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Abstract

The Wendelstein 7-X (W7-X) is one of the world’s largest and most advanced stellarators,
located at the Max Planck Institute for Plasma Physics in Greifswald, Germany. Designed to
explore the potential of nuclear fusion as a clean and sustainable energy source, the W7-X
uses magnetic fields to confine superheated plasma, mimicking the processes occurring in
stars. Its innovative design aims to improve plasma stability and confinement, addressing key
challenges in fusion research. The W7-X represents a significant step forward in the pursuit
of practical fusion energy.

The W7-X enters a new operation phase called OP2. This operation phase aims to
improve confinement time (HE2). The plasma facing components (PFCs) will face longer
plasma discharges and heating. Assuring the proper functioning of the PFCs is thus crucial to
carry out scientific work. One of the plasma heating systems of the Wendelstein 7-X stellara-
tor is the Electron Cyclotron Resonance Heating. The electromagnetic waves are generated
by ten IMW gyrotrones functioning at 140 Hz. On the devices, the ECRH beam is injected
at two different locations, via two towers equipped with mirrors.

A fraction of the ECRH beam passing through the plasma hits the first wall (FW) in-
creasing the heat load in this region. To limit energy losses due to absorption, the FW tile
in front of the ECRH beam port was built out of Titanium-Zirconium-Molybdenum (TZM),
which was selected for its reflective capabilities, reflecting the ECRH beam back into the
plasma. The new design of the TZM-reflector tile needs to be thoroughly analyzed to assure
structural integrity of the assembly.

Different numerical models were developed and calculated using the ANSYS® solver
to assess the performances of the new tile design and analyze the thermal and mechanical be-
havior of the tile assembly for both static and time-dependent load cases. Multiphysics anal-
ysis allows precise modelling of thermal contact and gives insight into complex temperature-
dependent mechanical phenomena and contact.

The main issue of the TZM-tile assembly is the overheating and the thermal activation
of the Cupper-Chrome-Zirconium (CuCrZr) heat sink due to high heat load. The overheating
could trigger a recrystallization of the CuCrZr alloy that can potentially negatively impact the
structural integrity of the tile assembly. Transient thermal analyses showed that overheating
would occur for OP2 when ECRH beam is used. Coupled fields analysis helps support mul-
tiphysics models for the analysis of complex phenomena but the featured model is still in an
early development stage.
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Résumé

Le Wendelstein 7-X (W7-X) est 'un des stellarators les plus grands et les plus avancés au
monde. Il est situé a I'Institut Max Planck de physique des plasmas a Greifswald, en Alle-
magne. Congu pour explorer le potentiel de la fusion nucléaire en tant que source d’énergie
propre et durable, le W7-X utilise des champs magnétiques pour confiner le plasma sur-
chauffé, imitant ainsi les processus qui se produisent dans les étoiles. Sa conception inno-
vante vise a améliorer la stabilité et le confinement du plasma, ce qui permet de relever les
principaux défis de la recherche sur la fusion. Le W7-X représente une avancée significative
dans la recherche d’une énergie de fusion pratique.

Le W7-X entre dans une nouvelle phase d’exploitation appelée OP2. Cette phase vise
a améliorer le temps de confinement (HE2). Les composants face au plasma (PFC) seront
confrontés & des décharges de plasma et a un chauffage plus longs. Il est donc essentiel de
s’assurer du bon fonctionnement des PFC pour mener a bien les travaux scientifiques. L'un
des systemes de chauffage du plasma du stellarator Wendelstein 7-X est le chauffage par
résonance cyclotronique électronique. Les ondes électromagnétiques sont générées par dix
gyrotrones de 1 MW fonctionnant a 140 Hz. Sur les appareils, le faisceau ECRH est injecté
a deux endroits différents, via deux tours équipées de miroirs.

Une fraction du faisceau de I'ECRH traversant le plasma frappe la premiere paroi (FW),
ce qui augmente la charge thermique dans cette région. Pour limiter les pertes d’énergie
dues a I’absorption, la tuile du FW devant le port du faisceau ECRH a été construite en
titane-zirconium-molybdene (TZM), qui a été choisi pour ses capacités de réflexion, ren-
voyant le faisceau ECRH dans le plasma. La nouvelle conception de la tuile réflectrice en
TZM doit faire I’objet d’une analyse approfondie afin de garantir I’intégrité structurelle de
I’assemblage.

Différents modeles numériques ont été développés et calculés i I’aide du solveur ANSYS®
afin d’évaluer les performances de la nouvelle conception de la tuile et d’analyser le com-
portement thermique et mécanique de 1’assemblage de la tuile pour les cas de charge statique
et dépendant du temps. L’analyse multiphysique permet une modélisation précise du contact
thermique et donne un apergu des phénomenes mécaniques complexes dépendant de la tem-
pérature et du contact.

Le principal probleme de I’assemblage de tuiles TZM est la surchauffe et I’activation
thermique du dissipateur de chaleur Cuivre-Chrome-Zirconium (CuCrZr) en raison d’une
charge thermique élevée. La surchauffe pourrait déclencher une recristallisation de 1’alliage
CuCrZr qui pourrait avoir un impact négatif sur I'intégrité structurelle de 1’assemblage de
tuiles. Les analyses thermiques transitoires ont montré qu’une surchauffe se produirait pour
OP2 lorsque le faisceau de 'ECRH est utilisé. L’analyse des champs couplés aide a soutenir
les modeles multiphysiques pour I’analyse de phénomenes complexes, mais le modele présenté
n’en est qu’a ses débuts.



Page v

Contents

1 INTRODUCTION 1
1.1 PROBLEM DEFINITION AND OBJECTIVES . . ... ... ........ 1
1.2 STRUCTUREOFTHETHESIS . . ... ... ... ... .. ........ 2
2 THEORETICAL FRAMEWORK 3
2.1 GENERAL THEORY OF FUSION REACTORS . . ... .. ... .. ... 3
22 W7-XSYSTEMS . . . . . .. 7
2.2.1 Construction of thereactor . . . . . . . ... ... ... ....... 8
2.3 MECHANICS AND THERMAL FRAMEWORK . . . . ... ... .. ... 11
2.3.1 General problem of heatexchange . . . . . .. ... ... ...... 11
2.3.2 Continuum solid mechanics . . . . . .. ... ... ... ... .. 14
3 STATE OF THE ART 17
3.1 THE ECRH TZM REFLECTOR TILE ASSEMBLY . .. .. ... ... .. 17
3.2 PREVIOUS ANALYSES OF THE ECRH REFLECTORTILE . . . . . . .. 19
33 ISSUESOFTHEMODEL . . . . ... ... ... .. 21
4 METHODS AND CONFIGURATIONS 22
4.1 MATERIAL PROPERTIES AND PHYSICALMODELS . . . . . ... ... 22
4.1.1 Thermal properties . . . . . . . . ... ..o 23
4.1.2 Mechanical properties . . . . . . . ... ... 23
4.2 CONTACT CONFIGURATION . . . ... ... .. ... ... 24
42.1 Initialcontactsetup . . . . . . . . . . . ... ..o 24
4.2.2  Field coupling and contact configuration . . . . . . ... ... .. .. 25
43 PLASMAHEATLOAD . . ... ... ... ..., 27
44 MODELLING OF THEECRHBEAM . . ... ... ... ......... 28
4.4.1 Calculation of the integration coefficients . . . . .. ... ... ... 28
442 Coding strategy and implementation in ANSYS® . . . .. ... ... 32
5 ANALYSES SETUP AND RESULTS 34
5.1 STEADY-STATE THERMAL ANALYSIS. . . . .. ... ... ... .... 34
5.1.1 Calculation of the surface integrales . . . . . . ... ... ... ... 34
5.1.2  Comparison between old and new TZM tile design . . . . . . .. .. 38
5.1.3  Film coefficient influence on thermal behavior . . . . . ... .. .. 40
5.1.4 Load case influence on thermal behavior . . . . . . . ... ... ... 41
5.2 TRANSIENT THERMAL ANALYSIS . . . . .. .. ... ... ... .... 4]
5.2.1 Analysis for HEI to HE4 pulse duration . . . . . . ... ... .. .. 42
5.2.2  Analysis for HEI pulse length and cooldown . . . . . ... ... .. 43
5.3 STATIC STRUCTURAL ANALYSIS . . ... ... ... ... ....... 43
5.3.1 Analysis of the boundary conditions influence . . . . . . .. ... .. 44

5.3.2 Contact status after calculations with 100% contact between TZM-
tile and Sigraflex thermal gasket . . . . . . ... ... ... .. ... 47
54 COUPLED FIELDS ANALYSIS . . . ... ... ... . ... .... 50
5.4.1 Introduction to coupled fields analysis . . . . . . ... ... ..... 50
5.4.2  Static thermal-structural analysis of the tile assembly . . . . . . . .. 51
6 CONCLUSION AND RECOMMENDATIONS 53
6.1 Recommendations. . . . . . . ... ... Lo e 53

Appendices 56



Page vi

List of Figures

2.1 Nuclear binding energy vs. mass number. . . . . . . .. ... ... ... 3
2.2 Fusion cross sections for various fusion reactions (D-T, D-He? and D-D)

versus ion temperature. [O] . . . . . . ... e 4
2.3 Velocity averaged cross section (GV) for various fusion reactions (D-T, D-

He3 and D-D) versus ion temperature. [6] . . . .. ... 4
2.4  Schematics of a Tokamak confinement, courtesy of C. Brandt . . . . . . . .. 5
2.5 Schematics of a Stellarator confinement, courtesy of C. Brandt . . . . . . . . 6
2.6 Schematics of the heating systems of fusion devices . . . . . . .. ... ... 7
2.7 Magnet system and modules. . . . . . . ... .. ... ... 0. 8
2.8 W7-Xmodule. . . . . . . . . e 9
2.9 ECRH heating SyStems. . . . . . . v v v v v v v et e e e e e 9
2.10 ICRH antenna. LCMS stands for Last Closed Magnetic Surface. . . . . . . . 10
2.11 Position of the heating systems ports. . . . . . . . . . v v i v 10
2.12 Schematic of the model used. . . . . . . . . . ... ... ... . ....... 12
2.13 Representation of isotherm surfaces and temperature fields. . . . . . . . . .. 13
2.14 Representation of isotherm surfaces and temperature fields. . . . . . . . . .. 13
2.15 Representation of the stress tensor. . . . . . . . . . o e e 15
2.16 Strain-stress curve. . . . . . . . ... e e e 16
3.1 Different views of the ECRH launchers and reflector tiling . . . . . . .. .. 17
3.2 Components and montage of the reflector tile assembly . . . . . . .. .. .. 18
3.3 Physical constraints for burning plasma PFCs [S8] . . . . . . .. . ... ... 19
3.4 FE model of the tile assembly [5] . . . . . . . ... .. .. 19
3.5 Model of the tile assembly [11] . . . . . . . .. .. ... ... ..., 20
3.6  Temperature field (in [°C]) of the CuCrZr heat sink for the two heat fluxes [11] 21
4.1  Material assignation . . . . . . . . . .. e e e e e e 22
4.2 Contact configuration for thermal and structural analysis . . . . . . . .. .. 25
4.3 Contact Status COMPArisONn . . . . . . . . v v v v v v i et e 26
4.4 Modules of the heat shield (HS) . . . . . . . . . . ... .. ... .... 27
4.5 Representation of the two ECRH beam heat flux distribution cases . . . . . . 28
4.6 3D graph of the Heaviside step function defined over Q . . . . . . . ... .. 31
4.7  Heat flux distribution script for APDL . . . . .. . ... ... ........ 32
5.1 3D model of the TZM tiles for integral calculation . . . . . . .. . ... ... 34
5.2 Model of the 1-D conduction test . . . . . . . . . . . .. ... ... ... 35
5.3  Prescribed temperature of the ANSYS® model for surface integral calculations 36
5.4 Prescribed temperature of the ANSYS® model for surface integral calculations 38
5.5 Temperature fields for resp. old and new design. View A is the entire model,

view B is just the TZM reflector tile and view C is the CuCrZr heat sink. . . . 39
5.6  Maximum part temperature in function of load case. The maximum opera-

tional temperature is not fixed for CuCrZr. . . . . . . . . .. ... ... .. 40
5.7 Maximum heat sink temperature for two film coefficients. View A is the old

