I the identity matrix. Basically, the matrix P contains the discretization of

the diffusion process in the inner nodes. The above expression can be written by defining the matrix L = (£ - % . Q) :

£ . Ierl _ Im (C3>

The following step is defining the boundary conditions, which are formulated for the matrix L through the energy
balance method, which consists of applying the conservation of energy to a control volume that includes the node
of interest |[Bergman et al., 2011]. The conservation of energy accounts for the energy flows exchanged with the
neighboring nodes. Figure provides a graphical representation.
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r-— Ax

m,n+ 1
[ ]

o

]

L |
*—! . e Ay
m-1n : m, n : m+1ln _l

S

L]
nr -1

- 1

| B —

Figure C.1: Conduction to an interior generic node m,n (equivalent to the nomenclature ,7) from its neighbor-
ing nodes. For the sake of convenience, it is assumed that the energy flows are directed into the interior node
[Bergman et al., 2011].

With a reference to figure the energy balance method is applied to:

e interface between the materials ( (i = 2,...,n4 — 1; j = n4¢)). Note that the node n;,, identifies the interface
itself

e south border (i =2,...,n4 — 1; j = 1), where there is a convective boundary condition
e north border (i =2,...,n4 — 1; j = ny), where there is an incoming heat flux

e west border (i = 1;j = 2,...,nint—1, Nint+1, ---, Nz — 1), where there is an adiabatic condition (a consequence of
considering the fingers to be thermally isolated)

e cast border (i = ng;j = 2,..., Mint—1, Nint+1, --., Ny — 1), where there is an adiabatic condition (a consequence of
considering the fingers to be thermally isolated)

e corner north-east (i = ny;j = ny), having an incoming thermal flux from the north side and adiabatic condition
on the east side

e corner north-west (i = 1;j = n,), having an incoming thermal flux from the north side and adiabatic condition
on the west side

e corner south-east (i = ng;j = 1), having convective heat transfer from the south side and adiabatic condition
on the east side

e corner south-west (i = 1;j = 1), having convective heat transfer from the south side and adiabatic condition on
the west side

e interface between the materials on the west side (i = 1;j = n;,:), having an adiabatic boundary condition on
the west side

e interface between the materials on the east side (i = ng;j = nine), having an adiabatic boundary condition on
the east side

Hereafter, the formulation of the energy balance method for each boundary condition is presented. Note that in the
following expressions indexes m,n and i, j are used interchangeably.

C.1.1 Boundary conditions
Interface between the materials

With a reference to figure the energy balance can be written as follows for a generic node m,n belonging to the
interface:

Tm-‘rl _ Tm+1 Tm+1 _ Tm+1 A Tm-‘rl _ Tm+1 A
ke ( m,n+1 m,n ) A+ ( m—1,n m,n l + kw m+1,n m,n ) i+

Az Ad 2 Ad 2
L Tyl =Tkt Ab 4k Totin — T\ Az k Tofin — T\ Az 0
Az Ad 2 Ad 2
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2 k 1 1 k 1 1 k
T’rn+1 T’m,+1 A Tm+1 . - - v Tm+1 . - -
mnt1 A Agz T hmnet A s Timein \ A T A gy ) Tt A2 T A T

1 1 k 1 1
_qm+l o L - .
T2 [(A¢2+A¢2 kw>+<A$2+AI2 ﬂ

mn+1 w
Ax e
I |
l I m, ni
m-1.n : : m+ 1, n
__1__I
m,n—1
— Ap > C.C Z,/SS

Figure C.2: Schematic representation of the nodes on the interface between the materials. Figure adapted from
[Bergman et al., 2011].

Considering equation the coefficients reported in the above expression can be inserted in the matrix L for all the
nodes m,n (corresponding to the index k = m + (n — 1) - n,) belonging to the interface. Furthermore, equation
can be written in the following way to account for the right-hand side value of the above expression:

L1/ = |17 | + |-~ [+]0 ... ... - q,(,t) +10 - Tpater (C.4)
: ng - ng X1 ng -ng X1

~— N—— ——
ng -ng X1 ng -ng X1 mng-ng X1

:é[n¢»ann¢-nz] zg[nd)'nzxnd)'nz]

where q, s the vector containing the heat flux space distribution changing in time (therefore it is only defined on the
north border) T\ ater 1 the vector containing the value Ty qte Which is constant in time (therefore it is defined on the
south border only), and matrices E and F' are needed to assign the values of thermal flux and coolant temperature
respectively to the correct nodes. These matrices are defined in such a way as to have always zero entries, except for
diagonal elements in which there are non-zero coefficients (unless the right-hand side of the energy balance equation

for the BC, as in this case, is zero).