TZM reflector tile design’s heat sink and view B is the new TZM reflector tile

design’s heat sink . . . . . . . .. ... e e 41
5.8  Maximum heat sink temperature in function of load case. View A is for plasma

heat load ONLY case, View B is for plasma heat load + ECRH axisymmetric

heat load, View C is for plasma heat load + ECRH NON-axisymmetric heat

load and View D is for plasma heat load + ECRH axisymmetric heat load

with J. Zhu parameters. . . . . . . . . o0 e e e e e e e 42
5.9 Table of the pulse durations [9] . . . . . . . . . .. . 42



LIST OF FIGURES

5.10

5.11

5.12
5.13

5.14
5.15
5.16
5.17
5.18
5.19
5.20

part
Evolution of the temperature ratio 9’33" in function of time (with echelon at

all HE pulse steps). Calculation done for the load case : Plasma heat load +
ECRH axisymmetric heatload. . . . . . . ... ... . ... . ........
Evolution of the maximum temperature of the CuCrZr heat sink for 100 s
pulse and 300 s cooldown. . . . . . .. . ...
Boundary conditions for the reference case (0). . . . . . .. ... ... ...
View of the third of module H — 02 with the support parts and heat sinks of
adjacent tiles. A is the support that will be jointed and B is the fixed support .
Maximum displacement of the module in function of freed DoF. . . . . . . ..
Contact area reduction phenomenom. . . . . . . . . .. ... ... ...
Manual coupling method. . . . . . . . . . . ...
Temperature in °C. Application of the manual coupling. . . . . . . . ... ..
Contact shrinking after structural recalculation. . . . . . . . . . . ... ...
Fields coupling. . . . . . . . . . . . . . e
Coupled analysis of CuCrZr heat sink per load case. A is plasma heat load
only, B is plasma heat load + ECRH axisymmetric heat load, C is plasma
heat load + ECRH non-axisymmetric heat load, D is plasma heat load +
ECRH axisymmetric heat load (J. Zhu parameters) [11]. . . . . . ... ...

Page vii



Page viii

Acronyms

BCs Boundary Conditions. 2, 44
BM Baffle Module. 19

CuCrZr Copper Chrome Zirconium. vi, vii, 18, 20, 21, 22, 23, 24, 26, 38, 39, 40, 43, 45,
47,51, 52, 53,57

DoF Degrees of Freedom. vii, 25, 45, 48, 52

ECRH Electron Cyclotron Resonance Heating. v, vi, vii, 2, 6, 9, 11, 17, 18, 19, 20, 22, 24,
27,28, 30, 32, 33, 34, 36, 37, 38, 40, 43, 44, 52, 53, 60

ELMs Edge Localized Modes. 18

FE Finite Element. 18, 38, 44, 47

HS Heat Shield. vi, 11, 27

ICRH Ion Cyclotron Resonance Heating. vi, 6, 9, 10
KiP Komponenten im Plasmagefael3. 18

NBI Neutral Beam Injection. 6, 10, 18, 23, 43

OP1 Operation Phase 1. 1, 19
OP2 Operation Phase 2. 1, 2, 18, 19, 21, 22,42, 53

PFCs Plasma Facing Components. vi, 1, 5, 18, 19, 27, 53
PV Plasma Vessel. 38, 44, 45

Sigraflex Sigraflex. 18, 22, 23, 24, 26, 59
SS Stainless Steel. 21, 22, 23, 24, 38, 44, 58

TZM Titanium Zirconium Molybdenum. v, vi, 17, 18, 19, 22, 23, 24, 34, 35, 36, 38, 39, 40,
41, 45, 47, 57

W7-X Wendelstein 7-X. vi, 1,6, 7, 8,9, 18, 42, 53



Page 1 of 61

1 | INTRODUCTION

conducted at all scales. This craze is mainly due to the possibility of clean, renewable

and safe nuclear power generation. This idea of generating electricity via the fusion of
light atomic nuclei finds its roots in the early 1950s when physicists tried different ways of
containing a plasma using different techniques, one of which is called magnetic confinement.
To know why such devices are necessary, a look at the physics behind nuclear fusion could
help. Fusing light atomic nuclei require them to come close enough for the strong nuclear
force to overcome the electrostatic force pushing them apart. One way to approach one nu-
cleus to the other close enough to surpass the so-called Coulomb barrier is to heat the atoms to
high temperatures or accelerate those particles enough to attain such energies. At those ener-
gies, the fuel becomes a hot plasma and can no longer be contained in a classical confinement.

NUCLEAR fusion has been the subject of many years of research and different experiments

Plasma is the fourth state of matter, consisting of ionized gas where atoms lose elec-
trons. This ionization results in a mixture of positively charged ions and free electrons, mak-
ing plasma distinct from solids, liquids, and gases. Plasmas exhibit unique properties, includ-
ing responsiveness to magnetic fields and the ability to conduct electricity. They are prevalent
in phenomena like stars, lightning, and certain man-made technologies such as fluorescent
lights and plasma TVs. The pursuit of effective confinement for fusion plasma introduces
various challenges of a complex nature. Stability concerns arise from inherent plasma insta-
bilities, contributing to disruptions and energy dissipation. The prudent management of heat
generated by fusion reactions assumes paramount importance to mitigate potential damage
to plasma facing components. The research for materials suitable for the plasma facing com-
ponents with enhanced durability requires overcoming challenges associated with extreme
conditions, including elevated temperatures, neutron bombardment, and erosion.

Magnetic confinement, a crucial aspect of fusion devices, necessitates intricate ma-
nipulation of magnetic fields to attain stability and sustain plasma confinement. Establishing
an energy equilibrium, where input aligns with output, constitutes a foundational imperative
for realizing ignition in fusion reactions. The control of turbulence and transport phenomena
within the plasma is essential to preclude unwarranted particle and energy transport, optimiz-
ing overall performance. The delicate equilibrium governing plasma density and temperature,
vital for sustained fusion reactions, necessitates meticulous control and stability. Addressing
these intricacies assumes pivotal significance in advancing fusion research and realizing the
potential of fusion energy as a scientifically viable and sustainable power source. To researh
the possibilities of such fusion power plants, an experimental Stellarator fusion device called
Wendelstein 7-X (W7-X) was built in Greifswald, Germany and is commisionned by the
Max Planck Institute for Plasma Physics (IPP). The purpose of W7-X is to investigate the
feasibility of generating energy using the stellarator concept.

1.1 PROBLEM DEFINITION AND OBJECTIVES

W7-X enters its enhanced operation phase called OP2. This operation phase aims to improve
confinement time and heating power. To achieve longer runs and attain steady state opera-
tion, many different plasma parameters such as the temperature, the density and the pressure
need to be fully controlled and piloted precisely. To gain this control and understand more
the complex plasma dynamics of the reactors, longer plasma discharges will take place and
provide to the physicists the desired data. Because the plasma discharges are longer and the
plasma heated at higher powers than in Operation Phase 1 OP1, the components surrounding
the plasma, especially the plasma facing components (PFCs) will be exposed to higher heat
flux for a longer period of time. This will lead to increased wear on the system components
due to high heat fluxes and can lead to mechanical failure. To assess this risk of failure, the
engineering analysis group of the Experimental Plasma Physics 5 department conducts many
different numerical analysis campaigns to predict the behavior of the device under special
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load cases.

In order to set boundaries on the pulses of OP2 and validate the proper functioning
of the various subsystems, the thermal analyses as well as the mechanical analyses of various
in-vessel components both steady and transient is carried out by the engineers. It is neces-
sary for the ECRH TZM-reflector tile to accommodate for high steady state heat flux. Steady
state is assumed for the analysis since the plasma impulse is considered of long duration and
the thermal equilibrium of the reflector tile attained. It is crucial to properly design and di-
mension the tile in order to allow the new operational parameters. Based on the modified
TZM-reflector tile, thermal and structural finite element analyses of different load cases and
boundary conditions BCs will be conducted to validate the new design. Following the results
of these analyses, the engineers will be able to set operational boundaries if necessary or
validate the design and proceed with the operation. The results will also allow to know the
different maximum operational parameters such as maximum operation time. The reliability

of the calculations will influence the decision made and thus needs to be estimated to avoid
any significant error between the FE model and the real life behavior.

First, a literature research is carried out to understand the physics involved in those
phenomenon such as the link between temperature and mechanical properties of materials
or the physics of radiative heat transfer. The reading of documents assessing those issues
also helps put into context this work and lie the basis upon which this Thesis is being lead.
Because this is entirely simulation based, the proper functioning of the analyzed components
will be proved by locating their performances within an operational space defined by the de-
signers under various load cases and meshes. In addition to that, this work is separated into
main tasks, the steady state as well as transient thermal and mechanical FEA of the ECRH
TZM-reflector tile. To do that, the modelling and setup of the different geometries as well
as the clarification and characterization of the physics, material properties and BCs and the
analyses and discussions about the results will be necessary.

1.2 STRUCTURE OF THE THESIS

In the first section of the thesis, the theoretical foundations for practical work are explained.
These include the basics of nuclear fusion and fusion devices but also concepts of heat trans-
fer and solid mechanics. This will help setting up a link between the two and allow building
and propose a performance indicator based on positions in an operational space to validate
proper functioning.

_The second and the third sections, the methods and models as well as the results and
the discussions of the analyses will be done and concluded at the very end of this work.
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2 | THEORETICAL FRAMEWORK

In this chapter, the basics of fusion such as nuclear physics and magnetic confinement are
explained. In addition to that, the construction and the different systems of the W7-X are also
explained to give an overview on the device and its auxiliary components. Heat transfer the-
ory as well as solid mechanics and elasticity. These theories are necessary for the completion
of this work and are therefore reminded in this chapter.

2.1 GENERAL THEORY OF FUSION REACTORS

The principle of a nuclear fusion power plant is to make the energy released by the fusion
of light atomic nuclei usable. Nuclear fusion which represent the fusing of atomic nuclei
together is only achievable if they come close enough to surpass the electrostatic repulsion
forces and have the strong nuclear force fuse the nucleons together. Due to electrostatic
repulsion forces also called Coulomb barrier, the nuclei repulse each other thus preventing the
reaching of the necessary distance (because the strong nuclear force has a very limited range,

10~13m) [3][6] for fusion. Furthermore, the repulsion forces increase with the number of

protons in the nucleus or its size. The energy required to fuse two nuclei become subsequently
greater.

o
e
Q6

Lis

HS
Hes

Average binding energy per nucleon (MeV)
Fy

1fHe

Hl
0 30 60 90 120 150 180 210 240 270
Number of nucleons in nucleus

Figure 2.1: Nuclear binding energy vs. mass number.

The different nuclear reactions for transforming hydrogen into helium are [3]:

H+jn — H+2.22MeV! 2.1

H+ lp — 3He +5.49MeV (22)

. H+ H — 3He + jn+3.27MeV (2.3)
H+TH — JHe + Ip+4.03MeV (2.4)

H+3H — JHe + {n+17.58 MeV (2.5)

On Figure 2.2, the cross section for various reactions are graphed in function of the
ion temperature. The cross section represents the area on which it is possible for nuclei to
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collide and subsequently fuse together. The higher the cross section, the higher the nuclei are
likely to collide with each other. For lower ion temperatures, the Deuterium-Tritium reaction
has the biggest cross section. The easiest way to initiate fusion is by the Deuterium—Tritium
reaction, which releases 17.6MeV, 14.1MeV in the neutron and 3.5MeV in the alpha particle.

(6]

10¢

o
(barns)
0.1¢

. 1- PRI | IR | L annl L1l
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Ky (keV)

Figure 2.2: Fusion cross sections for various fusion reactions (D-T, D-He> and D-D) versus
ion temperature. [0]

When the cross section is known, is it possible to calculate the reaction rate for the
main fusion reactions. The reaction rate is noted (ov). These results are illustrated in Figure
2.3 as curves of (oVv) vs. ion temperature 7. It is possible to observe that the peak value of
the reation rate is 9 x 10722m3s~! at 70keV for the D-T fuel mix.

10—25: AP A Y R B
1 10 100 1000 10000
T (keV)

Figure 2.3: Velocity averaged cross section (oV) for various fusion reactions (D-T, D-H el
and D-D) versus ion temperature. [0]

As said previously, the energies to achieve nuclear fusion are important. One solution
to this problem is to give the correct amount of kinetic energy to the nuclei in order for them
to overcome the Coulomb barrier. This kinetic energy is measured in Electron-Volts and is
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obtained by heating the fuel to high temperatures. The temperature thus reaches 100M to
200M°C [3], which is hotter than the sun’s core. While the temperature is more important in

the decive, the sun’s core is much more dense than in the core of a fusion device. At those
temperatures, the fuel becomes a plasma, which is often considered as the fourth state of mat-

ter. Plasma is also called the highest state of aggregation of a substance designated. In this
aggregate state, the internal energy is far higher than the binding energy between the elec-
trons and the nuclei. This means that the electrons can move freely. Plasma differs greatly in
its properties from normal gases.

The important temperature of the plasma forces various measures to be taken to ensure
that the Materials built into the fusion reactor near the plasma provide maintained thermal
insulation and compensate for the resulting expansion pressure. A solution to this problem
is the exploiting of the Lorenz force affecting the charged particles of the plasma. The idea
is, at least for magnetic confinement, to trap the plasma inside a magnetic cage. This will
help levitating the plasma and control its shape and position to avoid touching any PFCs.
The distance between the plasma and the PFCs is crucial since contact could generate plasma
turbulence or contaminate the plasma with impurities, reducing the quality of it. Different
systems where developed to build such a confinement.

There are two different type of magnetic confinement concepts that are widely know
and developed, the Tokamak and the Stellarator. These two magnetic confinement devices
are both based on a toroidal geometry, the difference between the two of them being the
way the plasma is confined. In a Tokamak machine, the plasma is confined using planar
toroidal magnetic coils. Those coils help create the toroidal magnetic field component of
the confinement. Although this seems like a good confinement, other problems still need to
be addresses such as the effect of particle drift. This drift is due to pressure gradients and
inhomogeneities in the magnetic field inside the plasma and leads to a drift of the particles
towards the outer diameter of the Tokamak. This complex particle transport phenomenon
can be mitigated by introducing a poloidal component to the magnetic field, causing a ro-
tation of the plasma around its toroidal axis. To achieve this magnetic field, Tokamaks use
a solenoid coil placed at the center of the torus. This solenoid coil acts as a primary trans-
former coil, a time-varying electric current generate a varying magnetic field which itself
induce an electric current inside the plasma. The resulting movement of charges inside the
plasma generate a poloidal magnetic field, the plasma is then generating its own magnetic
field. This electric current can also be used to heat up the plasma, it is called ohmic heating.

inner poloidal magnetic field coil
coil current

toroidal magnetic
field coils >

outer poloidal
magnetic field coils

vacuum vessel

plasma
toroidal magnetic field
poloidal magnetic field
twisted magnetic field

plasma current

Figure 2.4: Schematics of a Tokamak confinement, courtesy of C. Brandt

While this solution is good, there are problems with it. The main issue is the inher-
ently transient process. The poloidal component of the magnetic field can only be generated
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as long as the current in the solenoid coil varies. This means that the reactor can only run in
pulses and steady-state isn’t currently achievable.

Another solution for generating the poloidal magnetic field is to twirl the plasma in
such a shape, that the drift phenomenon disappears. This solution is the Stellarator. The Stel-
larator was first introduced by Lyman Spitzer in the 1950s. This technology was put aside
because of technical difficulties and because the Tokamaks presented better performances.
The Stellarators use a complex set of magnets allowing to generate a precise magnetic field
allowing the plasma to not experience significant drift. Contrary to Tokamaks, Stellerators
plasmas don’t have a plasma current. This solution also helps with confinement, as the mag-
netic field can be adjusted to accommodate for the strict equilibrium conditions. The absence
of plasma current also means that Stellarators can be operated in steady-state since no current
induction is needed, thus being more suitable for power plants. Although allowing improved
plasma confinement, Stellarators are plagued by complex geometries that are often too com-
plex to be feasible.

toroidal magnetic field coil
helical magnetic field coil

vacuum vessel

twisted magnetic field

Figure 2.5: Schematics of a Stellarator confinement, courtesy of C. Brandt

The goal of those magnetic confinement fusion reactors concepts is to propose a new
way of producing atomic energy while avoiding the drawbacks of traditional fission reactors
(ie. Management of radiation, production of highly radioactive long half-life elements, lim-
ited fuel supply...). Although fusion energy is attractive, many problems still need to be

addresses such as tritium breeding issues or neutron transport and interaction with the struc-
ture.

The heating of the plasma is achieved using, for most advanced fusion devices, three
main heating systems. The first is the Electron Cyclotron Resonance Heating ECRH. The
ECRH works by coupling electromagnetic waves at the electron cyclotron frequency with
the plasma, which in term heats the plasma. Once the fuel is fully ionized, the ions them-
selves need to be heated and as such, a similar system is used but this time with a different
frequency, the Ion Cyclotron Resonance Heating or ICRH. This heating system works the
same way the ECRH did, by coupling radiofrequency waves with the plasma, driving the res-
onance of the ions in the plasma and heating it. The third main heating system is the Neutral
Beam Injection heating or NBI for short. The NBI works by ionizing hydrogen atom, accel-
erating the nuclei in an accelerator to give them more kinetic energy and then neutralizing
them before injection. The high energy hydrogen atom collision with the ions in the plasma,
giving them parts of their kinetic energy and subsequently heating the plasma. There are dif-
ferents approaches for these heating systems for W7-X that will be explained later but these
are the main heating systems. For tokamak type devices, ohmic heating using the induction
coils is also used, but for stellarator, there is no such coils because the plasma current is low
and almost zero.
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Figure 2.6: Schematics of the heating systems of fusion devices

With that in mind it is possible to put focus in the Wendelstein 7-X system.

2.2 W7-XSYSTEMS

The Wendelstein 7-X (W7-X) is a stellarator nuclear fusion experiment with a significant his-
tory that underscores its importance in fusion research. The idea for W7-X was born in the
late 1980s and early 1990s, aimed at testing the viability of stellarator design for sustained
fusion reactions. This project built upon the success of its predecessor, Wendelstein 7-AS.

In 1996, the German government approved the construction of W7-X, with substan-
tial funding from the European Union and international partners. Construction began in 1997
at the Max Planck Institute for Plasma Physics (IPP) in Greifswald, Germany. This phase
involved assembling complex superconducting magnetic coils and a highly precise vacuum
vessel, presenting numerous technical challenges that required innovative solutions.

By 2014, the assembly of W7-X was completed, marking a major milestone. The
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machine produced its first plasma on December 10, 2015, demonstrating the functionality
of its design and construction. Following this achievement, W7-X entered its experimental
phase. Initial experiments focused on achieving and maintaining stable plasma conditions,
testing heating methods, and studying plasma behavior.

Over the subsequent years, W7-X achieved several key milestones, including sustained
plasma discharges lasting up to 100 seconds and significant advancements in plasma heat-
ing and density. These experiments provided valuable insights into plasma confinement and
stability, moving closer to the goal of long-pulse operations lasting up to 30 minutes. This
capability is critical for the development of future fusion power plants, as it demonstrates the
potential of stellarators for continuous operation.

Research continues to optimize plasma performance, improve heating and control tech-
niques, and deepen the understanding of stellarator physics. The W7-X remains a cornerstone
of global fusion research, contributing valuable data and insights that support the broader goal
of developing practical and sustainable fusion energy.

2.2.1 Construction of the reactor

The W7-X is a complex machine that requires lots of different specialized subsystems to
be operated. Its scientific mission also pushes the engineers to find solutions to implements
different types of diagnostic system within the reactor such as Langmire probes and interfer-
ometers. The reactor itself, besides the diagnostic systems can be boiled down (to simplify)
to the magnet system, the heat shield and PV and the heating systems. Other systems like the
quench management system and magnet cooling systems are also very important for assuring
the proper functioning of the machine. It is important to know the context of this work, and
for this, a deeper look into the construction of the reactor could be of great use.

Axis Nool .
Planar coils , on-planar coils
lT Module 5

Module 1

Module 2

Trim coils Module 3 Closed magnetic surface

Figure 2.7: Magnet system and modules.

The first big system that is essential to get to fusion is the magnetic confinement sys-
tem. This magnetic confinement is achieved using 50 non-planar coils and 20 planars coils.
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To better control over the plasma, five additionnal trim coils are placed outside of the cryo-
stat. The main non-planar and planar coils are superconducting coils, meaning that they need
a complex cooling system and piping architecture to deliver the hydrogen.

The reactor axysymmetric, meaning that it is composed of five 72 ° modules which
are themselves made out of two 36 ° semi-modules as shown below.

e
‘.ﬁ‘odu\
A trim coil

divertor

Figure 2.8: W7-X module.

The ECRH heating is a complex system that spans over different buildings. First the
EM-waves are generated using gyrotrons. The waves are guided through a sealed and at-
mosphere controlled room to avoid arcing. The waves are then directed towards two ECRH
towers which launch the ECRH beam into the plasma vessel.

copper mirrors of the optical
transmission line

Figure 2.9: ECRH heating systems.

For the ICRH, the systems are analogue but they don’t require waveguides like the
ECRH but rather RF transmission lines that feed and antenna in the vessel.
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Figure 2.10: ICRH antenna. LCMS stands for Last Closed Magnetic Surface.

Finally the NBI is the last heating system. It injects neutral high energy particles into
the vessel to heat the plasma. Its power is important (up to 10 MW /m?).

ECRH ICE
Launchers Probes ECRH
OP1.2b {2018) Launchers

OP2 (2021 -)

NBI Ports

ICRH (2021 -)

Figure 2.11: Position of the heating systems ports.

Now that the construction of the reactor is known, it is possible to proceed with a re-
minder about the theories used during this work in the next chapter.
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2.3 MECHANICS AND THERMAL FRAMEWORK

In this section, the fundamental principles and governing equations and each heat transfer
mode are explored. The TZM-reflector tile is a highly constrained mechanical part that of
the HS. This part will be exposed to plasma radiation as well as the ECRH beam. The heat
transfer in this system is complex and need a good understanding of the theory to model it as
good as possible.

The heat loads on the ECRH reflector tile are specified further in the thesis but the
theory first needs to be explained, at least what will be needed for this task.