South border

With a reference to figure the energy balance can be written as:

1 1 1 h 2hT
3 Tm+1 . Tm+1 . T_m+1 _ 9. . Tm+1 _ water
Az - A¢2 =11 T xgz Hin Az TAgE T v
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rt— Ap—

Ax R —
o1 l I :ﬂx;2

i—1 i i+1

Figure C.3: Schematic representation of the nodes on the south border. Adapted from [Bergman et al., 2011].

Considering equation the coefficients reported in the above expression can be inserted in the matrix L for all the
nodes m,n (corresponding to the index k = m + (n — 1) - n, ) belonging to the south border. Furthermore, equation
can be written in the following way to account for the right-hand side value of the above expression:

L\ = |17 | |- |+]0 ... ... S q (o) +10 .. —Z 0 | Ty (C5)
: X1
ng - ng X1 . Ng - Ny

——— —— —_———
ng - ng X1 Ng - ng X 1 Ng - ng X 1

:g[n¢~nan¢~nm] :g[n(f)-nmXT%-nz]

North border

With a reference to figure [C-4] the energy balance can be written as:

2 3 Tm-‘rl + 1 . Tm+1 + 1 . Tm+1 _ 9. 1 1 . Tm-‘,—l _ 2(]5 (¢a t)
i kA

Az? Tine—1 T Age T lislne T Age it A2 T Ag -

Axf2 ) | 1 T
I I
J=Eng—1 _l_

i—1

Figure C.4: Schematic representation of the nodes on the north border. Adapted from [Bergman et al., 2011].

Considering equation the coefficients reported in the above expression can be inserted in the matrix L for all the
nodes m, n (corresponding to the index k& = m + (n — 1) - n,) belonging to the north border. Furthermore, equation
[C:3| can be written in the following way to account for the right-hand side value of the above expression:
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L |1 = || +|-T | +|0 oo =52 0 |- g (ot) +]0 .o o - Twater  (C.6)
H,—/ . —
Ng - ng X 1 : Ng Mg X 1

—— —— —_———
ng -ng X1 ng -ng X1 Ng - ng X 1

=E [ng -ne Xng-ng =F [ng -ny, Xng - ng

West border

With a reference to figure the energy balance can be written as:

1 1 1
ST T+ = T -2 ( +x ) ST =0

Ap? A AL Ag?

~—2¢ —

j+1
ﬂ.tpfz
N
! .
j
N i |
Ng——— Ax
i=1 i=2 /1

Figure C.5: Schematic representation of the nodes on the west border. Adapted from [Bergman et al., 2011].

Considering equation the coefficients reported in the above expression can be inserted in the matrix L for all the
nodes m,n (corresponding to the index k = m + (n — 1) - n,) belonging to the west border. Furthermore, equation
can be written in the following way to account for the right-hand side value of the above expression:

LTyt = |1 | +|-T"|+|0 ... ... cq(ot) +0 - Twater (C.7)
: X1
ng - ne X1 : Ng - N

N——r N—— ——
ng -ng X1 ng -ng X1 mng-ng X1

=FE [ng -ny X ng - ng =F [ng ne X ng - ngl

East border

For the east border, the energy balance equation is very similar to that of the west border:
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2 m—+1 1 m—+1 ]' m—+1 1 1 m—+1
A2 'Tn¢—1,j + A2 .T%»j—l + N .T7L¢>7j+1 -2 Ap? + Ax2 'Tnd),j =0

The matrix expression written for the west border is similar for the east border as well.

Corner north-east

With a reference to figure the energy balance can be written as:

1 1 11 45, 1)
. Tm+1 . Tm+1 . Tm+1 _ )
* noms = T Azky

Ag? memloa T AgE Tnema—1 T\ g2 T A2

qs(¢. t)

Figure C.6: Schematic representation of the nodes on the north-east corner. Adapted from
[Bergman et al., 2011].