2.3.1 General problem of heat exchange

Heat exchange happens all the time and everywhere in nature, from the sun’s radiative power
to the heat transfer on the surface of the skin. Historically, heat was considered as some sort of
flow that would flow from one hot object to another colder object [7]. The idea of an invisible
fluid flowing from a body to another called Caloric was first considered to explain this heat
transport. While the caloric theory of heat exchange is acceptable to consider such a concept
for explaining heat transport, there are more modern approaches to heat exchange that will be
discussed later [7]. The general problem of heat transfer involves understanding how thermal
energy is transported from one place to another. The modern aproach to heat transfer is the
kinetic theory. Heat is defined to be the average Velocity of the particules within an system.
This approach helps to understanding what heat is physically [2]. Heat exchange can be seen
in many different situations and takes place in every medium and different modes. Leaving
a hot house during winter with a door open and having the hot air making its way out, hum-
mingbirds using a counterflow heat exchanger in their feet to regulate their body temperatures
[10] or inadvertedly touching a hot pan are all examples of heat exchange between mediums
and objects [7]. It respects some rules such as the flow direction, from hot to cold.

Not only in nature but also in industry, heat is heavily used for/or is a product of chem-
ical processes. Steam boilers convert chemical energy into heat to generate steam and then
generate elctricity, this is also true for nuclear power plants, using the heat generated by fis-
sion reactions to generate steam. Heat is generated in combustion engines and needs to be
evacuated meanwhile in fridges, heat in pumped to decrease the temperature in a chamber.
Those devices all use some sort of heat transfer in order to work properly. Heat exchange is
also present throughout of fusion devices at many different levels such as inside the plasma as
well as the first wall components and the pumping system. Correctly modelling heat exchange
as well as understanding the physical phenomena behind the transfer of heat in thermal ma-
chines is crucial to understand, dimension and use thermal machines

Thermodynamics is a theory about the dynamics and conversion of different energy
forms heavily developed during the 19th century. It provides a very good framework in
which it is possible to built a theory of heat exchange [7]. It is possible to derive the equation
of heat transfer from the laws of thermodynamics.

Heat conduction

Conduction is the transfer of energy from the more energetic particles of a substance to the
adjacent less energetic ones as a result of interactions between the particles [2]. Conduction
can take place in solids, liquids, or gases. In fluids, conduction is due to the collision and
diffusion of the molecules during their random motion. In solids, conduction is due to the
tcombination of vibration of the molecules in a lattice and the energy transport by free elec-
rons.

Lets consider steaty-state heat conduction through a plane wall of thickness L = Ax and
area A. The difference of temperature or gradient is measured and is written AT =T, — T.
Experience has shown that the rate of heat transfer Q.4 through the wall would double when
the temperature gradient across the wall or when when the area A normal to the direction of
heat transfer doubles. The rate of heat transfer would be halved when the thickness L dou-
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Figure 2.12: Schematic of the model used.

bled. Qualitavively, it is possible to conclude that the rate of heat conduction through a plane
wall is proportional to the temperature gradient across the layers and the heat transfer area,
but is inverssely proportional to the thickness of the layer. The relation between the quantities
is:

(Area)(Temperature gradient)
T hickness

Analytically, the mathematical law describing the conduction of heat is Fourier’s law
of heat conduction. The coefficient k is the thermal conductivitiy, which is the abilitiy of
a certain material to conduct heat. It is possible to write this law using quantities and the
equation is :

(Rate of heat conduction) o< (2.6)

. 7, —T AT
Qcona = —kA= = —kA—— W] (2.7
When Ax — 0, the one-dimensionnal differential form of the equation is written:
. dT
Qcond = _kAT [W] (28)
x

On the left hand side of the heat conduction equation 2.8 Q4 decribes the time deriva-
tive or temporal rate of change of the heat flux flowing though a surface. On the the right hand
side of the equation, k is the thermal conductivity. Usually, the thermal conductivity is a func-
tion of the temperature itself making this differential equation nonlinear.

It is possible to generalize the conduction equation for three dimensions. This 3-D heat
transfer equation can be built using Fourier’s law. This law models the temeprature as a field
T that is function of the spatial coordinates and time T (x,y,z,#) and it defines instantaneous
isothermal surfaces. This temperature gradient associates the scalar T with a direction and a
magnitude. This is called the temperature gradient and is written: VT = %—ii + % j+ %—gk. It
is important to note that this behavior and existence of the temperature field is supported by
real life experiments. This law is written § = —kVT

This generalized version of the heat conduction equation is given by [7]:

VkVT 44 = pcaa—f 2.9)

There are many different techniques to solve this equation but numerical methods will
mainly be used in this work.
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Figure 2.13: Representation of isotherm surfaces and temperature fields.

Convective heat transfer

It was mentionned earlier that there are three basic mechanisms of heat transfer: conduction,
convection, and radiation. Conduction and convection are similar in that both mechanisms
require the presence of a material medium. But they are different in that convection requires

the presence of fluid motion. Heat transfer through a solid is always by conduction, since the
molecules of a solid remain at relatively fixed positions. Heat transfer through a liquid or gas,
however, can be by conduction or convection, depending on the presence of any bulk fluid
motion. Heat transfer through a fluid is by convection in the presence of bulk fluid motion
and by conduction in the absence of it [2]. There are two types of convective heat transfer,
natural and forced convection. The first one, natural convection (or free) convection if the
fluid motion is caused by buoyancy forces that are induced by density differences due to the
variation of temperature in the fluid [2]. The second one, forced convection is when the fluid
is forced to flow over the exhcnage surface by external means such as a fan, pump, or the
wind.

Forced Natural
convection convection
Air
Air } .‘
PO L AN

e 3. Z > J,
]}8: hotegd > \A(foregd,

Figure 2.14: Representation of isotherm surfaces and temperature fields.

The rate of convective heat transfer greatly depends on the physical parameters of the
fluids involved such as the dynamics viscosity, the thermal conductivity, the density, the spe-
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cific heat or the fluid velocity. Despite of the complexity of cpnvection, it is experimentally
seen that the rate of convection heat transfer is proportionnal to the temperature difference.
This behavior is expressed using Newton’s law of convection:

Qconv = hAs(Ts - Too)Pa [W] (2.10)

_ The convection coefficient is to be calculated or estimated for different scenarios that
will be adressed further in the report. A represents the area on which convection takes place.

T; represents the temperature of the surface and T, the bulk temperature of the infinite fields

[2].

Thermal radiation

Radiation is the energy emitted by matter in the form of electromagnetic waves (or photons)
as a result of the changes in the electronic configurations of the atoms or molecules. It is
important to note that radiative heat transfer does not require any kind of medium and suffers
no attenuation in a vacuum [2].

All bodies at a temperature above absolute zero emit thermal radiation. The maxi-
mum rate of radiation that can be emitted from a surface at an absolute temperature Ts (in K
or R) is given by the Stefan—Boltzmann law as [2]:

Qemit.max = GASTy4 [W] (211)

For real bodies, the rate is lower than for a black body, this allows the equations 2.12 to
be rewritten with another coefficient € called emissivity that is defined such that 0 < e < 1.
The law can be rewritten:

Oemir = €CA,T, W] (2.12)

It is possible for certain problems such as surface-to-surface radiative heat transfer to
use what is called the view factor, but this is not relevant for the needs of this work.

2.3.2 Continuum solid mechanics

Another important theoretical basis used for this work is solid mechanics. While not as im-
portant as the theory of heat transfer, solid mechanics is still used to analyse the reflector tile
assembly. For this work, classical elasticity will be used most for the purposes of this work.
While in real life, phenomena such as plasticity and fatigue are also taking place, they will
see no (or little) use and will thus not be considered in this bibliography work.

Definition of stress

Stress is a physical quantity that describes forces present during deformation of deformable
continuums. When a deformable object is subjected to an external force, it will deform and
inside the continuum it is possible to know the state of the stresses. This measure in called

stress state. Stress in measured in N/m? or N/mm? also called MPa and is defined to be a

force over a cross-sectionnal area. This means that for the same force, if the crosssection
becomes smaller, the stress will become higher. This can be tested using a compass. The

mass is the same, but if the large blunt end, where the fingers are put to trace the circle, is
placed in the plam of one’s hand, it is not going to hurt. This the smaller, pointier end, that
is the center of the circle, is placed on the palm, it is going to hurt. The mass of the compass
didn’t change but the surface of contact did. It is also very important to note that stress is a
three-dimensional quantity [1].

To know the state of stress within a given continuum, for small deformation, the most
used tool is called the Cauchy stress tensor. It is a rank two three-dimensional tensor that
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represent the state of stress within a small volume of a continuum.

011 O12 O13
0= |021 O22 023
031 032 033

The coefficients on the diagonal are the normal components of stress and the associ-
ated tensor is called hydrostatic tensor. The off-diagonal terms are called shear components
(they are noted 7; ;;) and represent the deviatoric tensor. When working in the principal
coordinate system, the tensor will have three normal components on the diagonal and be a di-
agonal. The diagonalization process is used to extract the so-called principal stresses oy, Oy
and oj;. Those principal components can be used later to calculate equivalent stress (mainly
Von-Mises equivalent stress because of the materials present and the constraint type). For
large deformation, other stress tensors are used but it is not relevant to the work done here.
Stress is decomposed into two different types, normal stress and shear stress. Those can be
represented using an infinitesimally small control volume.

T(e3) €3

Figure 2.15: Representation of the stress tensor.

Elasticity and stress-strain

Experimentally, there is a link between stress and strain. And force small deformation, is it
observed that (stress) o« (strain) and the proportionality coefficient is called elastic modulus
of Young modulus and is written E. The uni-axial small strain law is called Hooke’s law and
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18 written:

o=Ee [MPa] (2.13)

Uni-axial tests showed that, at least for metals and the materials used in this work, there
are two different types of behavior, an elastic reversible deformation and a plastic irreversible
deformation [1]. This behavior can be summarized in a graph called strain-stress curve and it
alloys to model the deformation behavior of the material.
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Figure 2.16: Strain-stress curve.

For most of the structural analyses, the materials are supposed to be perfectly elastic to
simplify calculations. Neuber correction can be used to assess plastic deformation if neces-

sary. All the structural analyses will be conducted in ANSYS® and its Mechanical solver.



Page 17 of 61

3 | STATE OF THE ART
In this chapter, the design, the use and the architecture of the reflector tile will be explained.

Moreover, the already existing analyses and results will be discussed to give context and
insight about the situation and the functionning of this system.

3.1 THE ECRH TZM REFLECTOR TILE ASSEMBLY

The reflector tile is used to reflect the ECRH beam back into the plasma to limit energy loss.
This reflector tile is placed in a particular position inside of the stellarator.

A

Plasma vessel ECRH launch towers

Plasma vessel ECRH TZM reflector tiles ECRH launch towers mirrors Plasma vessel

Figure 3.1: Different views of the ECRH launchers and reflector tiling

The different views from figure 3.1 are:
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* A: View of the plasma vessel and the two ECRH launchers

¢ B: View of the ECRH TZM reflector tiles
¢ C: View of the launcher mirrors

The reflector tiles face the plasma and are a component of the PFCs and are placed in
front of the ECRH launch towers. A reflective alloy made of titanium zirconium and molyb-

denum abbreviated TZM was chosen to build the reflector tile. The reflector tile is mounted
on a copper chromium zirconium heat sink that is brazed onto a stainless steel cooling pipe.

The ECRH reflector tile is placed on one of the modules composing the in-vessel components
or KiP.

The reflector tile has a simple assembly. The TZM reflector tile is held in place us-
ing holding pins screwed on the side of the tile. The holding pins hold the head of the bolt
back. A nut is screwed on the bolt and using a 270° turn, the nut pushes again a stack of three
INCONEL Belleville washers. The washers, acting like a preloaded spring, push agains’t the
CuCrZr heat sink, applying a force on the Sigraflex thermal gasket which thermally separates
the TZM tile and the CuCrZr heat sink.