Considering equation the coefficients reported in the above expression can be inserted in the matrix L for the
single node m, n (corresponding to the index kK = m + (n — 1) - n,) belonging to the north-east corner. Furthermore,
equation [C-3] can be written in the following way to account for the right-hand side value of the above expression:

L-|1/! Tl + | -Tr [+ 0 A 0 ] a () 0 - Toater
N—— . "
Nng Ny X 1 . ng -nge X1

N——r N—_—— —_——
Nng -ng X 1 Nng -ng X1 ng -ng X1

:g[n(i,‘nm)(nqb‘nm] g[n(j}-nand,-nm]

(C.8)
Corner north-west

For the north-west corner, the energy balance equation is very similar to that of the north-east one:

1 .Tm+1+ 1 . m—+1 ( 1 1 )'Terl: QS((bat)

- T S _2s\% Y
Agz e T Az Mt T\ R@E T A ) T T T Ay

The matrix expression written for the northeast border is similar for the northwest border as well.
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Corner south-east

With a reference to figure [C.7] the energy balance can be written as:

Tm+1 1 .Tm+1 _ < 1 1 h > . Tm—i—l _ _hTwateT

A VA2 T hAz) Tret T T T Ak

Aq’)Q ng—1,1 Ax2 ng,2

le—Ax

Figure C.7: Schematic representation of the nodes on the southeast corner. Adapted from
[Bergman et al., 2011].

Considering equation the coefficients reported in the above expression can be inserted in the matrix L for the
single node m,n (corresponding to the index k = m + (n — 1) - n,,) belonging to the south-east corner. Furthermore,
equation can be written in the following way to account for the right-hand side value of the above expression:

LTyt | = |1 | + |- | +]0 ... ... cq(@t) +|0 . = 0 | Tyrer (C9)
. S~—— .
ng - ng X1 : ng -ng X1

N—— —— ————
ng - Ng X1 ng Mg X1 ng-ng X1

=E [ng - ne X ng - ngl

F [ng ne X ng - ngl

Corner south-west

For the south-west corner, the energy balance equation is very similar to that of the south-east one:

1 1 1 1 h hT,
3 Terl . m+1 . m-+1 — water
Age Tl TRt A VA2 T A ) T Ak

The matrix expression written for the southwest border is similar for the southeast border as well.

Interface between the materials on the west side

With a reference to figure [C-8| the energy balance can be written as:

1 k 1 k
+1 +1 +1
A2 Timmetns T g K2 Thininens T 38 (1 " kw) T

1 k 1 k
m—+1 =
T, [Mz' (ka) VN (kaﬂ -
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2 = W

J=Nime +1
Ap/2
N
~ 1
| P
J = Nint
.
N S Ax
i=1 i=2 J =M1
€,C Z, ]SS

Figure C.8: Schematic representation of the nodes on the interface between the materials on the west side. Adapted
from [Bergman et al., 2011].

The matrix expression written for the nodes belonging to the interface between the materials on the west side is similar
to the one written for the interface.

Interface between the materials on the east side

For the interface between the materials on the east side, the energy balance equation is very similar to that of the
west side:

k 1 1 k
+1 +1 +1
N 'T:Lr;m/mﬁ% + Tw N 'TTTLr;,mm—% + Ag? ’ (1 + > 'T:;*Lnimf

1 k 1 k
—_mtl o= 14 2 1+ =) =
Mg Mint |:A¢2 ( + kW ) + AxQ ( + kW >:|

The matrix expression written for the nodes belonging to the interface between the materials on the east side is similar
to the one written for the interface.

C.1.2 State-space representation

After having defined the boundary conditions, thus after having filled the matrices L, £, and F, starting from the
following equation:

[t~

= (T A | -1 |+

N—— N—— ——
Nng -ng X 1 Ng Ny X 1 n¢-nle

this can be written as:
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q,(,1)

= [T |+ [E|F] . (C.11)
Iwater

Ng Ny X 2ng - Ny

[~

: . \ ,
—— ~—— 2ng - nge X 1
n¢-nmX1 n¢~an1

where [* is a matrix having zero entries everywhere except for diagonal elements whose index corresponds to an inner

node in the domain. The state-space representation is then:

q.(4,1)
T]z”—H _ é T,g” + é . (C.12)
ne - X X 2n. - Iwater
¢ " Na Ng * Ng ng - Ng ng - Ng
. : R ,
— ~— u [2ng - ng X 1]
Ng - ng X 1 ng -ng X1

C.2 2D Backward Euler with variable properties (FC method)

The energy balance [2.17] equation can be discretized as follows with the FC method with the hypothesis of the absence

of volumetric heat generation:

m+1 2Ti7"rlj+1 + T_Tﬂ-‘rl T_TTL_-‘rl _ 2Ti13'+1 + Tz’r"r;i]i:| .