Cooling pipe
Thermal
gasket

TZM
reflector tile

Heat sink

Belleville washer

Holding pin
Nut

Bolt

Figure 3.2: Components and montage of the reflector tile assembly

The reflector tile will be exposed to high heat fluxes that can be decomposed into two
different sources (those two different heat sources will be implemented in the FE model for
the analysis):

¢ Plasma heat load (radiative and convective heat loads)

¢ ECRH heat load

In a real powerplant condition (using Deuterium-Tritium mix as fuel), the PFCs would be ex-
posed to other physical constraints and scenarios, in particular the neutron flux generated by
the fusion reaction (generating defects and transmutations in the materials) or the diffusion
of hydrogen into the material of the first walls potentially negatively affecting the mechanical
properties and behavior of the first wall component materials. Highly dynamic phenomena
such as Edge Localized Modes (ELMs) or disruptions can also be challenging for the first
walls. It is important to note that ELMs are not as dangerous for Stellarators as they are for
Tokamaks.

In the case of W7-X, in particular for OP2, no neutrons will be produced nor the heat
fluxes reach powerplant-like values. It is still important to keep these considerations in mind
to design the most effective PFCs and prepare for burning plasma, especially for reflector
tiling or NBI dump tiling.

Those constraints can be summarized:
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Steady state heat loads: Transient thermal loads:
up to 20 MWm2in ITER up to 60 MJm-2
(lower loads in DEMO) (disrupt., ELMs, VDEs)
« recrystallization thermal s cralci_ks
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neutrons

Plasma loads:

* sputtering
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Figure 3.3: Physical constraints for burning plasma PFCs [S]

3.2 PREVIOUS ANALYSES OF THE ECRH REFLECTOR TILE

In order to reflect the ECRH beam into plasma back, some TZM tiles were suggested to sub-
stitute the BM graphite tiles in specific positions. The idea was to limit power loss due to
absorption of the ECRH beam by the graphite tiles. After OP1.2 it was decided to increase
the size of the TZM tile. Due to the fact the tile had, at that point, never been analyzed in
details, corresponding thermal and structural analysis is to be performed (by J. Fellinger) to
assess the performance of the tile in OP2.

For OP2, plasma discharge duration will be increased thus exposing the PFCs to longer
heat loads. The “worst” tile had been selected during discussion between Victor Bykov and
Torsten Stange and was analyzed. Those analyses aimed to give insight about the thermal
and structural integrity of the ECRH reflector tile during the plasma discharges with OP2
specifications.

151413
16 18181712 11
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Figure 3.4: FE model of the tile assembly [5]
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Different analyses such as transient thermal and fatigue analyses were performed by
various engineers to assure proper functioning of the tile. One of those analyses were per-
formed by Joris Fellinger in 2013 and was the thermal-mechanical assessment of heat shields
and baffles [5]. The analyses were performed on a simplified model see figure 3.4 of the tile
and calculated using Dassault Systemes Abaqus. Perfect thermal contact between the parts
was also assumed to simplify the model. The heat pulse was simplified to be a step signal
lasting for about 90 s. Models for fatigue dimensionning and material properties were defined
and used in this work. Thermal properties of the differents materials used are also given and
important for the rest of the work.

The effect of the boundary conditions, in particular restraining the axial displacement
of the the steel cooling pipe has a non-negligible and detrimental influence on the plastic
strain [5]. This conclusion is going to be seen later in this work regarding the structural anal-
ysis.

In this work, a discussion about the thermal performances of the brazing between the
heat sink and the cooling pipe or the Sigraflex thermal gasket also stated that these moderatly
affected the heat transfer within the tile assembly. On the other hand, the annealing of alloys
and the temperature-dependant mechanical properties are a concern and the issue of having
uncertain annealing of the CuCrZr due to termal activation arose [5]. This will be an issue
discussed later in the topic of this work.

Later, Jiawu Zhu was tasked to analyse the behavior of the tile and performed a com-
plete thermo-mechanical analysis of the tile assembly. The model used by J. Zhu was quite
different from the model of J. Fellinger because it featured the actual geometry of the reflec-
tor tile. The whole reflector tile as well as the thermal gasket, heat sink and cooling pipe
were implemented in the model. the bolting system also included a simplified version of the
Belleville washers and the bolts didn’t have the same geometry.

ECRH TZM reflector tile Standard graphite HS tile

Figure 3.5: Model of the tile assembly [11]

The analyses carried out by J. Zhu included another graphite tile of the heat shield to
compare the results. The results were divided into two categories:

* Thermal analysis

« Structural analysis (ie. fatigue analysis)

For the thermal analysis, the plasma heat load was initially 250kWm 2 and the ECRH heat
flow was 912W over a gaussian distribution to model the beam stray radiation. The results
showed overheating of the CuCrZr heat sink (in steady-state operation) and the plasma heat
load was subsequently lowered to avoid reaching critical temperature of the bronze alloy of
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the heat sink. The heat flux was lowered to 220kWm 2 which represents 88% of the speci-
fied heat load for OP2 (which is not enough to respect the operational specifications of
OP2). The thermal analysis was redone (see 3.6) with the new heat load and showed accept-
able temperature field for the heat sink. The issue with the recrystallization (as stated in [5])
of the CuCrZr still is relevant for these analysis.

Max
472,94 Max 450

450

438,88 Max
42814
406,28 401,82
384,42 377,73
362,57 353,63
340,71 329,54
318,85 305,45
SR 281,36
27513 Min 257,27 Min

412,12
Initial 250 kW/m? plasma Lower 220 kW/m? plasma
heat flux heat flux

Figure 3.6: Temperature field (in [°C]) of the CuCrZr heat sink for the two heat fluxes [11]

The structural analysis of the tile assembly was done by importing the temperature
field in the mechanical analysis. one end of the cooling pipe is fixed and the other one let
loose. The bending of the whole assembly is thus not constrained. The main point of concern
was the assumption of perfect brazing between CuCrZr heat sink and the SS cooling pipe. In
reality, it is possible that cracks may exist in the braze connection which could end up ini-
tiating a crack damaging the brazed connection [11]. While fracture mechanics are known,
establishing a framework to effectively model multi-material interface fracture expansion re-
mains a challenge that is out of the frame for this task.

3.3 ISSUES OF THE MODEL

After the analyses done by J. Fellinger and J. Zhu, different issues were shown. The first issue
is one of the parameter for the cooling pipe. The value of the film coefficient for the cooling

pipe convection used by J. Zhu in his study [1 1] was set to be 30kWm2°C~!. This value is
unlikely to be realistic and was discussed to reach at most 18kWm~2°C~! with a mininum

value of 15kWm™2°C~'. This gives the range of 3kWm~2°C~'. The reduction of the film
coefficient could prevent optimal cooling and heat evacuation and needs to be assessed.

The recrystallization of the CuCrZr alloy could also negatively impact the mechani-
cal properties. This phenomena is still not well known in this case because of lack of material
data. The structural and fatigue behavior are also to be redone for 250kWm 2. The material
properties also need to be revised to taken into account new material properties.

With that in mind, it is possible to build a new numerical model based on revised
boundary conditions and material properties.
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4 | METHODS AND CONFIGURATIONS

As stated in the state of the art; the object of these analyses is the ECRH TZM-reflector tile
(ref. E821). To study the thermal and mechanical behavior of this in-vessel component, finite
element analysis using the ANSYS® software will be carried out to evaluate the new design’s
performances and the proposed solution to the overheating of the CuCrZr heat sink issue.
Coupled physics analyses, in particular one-way coupling and full coupling of thermal and
structural analyses, will be used to assess the effects of the design changes and validate the
proper functioning of the reflector tile in OP2 design loads.

4.1 MATERIAL PROPERTIES AND PHYSICAL MODELS

One of the crucial point of this task are the material properties such as the thermal and me-
chanical properties and behavior. Those properties can have a big influence on the results of
the calculations and they need to be carefully set to accurately model the real life metarial.
As is in real life, the material properties are often nonlinear, adding complexity to the calcu-
lations.

The first set of material properties used in early analyses were the ones used by J.
Zhu in his 2019 parametric analyses [11] of the ECRH reflector tile. The properties included
the ones for:

e Titanium Zirconium Molybdenum for the reflector tile.

» Copper Chrome Zirconium for the heat sink.

* Stainless Steel 1.4981 X8CrNiMoNb for the cooling pipe.

 Sigraflex for the thermal gasket between the heat sink and the reflector tile.

A few of these material properties were based on outdated sources and needed reevalutation

to take into account any change.
@ Heat sink

1.4981

Cooling pipe
1.4980

Sigraflex

Thermal gasket

Reflector tile

Holding pin

Figure 4.1: Material assignation
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The new material properties were set during the project and are split into two big cat-
egories, the thermal/physical properties and the mechanical properties. This new set was
then saved in an .xml file to be ported to other ANSYS Workbench® projects (ie. thermal-
structural analysis of Neutral Beam Injection target tile).

4.1.1 Thermal properties

Thermal analysis is the main type of analysis done to evaluate the performances and be-
havior of the TZM reflector tile and tile assembly. This is why an accurate modelling of
the assembly’s constitutive materials is crucial. In addition to the first four materials, the
new model should implement the bolting system comprised of TZM bolts and holding pins,

1.4980 X5NiCrTi SS nuts and 2.4668 Inconel Belleville washers. In the 2019 model of J.
Zhu [11] the bolting system was included but featured a simplified model that didn’t take the

washers into account. Understanding the impact of such bolting system is important to fully
analyse the tile. The complete list for thermal properties is (after update):

e Titanium Zirconium Molybdenum for the reflector tile, bolts and holding pins
* Copper Chrome Zirconium for the heat sink.

* Stainless Steel 1.4981 X8CrNiMoNb for the cooling pipe.

» Sigraflex for the thermal gasket between the heat sink and the reflector tile.

e Stainless Steel 1.4980 X5NiCrTi for the nuts.
* 2.4668 Inconel for the Belleville washers.

It is also important to note that phenomena such as thermal activation and recrystal-
lization of the alloys are NOT taken into account although finite element analysis could tech-
nically support such calculations. The implementation of such physical phenomena would
require more material data and more ressources in order to correctly model them. It was sim-
ply decided to avoid (if possible) reaching the recrystallization temperatures of the different
part material (in particular the maximum temperature of the CuCrZr heat sink since it is the
part that was would overheat [11, 5]).

4.1.2 Mechanical properties

Mechanical analysis is the second analysis type that will be carried out to evaluate the struc-
tural integrity of the reflector tile assembly. Structural analyses are more complex than ther-
mal analyses and require most computing power. They also heavily depend on the meshing
and the modelling of the material (ie. plasticity, elasticity) can greatly influence the results.
This is why the choice of the material model is pertinent. In his 2019 study, J. Zhu analyzed
the fatigue cycle of the reflector tile assembly [11]. The fatigue criteria will not be used in
this study because of the lack of a coherent set of material properties, most notably the S-N
curves for some materials.

Hardening and plasticity of the material will only be used in special cases (notably
for the CuCrZr alloy) to assess the plastic deformation of the parts. For most, the hardening
law will be perfectly plastic (tangent modulus = 0 [GPA]) and it was assumed (as a first ap-
proach) that the parts shouldn’t deform plastically.