m\ Lk (m oT m i—1,j i+1,5 i,7—1
T () G = k() | FE Iy Jn s B
m—+1 m—+1 2 m—+1 m—+1 2
n kivij —kic1j Ti+J1r,j - Tz':f,j n Kijyr —FKij—1 Ti,jil - T‘i,jtl (C.13)
Tiv1 — Tim1, 20z Tij+1 —Tij— 2Ay

where kiv1,; = k(T}%, ;) and k; j+1 = k(T}]";1). The above expression can be written as:

or TRty — 2T + Ths Tt — 2T + T
T (T™) 2= = k(T™) - »J %,J i+1,5 ] ] 4+
T () G = K™ | - + o +
(kiy1y —kicrg) - (T2 = T )) N (kijr1 — kij—1) - (T4 = T4
4Ay2

4Az2

(C.14)

Subsequently, the following quantities can be defined:
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k kl J _ 7,+1 N z 1,5
west =\ Az? 4Ax?
k. 1 1
kcas o Z+ J_ 2 J
b <Ax2 + 4Ax2
oo oo (ki K J+1 ,a 1
south Ay2
ki |- 1
Keorth = ig | Rig+1 — Kij—
th (A 5 T+ 1Ay2
k _ kwest + keast + ksouth + kno7‘tia
ave — 2 -
1 1
Equation can be expressed as:
m—+1 Tm
P(Tm)C* (Tm)”TtJ = kwest : Tln_ﬂb-li_é + keast TZ_T_TJ + ksouth Tm'+1 + knorth Tz Ji% - QkaveTm+l (C].G)
If the right-hand side of the above equation is written as P - T then:
At
T =T ey 2L
At
— (1- =L -P(Tm) L = (C.17)
( p(Tm)e(T™) =
Finally, if L(T™) = (£ — W -Q(Tm)), the temperature distribution at the time step m + 1 is:
é(TTn,) . Im+1 — Im (C18)

The definition of the L is therefore quite similar to the one in the previous section (case with constant properties).
Boundary conditions are implemented similarly and also the state-space formulation is similar. The difference is that
the coefficients of the matrix depend on the temperature, therefore the matrix inversion must be performed at each
time step.
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Derivation of the analytical solution for
the 1D steady-state model

The energy balance equation in steady state conditions can be written as:

0T 10)
=_Z D.1
ox? k (D-1)
which, with a reference to figure has the general solution:
T(I) = 7¢7WI2 +crwx+cow, for0<x < Ly
QkW ) s
T(x) = —MJJQ + c1,cucrzr® + c2,cucrzr, for Ly <o < Lot (D.2)

2kCuC7‘Z7‘

At this point, boundary conditions can be applied to evaluate the unknown constants. For z = 0 a Neumann boundary
condition is applied:

dr

—kw - — = qq
LA
— ow=—-2= (D.3)
kw
At the interface, the continuity of the thermal flux is applied:
dT drT

k '7:kurr'7
w de CuCrZz de

ow . ds
kﬂ) k’(l)

bcucrz
e (CIj - LW) + C1,CuCrZr

:| = kCuCrZr - L
z=Lyw CuCrZr r=Lw

9w Lw s (D.4)

kCuCrZr kCuCrZr

C1,CuCrZr =

For x = L;ot, a Robin boundary condition is applied:

dT
_kCuCTZTE =h- (T - Twater)

T=Ltot
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APPENDIX D. DERIVATION OF THE ANALYTICAL SOLUTION FOR THE 1D STEADY-STATE MODEL

¢CuC7‘Z7‘
— _kCuCrZT _ki(x - LW) + cl,C’uCTZT:| =
CuCrZr 2=Liot
*¢CuCrZr 2
=h <(I - LW) + cl,CuCrZr(x - LW) + C2,CuCrZr — Twater)
2kCuC7‘Z7‘ z=L¢ot
2
¢CuCrZ'rLCuC'rZ'r - kCuC'rZ'rcl,CuC'rZ’r ¢CuCrZrLC CrZ
<= C2,CuCrZr = + wLrar cl,CuCrZrLCuCrZr +Twater (D5)

h 2k‘Cqu‘Zr

Finally, the continuity of the temperature is applied at the interface:

EU(I = LW) = TCHCT‘ZT‘(‘T = LW)