After reading different datasheets and suppliers data, the mechanical properties were
reevaluated and condensed into a new revised material database. For the Stainless Steel
1.4981 X8CrNiMoNb of the cooling pipe, the mechanical properties were not given and an-
other similar alloy, in particular 1.4435, was used for its mechanical properties ONLY. For
other materials such has Sigraflex, the material data was very limited for lack of supplier’s
data of a better characterization of it. The material data can be found in the Appendix .
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4.2 CONTACT CONFIGURATION

The ECRH TZM reflector tile is an assembly composed of different parts held together using
a specific bolting system. It is crucial to correctly set the contacts of the parts to accurately
model the real life phenomena. Contacts are a quite complex concept and introduce lots of
different problematics when modelling them. They can have all sorts of properties such as the
number of degrees of freedom and possible movement or a specific heat transfer coefficient.
In the case of the reflector tile assembly, the contact are of different types, mainly unidirec-
tional and bonded.

Mathematically, contacts such as unidirectional contacts introduce discontinuities and
nonlinearities that can influence convergence of the calculations. The methods chosen for the
contacts will impact the speed and stability of the calculations, this is why the settings of the
contacts were chosen with great care to avoid faulty calculations and improbable results.

In real life, the TZM tile is placed on top of the Sigraflex thermal gasket. The Cu-
CrZr heat sink is placed in the other side of the Sigraflex thermal gasket. Those two contacts
(tile/thermal gasket and thermal gasket/heat sink) are all unidirectional and frictional. The SS
cooling pipe is brazed onto the CuCrZr heat sink. This bonds the heat sink and the cooling
pipe together. For this contact, it is assumed that both are thermally perfectly bonded, mean-
ing that the temperature on one part at the boundary is the same as the temperature on the
contact boundary of the other part. In some cases, this brazed contact between the CuCrZr
heat sink and the SS cooling pipe will have a reduced contact area to simulate a "bad" brazing
and assess the impact of a worsen thermal contact.

The bolting system is a complex assembly and interacting parts composed of the TZM
bolts, the TZM holding pins, the SS nut, the INCONEL Belleville washers. The reflector tile
has a closed plasma-facing surface. The bolt heads thus need to the held in the tile, and be-
cause it is not possible to directly use the reflector tile to fix the bolt it was decided to design
TZM holding pins screwed on the side of the reflector tile. Those holding/retaining pins are
designed to retain the head of the bolt using fingers. In total, 8 of such pins are assembled
in the reflector tile. The holding pin/reflector tile connection is threaded but it was deemed
acceptable to consider it bonded. The contact between the holding pins and the bolts are,

however, unidirectional and frictional. The contact nut to bolt is also threaded but is consid-
ered bonded in the model. To accomodate for possible thermal expansion and deformation

of the parts while still assuring thermal contact between the TZM reflector tile and the Cu-
CrZr heat sink, as stack composed of three INCONEL Belleville washers acting as a spring,
putting pressure on the reflector tile and maintaining thermal contact. The washers push on
the CuCrZr heat sink. All those contacts (nut/washer, and washer/heat sink) are considered
to be unidirectional and frictional. The contact washer to washer is technically frictional but
for modelling and solving reasons, they will be bonded at the outer perimeter, they still can
rotate but not move. This was done to ensure calculation convergence. Free moving parts in
structural analyses will prevent convergence because of rigid body motion.

4.2.1 Initial contact setup
Initially, the early calculations only included (all contacts bonded):
e The TZM tile
* The Sigraflex thermal gasket.
e The CuCrZr heat sink.
* The SS cooling pipe.
This was done to test the modelling of the tile assembly and the bonding of the parts together.

While this wasn’t the most accurate model, the thermal calculations didn’t need and more
complex setup, and for the initial calculations, heat transfer was assumed to be perfect with

1100% of contact area between solids. The idea was then to add the bolting system. This
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means that the complex mechanical interaction between the boltins parts, especially the stack
of Belleville washers needed to be modelled. A global assembly model was thus developed to
implement the bolting system on the nature of the contacts and the modelling choices stated
earlier.

It is now possible to establish a contact model for the whole assembly:

Bonded

Frictional

Frictional

Frictional

CuCrZr heat
sink

Bonded

Bonded

Frictional

Bonded

Washer
2

Figure 4.2: Contact configuration for thermal and structural analysis

This model is acceptable but will be sometimes modified to assess the impact of the con-
tact modelling.

When setting up the contacts in ANSYS®, it is important to check for gaps of pener-
trations to avoid clipping issues. The status of the contact on a flat surface to surface contact
should be consistent to avoid solving issues.

Such inconsistent contacts can make the calculation unstable and potentially prevent
good results. Contact offset can be used to "close” the gap of the contacts allowing a better
contact configuration. Contact methods can also be modified to other formulations all having
their own use cases. For bonded contact and frictional contact, programmed controlled is

most used. MPC can also be used for bonded contact, but for 3D bodies, the default contact
settings also blocks all DoFs. Thermal contact is considered perfect because of the brazing.

It is assumed that the heat conduction is really high and the modelling is not possible without
data.

4.2.2 Field coupling and contact configuration

Contact are complex phenomena that can be dependant on multiples fields. In the case of
thermal-structural analysis, temperature and displacement fields can have an influence on the
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[ Over Constrained
B

] Near

[0 Stiding

[ sticking

Better contact configuration

Figure 4.3: Contact status comparison

contact status of a given contact (ie. the break of contact preventing heat conduction). In
chapter 5.4, field coupling is used to model the loss of contact between the heat sink and the
Sigraflex. It is discussed how manual update of the contact configuration can be of use to
assess the need for full field coupling. In the case of too complex

For coupled field calculations (ie. thermal-structural), the elements used have more
degrees of freedom (in this case these are displacement and temperature). The problem be-
comes large and convergence issues arise. It was decided to remove the bolting system as a
first approach. The bonding of the Sigraflex thermal gasket and the CuCrZr heat sink was
done in order to simplify the model and allow better if not convergence at all.
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4.3 PLASMA HEAT LOAD

The main heat load on the ECRH reflector tile is the plasma heat load. This reflector tile is
directly exposed to the plasma. The magnitude of the thermal load depends greatly on the
position of the components relative to the plasma. Components in direct contact with the
plasma boundary, such as the divertor targets are loaded primarily through convected power
loads, whilst the other components such as the wall panels are primarily loaded by radiation
from the plasma. For the design of the PFCs it is important to know for the different plasma
scenarios how the heating is split between the different components and how it is divided
between convected and radiated fractions. In addition to the plasma heat load, the ECRH
beam will also contribute to a certain amount to the heating of the tile assembly. Because this
assembly going to be under high functionnal heat loads, it is important to correctly model the
heat load of the plasma on the ECRH reflector tile.

Higher loaded area

Figure 4.4: Modules of the heat shield (HS)

The reflector tile is located in the module (H — 02) which is one of the most thermally
loaded areas of the HS. The Average thermal load in this area is 250kWm ™2 [4].
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44 MODELLING OF THE ECRH BEAM

One of the most crucial aspect of this task is the modelling of the ECRH beam. The correct
modelling of this beam will help accurately model the real-life stray radiation of the beam.

4.4.1 Calculation of the integration coefficients

The issue was in the parameters of the ECRH beam load distribution since it was not clearly
defined in the recalculation task requested by Torsten Stange. The little information about
the parameters of the beam load were the nominal total heat flow of 912W, Gaussian shape of
power distribution and the geometric properties of both axisymmetric and non-axisymmetric
distribution. Based on these data, a series of calculations aiming to recalculate the load dis-
tribution on the tile surface were undergone and provided good results.

Figure 4.5: Representation of the two ECRH beam heat flux distribution cases

The calculation of the integral parameters as well as the analytical calculation of the

surface integrals were done on Wolfram Mathematica®. There are two different cases, one
axisymmetric (circular) and another non-axisymmetric (elliptical). For the first case, almost
all of the power 99% hits the ECRH reflector tile. The standard deviation is defined to be
35mm, for debug and validation purposes, 86% of the power should be included within a disk
of radius 35mm. For the elliptical distribution, much less power hits the reflector tile. The
distribution properties are also different and feature two different radii, the minor semi-radius
and the major semi-radius. Their values are respectively 35mm and 68mm, both of them
defining an ellipse. Similarly to the circular distribution, for debugging, 86% of the overall
power should be included within the area of the ellipse.

With help of those information, the integration coefficients could be calculated. The
first integral was expressed in a cylindrical coordinate system. The first APDL code written
by J. Zhu [11] in 2019 only featured the circular heat flux distribution and was based on cal-
culations made by Torsten Stange. The integrated function for Gaussian distribution has the

form exp(—27r2). The surface integral can be written:
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/ exp(—2r%) dS (4.1)

Q

in cylindrical coordinates, dS = rdrd® and Q a surface in R2. When taking the normal distri-
bution, is it possible to rewrite the function and include the standard deviation ry. The integral

Tof fonQis:
2
I, = /exp (-2 (r) ) ds (4.2)
1o

Q

When developing the differential (in cartesian coordinates), the integral becomes:

2 +o0 21 2
/exp <_2 (r> ) ds = //exp <—2 (r> > rdrd0 4.3)
1o ro
Q 0 0

+oo 21 2 oo 2 2r
//exp (-2 <r> > rdrd@ = /exp (-2 <r> > rdr/ de (4.4)
ry ry
0 0 0 0
oo 2
:27r/exp <—2 () ) rdr 4.5)
ro

0

When calculated, the value of this integral is:

e 2
27t/exp (—2 (’) ) rdr=6,125-10"1 (4.6)
ro
0

This function is then normalized by multiplying both side by a coefficient ks, such
as knorm - 6,125 -10~*7 = 1 This coefficient has a value of 519,69 m~2. Since heat flux is in

[Wm™2)], knorm needs to be in [m~2]. To validate the normalization, it is possible to integrate
the same function, but only for the radius between 0 and standard deviation and multiplying
the function by k- This gives:

rg 2w 2
knorm //Cxp <_2 (1’> ) rdrd® | =0,8646 4.7
ro
0 0

The integral power of the ECRH beam is 912 W. This means that normalized ECRH
beam power distribution can be multiplied by the integral power. It is thus possible to define

qo ‘= Pgec‘je”;{ - knorm. In the case of the circular ECRH Gaussian heat flux distribution, the

value of g9 = 473957 Wm 2, this value will be used in the APDL code. The implemented
function is, in cylindrical coordinates (4.9):

2
.
Foion (r) = PR Kuoym exp (-z (0) ) W /] 8)
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2
]gj'){i{;f,j_(r) = 473957 exp (—2 (35[;’”]) ) W /m?] (4.9)

For the cartesian coordinates, the method of normalization is analog to the method used
for the integral normalization in cylindrical coordinates. The choice of the cartesian coordi-
nate system is because of the function for the elliptical ECRH power distribution case and
the way the ellipse is defined. Although it is possible to vary the radius in function of the
angle while working in cylindrical coordinates, or use the ellipse equation and application
of Fubini’s theorem in cartesian coordinates, another more practical approach was used to
compute the integral. The function f written in cartesian coordinates is as follows (a is the
minor semi-radius and b is the major semi-radius):

f(x,y) =exp (—2<(2)2+ (2)2» (4.10)

The integral of the function over Q is written:
2 2
I = 2((E)+()7))as 4.11
Q / exp( < ) T\ (4.11)
Q

in cartesian coordinates, dS = dxdy and Q a surface in R2. For the moment, the function
(4.10) is integrated over R2. To normalize the integral, it is possible to proceed the same way
than for the cylindrical integral (4.2).

R[ oo (-2((2)+(2))) as ://p (2(()+())) wr iz

If @ and b are equal, the distribution is circular. The normalization coefficient for the
cartesian should therefore be the same as the cylindrical one since the standard deviation of
the distribution is the same, the function is just expressed in a cartesian coordinate system.
Let a = b = 35mm, the integral becomes:

+o0 400 )
//exp Y dxdy = 6,125-10"4x (4.13)
35[mm]

—00 —00

The normalization coefficient is 519,69 m~2 and the integration coefficient go = 473957 Wm 2.
This coefficient is the same as the one for the distribution expressed a cylindrical coordinates.
To validate this, it possible to proceed the same as with the cylindrical distribution, integrat-
ing over a disk of radius 35 mm. There is a problem with integrating the function on a circle
in Cartesian coordinates, because the surface is a square of a rectangle. It is however pos-
sible to find an alternative solution to this problem using the Heaviside step function. The
2D-Heaviside step function is a discontinuous function defined as follows:

s~} 12752

The idea to calculate the integral over a circle or an ellipse is to multiply the integrated
function by the Heaviside function (4.14) to project its values over a non-zero area defined
by dQ, the closed perimeter of the surface.

The domain on which it is necessary to integrate is bounded by the circle equation
X2+ y2 = r(-z). Because the domain is a disk, the equation becomes X2+ y2 < r(%. The domain
of the circle is thus Q = {(x,y) € R%,rp € R: 13 —x* —y? > 0} and by the way the Heaviside
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step function (4.14) is defined in Wolfram Mathematica®, it becomes H (r§ — x> — y?).

Figure 4.6: 3D graph of the Heaviside step function defined over Q

To validate the coefficient k = 519,69 m™2, it is possible to now integrate in Cartesian
coordinates but on a disk. As said previously, the idea is to project the values of a function f
on a non-zero area Q defined by Hg, this is written as follows:

/ f rdrd® = / (f,Hq) dxdy (4.15)

'Qcyl Qcar

with Q. being the cylindrical integration limits and £, the cartesian integration limits. The
fully written and calculated integral is :

a b 2
k//<exp (—2 <3)5‘[Z1]> ) ,H(35[mm]2—x2—y2)> dxdy=0,867  (4.16)
—a—p

The value of the integral is correct, and the integration coefficient for the Cartesian co-

ordinates heat flux distribution is gy = 473957 Wm~2, which is the same as the cylindrical
one. This is a good sight since the distribution are defined to be the same, it is reassuring to
get the same result. For the elliptical one, the method is the same as the circular one except
the argument in the Heaviside step function (4.14) isn’t derived for the circle equation but
from the ellipse equation. The function for axisymmetric heat flux distribution written in
cartesian coordinates is (4.17):

2
car.CS _ _ X+y 2
xisym. (x,y) = 473957 exp < 2 (—35[mm]) > W /m? (4.17)

For the calculation of the non-axisymmetric integration coefficient (semi-minor radius
of 35 mm and semi-major radius of 68 mm), it is possible to proceed the same way as above.
The ellipse is defined via the ellipse equation (%) + (3)* = 1 with a and b being respectively

the minor semi-radius and major semi-radius. The Heaviside step function (4.14) is written

H (1 — (5)2 — (%)2) The normalization of the integral as well as the calculation of the in-

tegral on the ellipse is done the same way as before. The function on which the distribution
f is projected is the Heaviside step function (4.14) defined on an ellipse. The projection

(f,Hgq) is integrated and the results yields a normalization coefficient &y, of 267,5 m2
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and an integration coefficient g of 243948 W /m?. The function for non-axisymmetric heat
flux distribution written in cartesian coordinates is (4.18):

car.CS

2
X y
. = 24394 2| | 57— Py
non—axtS)m(x’y) 4B exp ( ((35[111111]) * (68[”""

(4.18)

])2>> W /o)

All integration coefficients as well as the standard deviations of the distributions are

summarized below:

Load Integration Semi — minor  Semi— major
oadcases coefficient norm axis axis
heat flux distri. W m~2] [m~2] [m] ]
Axisymmetric 473957 519,69 0,035 0,035
[cyl. CS]
Axisymmetric 473957 519,69 0,035 0,035
[car. CS]
Non — axisymmetric 243948 267,5 0,035 0,068

[car. CS]

Table 4.1: ECRH beam gaussian distribution parameters

4.4.2 Coding strategy and implementation in ANSYS®

In ANSYS® Mechanical, the heat flux applies a uniform heat load over the whole boundary.
This, of course, could be used to model the ECRH beam on the TZM tile plasma facing sur-
faces. While possible, this would be too conservative for the results and provide unrealistic
data. This is why, a custom heat load is used to model the heat distribution of the ECRH

beam. ANSYS® Mechanical does feature an APDL command function that creates an APDL
environment where it is possible to write a script that is executed when needed.

Toon over x )
—  Loop over x
~—1{ Loop over y
« Selection of all * Select from the * Calculation of the » Application of the
elements with current selection heat flux using the heat flux on the
centroids between all the elements distribution selected element
x; and x4 with centroids function evaluated
* Store the selection between x; and at
in esel %;+1 AND y; and (CTETNCTRTI®))
Yi+1
y y y y
Vit1 Yit1 Yi+1
Yi Yi Vi
Fl(GaxirD), Gayie)]
Hi Xiva X Xi Xir1 Xi Xis1 X X Xip1
A

LY

Figure 4.7: Heat flux distribution script for APDL
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This figure shows how the cartesian code works, the original code was written in a cylin-
drical coordinate system.

After calculating the ECRH beam load distribution function for different cases, the

functions need to be implemented in ANSYS®. The code written by J. Zhu [11] in 2019 can
be reused and modified to accommodate for coordinate system change. The original code
was written in cylindrical coordinates with only one loop for one variable, the radius r. How-
ever, the future code should support both axisymmetric and non-axisymmetric distributions,
which means having two variables, x and y. First, the code calculated the heat flux following
the heat flux distribution functions at the midpoint of this area (4.17)(4.18). The code then
selects all elements within a small area and apply to all of them the value of the calculated
heat flux from the midpoint of this area. The user defined heat flux distribution functions can
be found in Appendix II.
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5 | ANALYSES SETUP AND RESULTS

In this chapter, the setup of the different analysis is explained and the results are discussed.

5.1 STEADY-STATE THERMAL ANALYSIS

Steady-state thermal analysis is the main type of analysis that was carried out to analyse
the different components of the ECRH TZM-reflector tile assembly. Different scenarios and
loadcases were designed to give insight on the thermal behavior and performances of the
tile, that being, the impact of the design changes of the TZM-reflector tile, the influences of
different ECRH beam configurations or the influences of the film coefficient in the cooling

pipe.

5.1.1 Calculation of the surface integrales

To compare between the old and new tile design but also validate the finite element model,
calculating the surface integral can be of use. This idea behind this is to check for energy
conservation after integration the heat flux of the ECRH beam on the tile surface. Analytical
calculations are a good approach to estimate the overall heat flow through the TZM tile. Af-
ter the calculation of the surface integrales (see 4.4), it is possible to numerically estimate an
integral and predictict the heat flux through the old and the new design.

Removed area :

New design Old design
(~2% surface reduction)

Figure 5.1: 3D model of the TZM tiles for integral calculation

The surface onto which the heat disribution is integrated is a rough approximation of
the surface of the TZM tile (the projected area of the tile was simplified to a rectangle of size
95 mm x 95 mm). The function is then integrated using a Wolfram Mathematica® script. To
evaluate the validity of the analytical calculation, a finite element model including only the
old and the new TZM tile was developed to calculate the surface integral but using the finite
element method. The idea is to compare both methods to estimate the heat flow.

The idea of this analysis is to apply a heat flux on the plasma facing surface and a
set temperature (20 °C) at the back of the tile. This allows to calculate the power needed to
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assure (20 °C) at the backside of the tile. According to the theory of conductivity, the heat
flow entering the tile should be the same as the heat flow evacuated at the back. This can be
calculated analytically using the integral form of Fourier’s law. (see 2.3.1)

# q-dS = —k# VT -dS W] (5.1)

N N

The left hand side of the equation 5.1 is the thermal power d,Q in [W] transferred
by conduction and defined as d;,Q = #S q - dS. The differential dS is an oriented surface

area element in [m?]. On the right hand side of the equation is surface integral of the dot
product between the temperature gradient VT and an oriented surface area element dS. To
integrate this equation, it is assumed that the material is homogeneous with constant thermal
conductivity. It is then possible to integrate 5.1 for a 1-D geometry between two points. The
result of the integration gives the following expression for heat flow expression:

%0 = —k%AT W] (5.2)

In this expression, A is the cross-sectionnal area perpendicular to the heat flux in [W],
L is the distance between the two surfaces in [m], AT is the temperature difference between
both front and back surfaces and k is the thermal conductivity of the medium in [W/ m*K].
The cross-sectionnal area A and the length L are assumed constant as well as the thermal
conductivity k. It is possible to determine the heat flow flowing through the tile and the heat
flow evacuated through the boundary condition, they should be equal to satisfy energy con-
servation. Based on this, it is possible to use a model to approximate the heat flow through
the tile.

Temperatures are measured at
the two surfaces

Perfect insulation

Prescribed

Heat flux Temperature
Load case 20°C
dependant

Length L

vV

Perfect insulation

Cross-section 4
Figure 5.2: Model of the 1-D conduction test

According to 5.2, the evolution of the temperature inside the medium is linear. It is
then possible to calculate the heat flow flowing in and out (resp. 9,;Q;, and d,Q,.). The
idea is to find what heat flow 9,0, is needed in order to respect the prescribed temperature
boundary condition. After some calculations, it was found that d,Q;;, = —d; Q. This val-
idates the idea of calculating the surface integral using ANSYS®. The solver settings of the
ANSYS® project are by default progam controlled. Since the calculation isn’t too complex, it
is acceptable to continue with these settings. Prescribed temperatures at the back of the TZM
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tiles were defined and set to 20 °C (it is also important to keep in mind that the backside
temperature doesn’t affect the value of the integrales, any arbitrary temperature will work).

. Ternperature news 20, °C
. Ternperature old: 20, °C

Figure 5.3: Prescribed temperature of the ANSYS® model for surface integral calculations

The load cases are the standard load cases chosen to analyse the tile assembly. They
were designed to assess the influence of different ECRH beam heat flux distributions on the
thermal behavior of the TZM tile. They are:

Load cases Load case Plasma ECRH Film
number  radiation heat load  coef ficients

Plasma rad. ONLY 1 yes no 15 kWm—2°C!

Plasma rad. + ECRH ax- 2 yes yes 15 kWm~2°C™!

isym.

Plasma rad. + ECRH non- 3 yes yes* 15 kWm—2°C~!

axisym.

Plasma rad. + ECRH ax- 4 yes yes** 15 kWm—2°C!

isym. [J. Zhu parameters]

[11]

Table 5.1: Simulation scenarios, *non-axisymmetric heat flux distribution, **integration co-

efficients from J. Zhu [11]

The integral can be calculated analytically on Wolfram Mathematica® for the different
load cases. The surfaces of the analytical calculations were simplified (to a rectangle) to avoid
too complex calculations. It would have been possible to define a Heaviside over a surface
defined by an intersection of different linear functions bouding the domain of the surface.
The analytical calculations were done to estimate the order of magnitude of the heat flow

through the tile.
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Surface Sur face
Load cases integral for integral for
old design*, [W] new design™, [W]

Plasma heat load (250 kWm™2) 2700,8 2653,0
ECRH axisym. ONLY 912,0 912,0
ECRH non-axisym. ONLY 791,4 791,4
Plasma heat load + ECRH axisym. 3612,8 3565,0
Plasma heat load + ECRH non-axisym. 34922 34444

Table 5.2: Analytical calculations of the surface integrales, *Old tile surface = 0,010803 m2,
“New tile surface = 0,010612 m?