Pw bcucrzr
= |-t Fawrtow = |~ (= Lw)* + cL,oucrze (@ = Lw) + 2,000 2r
w z=Lw CuCrZr z=Lw
ow Ly
C2w = 2% - C1,VVLW + C2,CuCrZr (DG)
w
The surface temperature is:
L —k S _owLw _ qs
(ZSWL%/V qs ¢CuCrZ'r CuCrZr CuCrZr < kCucrzn kC’uCrZT')
Tx=0)= = L
(z ) =cow e + o w + 5 +
bcucrzr L dw - Lw q
LT CuCr g LCuCrZr N - = + Twater (D7)
2kCuCTZT kCuC’T'ZT' kCuCT'ZT'
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Appendix E

ADI method

This section deals with the definition of the matrices containing the heat diffusion process in the case of an ADI
method with a Crank-Nicolson discretization following the content of the paper [Tadjeran and Meerschaert, 2007].
This method is applied to a domain of unitary length characterized by an initial condition of 100 °C and boundary
conditions of a constant temperature of 0 °C.

Starting with the time-dependent 2D heat diffusion equation with constant properties:

o*T  0°T

this equation can be discretized using a Crank-Nicolson method around generic nodes ¢ and j as follows:

+1 +1 +1 +1
oo Ty —T5\ _ k[T, — 20 + T8 N Ty — 205 + T (£.2)
At 2 Ax? Ax? ’
1 1 +1
Tz?,rjb’il - 2TZZ»+ + Ti7371 + TZE‘+1 - 2717,72 + TZZ‘I:| (E 3)
Ay? Ay?
which can written as:
T77L+1 _ Tm _ OéAt Tm+1 _ 2Tm+1 Tm+1 Tm _ 2Tm Tm E 4
i.j i T a2 |Titli g T A1y T Lt ij ticig |t (E4)
OéAt Tm+1 Tm+1 Tm+1 Tm Tm Tm E
Tonge |Leta — 2y s i — 2l (E-5)
By introducing the quantities a, = % and a, = %, the above expression can be written as:
Tm+1 _ai.Tm+1 +a 'Terl _ai.Terl _ %.TmJFl +a _Terl_a’iy.ijLl _ (EG)
i o “litiy T e Ly o “limiy T ot T Ay L 5 dig-1= :
a a a a
175 + ?x Ty — e TG + ?m T+ ?y TG —ay TG+ ?y T3 (E.7)

The above expression can be written in a compact way by using the operators 6, and d,, whose definitions are

m~+1 _ pm+1 m—+1 m—+1 m~+1 _ gpm+1 m—+1 m—+1 . .
O, 75 =T 5 — 2007 + T 5 and 0,107 = 17700, — 200777 + 17T respectively as follows:

Gy

T+ (1 — aj(gw _
b 2 2

Qg a,
5y) — T (1 0+ ?”5?,) (E.8)
It is worthwhile to underline that, up to this point, the scheme is exact. The following step is applying a Peaceman-

Rachford decomposition, which introduces a simplification in the scheme by defining the intermediate quantity T7';.
In particular:
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(1_%51) T = (1+ 30 )
{(1 ey TS (sue) h (59

1]

The above system of equations, when extended to all the nodes i, j belonging to a domain, can be written in matrix
form. Indeed:

alD E3 * aw * E3 .
(1 - 5575) T = e+ (14 a)Ty — ST = AT fori=1,..N (E.10)

where A, is a tridiagonal matrix whose non-zero diagonals are the main, the upper, and the lower ones. Similarly:
a a
(1+?y5y)-:r;';= LI+ (1= )T + Tj Lo Ay T, for j=1,.,N (E.11)

where A, is a block-tridiagonal matrix whose non-zero diagonals are the main, the upper N, and the lower N ones.

Therefcﬁ, equation [E.J] can be written as:

1

Tm+1: — (BwT*

(E.12)
)

with B, = 21 — A and B, = 2/ — A, with I being the identity matrix. Basically, the solution T™*1 is found following

a two-st step process, in which an intermediate temperature distribution 7% is evaluated by solving the diffusion along
x only, and then the 7% is evaluated by solving the diffusion along y.

Concerning the boundary conditions, for the intermediate temperature distribution 7™ it is necessary to apply the
following consistency condition:

* ay m—+1 ay m
2Ty = (1- 226, ) - T + (14 224,) - 70 (E.13)

which corresponds to set 77", = 0 on all the nodes belonging to the boundary, as T’"+1 17" = 0 on the boundaries
as well. Therefore, it is sufficient to impose homogeneous Dirichlet boundary condltlons both on A and B
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