The calculation of the surface integrals on ANSYS® will be compared to the analytical
results. They will be used as reference values. The calculations are done with different
elemental order (linear and quadratic). In general, for thermal calculations, the elemental
order is linear as the results won’t change much with respect to the order.

Load Surface integral for Surface integral
oad case old design, [W] for new design, [W]

Element size 1mm 2mm 1lmm 2mm

Linear elements

Plasma heat load ONLY 2700,6 2700,6 2652.,9 2652.,9

Plasma rad. + ECRH ax- 3608,0 3607,6 3559,4 3560,3

isym.

Plasma rad. + ECRH non- 3495,9 3495,6 3446,8 34478

axisym.

Plasma rad. + ECRH ax- 3612,1 3611,5 3562,2 3562,3

isym. [J. Zhu parameters]

[11]

Quadratic elements

Plasma heat load ONLY 2700,6 2700,6 2652.,9 2652.,9

Plasma rad. + ECRH ax- 3607,2 3607,4 3559,4 3560,5

isym.

Plasma rad. + ECRH non- 3495,6 3495,7 3446,9 3447,6

axisym.

Plasma rad. + ECRH ax- 3611,8 3611,3 3562,2 3562,4

isym. [J. Zhu parameters]

(1]

Table 5.3: Finite element calculations of the surface integrales using the model 5.1
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There are a few things that can be discussed. Firstly the elemental order doesn’t drasti-
cally change value of the integral (the value of the integral changes by about 0,1 W between
linear and quadratic elements). For the thermal analysis of the whole tile assembly, linear
elements will be used to mesh the geometries. Another parameter is the element size that
varies between 1 and 2 mm and the variation also doesn’t affect the results (the surface in-
tegrales vary by about max. 1 W). The numerical calculations allow to verify the analytical
calculations and show little variation between values with only about 0,08% variation of heat
flow in average between the two calculations methods.

The surface integrales of the two designs can also be used to assess the decrease of
heat flow through the surfaces.

5.1.2  Comparison between old and new TZM tile design

The surface integrales of the two design can also be used to assess the decrease of heat flow
through the surfaces. It is also possible to calculate the energy balance to check the validity of
the calculation. Analytically, it is already possible to see the decrease in power flow through
the tile. This approximately 1,7% decrease in power flow is in accordance to the 2% surface
area decrease. The geometry change does have the desired effect.

Old tile New tile

Figure 5.4: Prescribed temperature of the ANSYS® model for surface integral calculations

The four load cases (see table 5.1) were calculated for the tile assembly. The radiation
on the plasma-side and PV-side of the TZM tile as well as the CuCrZr heat sink and SS cool-
ing pipe is applied.

The calculations are done and the reaction of the boundary conditions is calculated
and summed (XPower,,,) and compared to the FE calculations. So it is possible to validate
the numerical model:

Surface
Load cases integral, [W] LPower oy, [W]
Plasma heat load (250 kWm™2) 2652,9 2652,9
Plasma heat load + ECRH axisym. 3560, 3 3559,8
Plasma heat load + ECRH non-axisym. 3447,8 3450,4
Plasma rad. + ECRH axisym. [J. Zhu pa- 3562,3 3562,2

rameters] [11]

Table 5.4: Power conservation summary table
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The calculation of the whole tile assembly provided good insight on the temperature
distribution within the TZM tile and the CuCrZr heat sink. It is possible to see the temperature
reduction as an effect of a lower exposed surface area of the TZM tile. The temperature of the
heat sink is also lower for the new design than the older one. The design change of the TZM
reflector tile thus have an effect on the temperature fields of the assembly parts. It is also
important to keep in mind that the convection coefficient is set to 30 kWm~2°C~!, which
is not likely to be the real life value. This was assumed to compare the old calculations with
the new model.

A: ECRH reflecter, 250kW/m2 for both, with Sigraflex A: Steady-State Thermal
Termperature Temperature
Type: Temperature Type: Temperature
Unit: *C Unit: *C
Time: 15 Time: 2 5
Custom Obsolete Max: 667,55
i TGRS Min: 40,915
763,23 &35
66755 597,82
589,11 52809
510,66 45837
ann 388,64
353,78 31891
275,33 24918
196,89 17946
11844 109,73
40 40

A: Steady-State Thermal
A: ECRH reflecter, 250kW/m2 for both, with Sigraflex TIM tile
B Tempersture 7 Type: Temperature

Tyge: Temperature Unit: *C

_"']i'x_._lc’ Time: 25

Max: 746,86 m“ 556715;

Min: 557,82 in: 506, .
746,86 667,55
725,85 649,62
704,85 631,69
653,84 613,75
662,84 595,82
o
7882 ’

557,62 5241
506,17
C A: ECRH reflecter, 250kWim2 for both, with Sigraflex A: Steady-State Thermal

Temperature 2 .

T CuCrZr heat sink

ype: Temperature Tvoe: T tu

Unit: *C ype: Temperature

Time: 1 {Max_J 11.I_nrt: ¢

Custorn ime: 4 s

Max: 453,83

Max: 408,95 Min: 263,51

Min: 265,18 n: £82,

6855 453,83
450 450

4269 426,69
403,79 403,38
380,69 380,06
357,59 356,75
334,49 33344
311,38 31013
288,28 286,82
265,18 26351

Figure 5.5: Temperature fields for resp. old and new design. View A is the entire model, view
B is just the TZM reflector tile and view C is the CuCrZr heat sink.

The power conservation is indeed respected and it is possible to conclude several points:
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* The power conservation is respected and validates the numerical model.

* The analytical and numerical calculations show that the new design (reduction of the
TZM tile surface area) reduced power flow through the assembly by about 1,85% the
initial power of the plasma heat load (ECRH heat flux being small near the edges of
the TZM tile, it doesnt affect much the integral heat flow).

* The new design also lowered the temperature of all assembly parts, especially the Cu-
CrZr heat sink with a decrease of about 3,33% of initial design temperature.

5.1.3 Film coefficient influence on thermal behavior

After calculating the surface integrales, it is possible to perform the thermal analysis for the
different film ceofficients to assess the influence of it on the temperature field inside of the
assembly parts. The calculations were perfomed used the model defined in chapter 3.1. Early
calculations without ECRH heat load showed non-negligible influence of film coefficient
variations on thermal behavior of the TZM reflector tile assembly. The film coefficient’s
value was swept and only the lowest and highest were graphed as they are the most interesting
points.

Steady state thermal analysis
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Figure 5.6: Maximum part temperature in function of load case. The maximum operational
temperature is not fixed for CuCrZr.

It is possible to assess the temperature differences on the temperature fringe of the
ANSYS® Mechanical post-processor. The lowest film coefficient (the one most likely to
be attained during operation) is not enough to keep the heat sink from overheating (if said
maximum operational temperature of CuCrZr is set to 450 °C). Another temperature limit
discussed with Axel Lorenz was set to 500 °C (after the CuCrZr was tested at the Karlsruhe
Institute for Technology and no signs of considerable damage was seen).

The maximum temperature of the heat sink at 15 kWm ™ 2°C exceeds the maximum
temperature of 450 °C [5] [11] by about 13,7% (511,67 °C). If the maximum temperature

was set to be 500 °C, the lowest film coefficient still wouldn’t allow 250 KkWm™2. It is
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A B

A: Steady-State Thermal A: Steady-State Thermal

CuCrZr heat sink CuCrZr heat sink
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Figure 5.7: Maximum heat sink temperature for two film coefficients. View A is the old TZM
reflector tile design’s heat sink and view B is the new TZM reflector tile design’s heat sink

possible to conclude that the film coefficient range stated by J. Fellinger is not enough
to keep the heat sink from overheating/recrystallizing.

5.1.4 Load case influence on thermal behavior

To gain more insight on the thermal behavior of the tile assembly and characterize its func-
tionning, it is possible to perform static thermal analysis for various load cases, namely the
load cases explained in table 5.1.2. The film coefficient used fore these calculations is the

low 15 kWm~2°C.

For the first case, there is no overheating of the heat sink. For the three other cases, the
heat sink overheats with the last case (the ECRH heat load with the parameters from J. Zhu)
being the worst with the highest maximum temperature. In all cases with ECRH beam on, a
big fraction of the heat sink exceeds the maximum operational temperature. The issue of the
recrystallization of the bronze alloy was discussed and deemed NOT necessarily problematic
since the temperature of 450 °C can be exceeded and it was stated during a discussion with
Axel Lorenz that the alloy can be used beyond this temperature. While it is possible to sim-
ulate accurate metallurgical phase changes, it is nontheless complicated to model due to lack
of metallurgical and thermodynamical properties.

Because this analysis is a static analysis, the temperature field satisfies the thermal
equilibrium equation 0 = —aVT. It is possible to perform a transient thermal analysis to
determine the critical time at which temperature is exceeded for the ONE of the parts and
check the evolution of the temperature field for different pulse durations.

5.2 TRANSIENT THERMAL ANALYSIS
Transient thermal analysis is carried out to assess the different time durations at which:
* the maximum operational temperature of the parts is exceeded.
* the thermal equilibrium is atteigned.
* the effect of high temperature gradient on the evolution of the part temperature.

Those points will help us better understand the thermal bahevior of the tile and maybe allow
to set time constraints on pulse duration to avoid damaging the assembly.
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Figure 5.8: Maximum heat sink temperature in function of load case. View A is for plasma
heat load ONLY case, View B is for plasma heat load + ECRH axisymmetric heat load, View
C is for plasma heat load + ECRH NON-axisymmetric heat load and View D is for plasma
heat load + ECRH axisymmetric heat load with J. Zhu parameters.

5.2.1 Analysis for HEI to HE4 pulse duration

During the operational life W7-X, the device will be used in different operational phases.
Each operational phase has different and specific operational parameters such as the plasma
pulse duration [9]. The plasma pulse duration is called HE and have a number to characterize
them. There are 5 different pulse lengths (noted HE1 to HE4).

Pulse cycles for thermomechanical layout (minimum requirements)
Heating energy stages HE1 | HE2 HE3 | HE4 HES
Maximum power per pulse [MW] 10 24
Plasma pulse duration [s] 10 10
Energy per pulse [MJ] 100 240
Pulses per day / Dwell time 30 /900 30 /900
Plasma pulse duration [s] 100 200 600 1800
Energy [GJ] per Pulse 1 2 6 18
Pulses per day 1
Imparted energy per day [GJ] 4 I 5 | 9 l 21 7,2

Figure 5.9: Table of the pulse durations [9]

For OP2, the next operation phase of W7-X, the nest pulse duration is HE?2 (in an ideal
case, the parts of the tile assembly should not exceed their maximum temperature). The tile
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assembly will simulated for all cases except HES. The pulse is modelled by a step function
and the boundary conditions are the same as the one for the static thermal analysis 5.1.4.

It is also important to calculate a minimum timestep to avoid calculation errors. For
this, it is necessary to set a Fourier number and use its definition to calculate the minimum
timestep. We set the Fourier number Fo to be 10 (enough time has passed to the tile to reach
equilibirum temperature). It is important to note that this number is a placeholder and is as-
sumed to be that value.

The solver is set for 5 loadsteps:
* Loadstep 1 is the initial pulse start with small timesteps.
* Loadstep 2 is the HEI pulse (100 s).
* Loadstep 3 is the HE2 pulse (200 s).
* Loadstep 4 is the HE3 pulse (600 s).
* Loadstep 5 is the HE4 pulse (1800 s).

With that in mind, it is possible to run the calculations. The way the results are calculated is
by dividing the maximum temperature of the parts by their respective maximum operational
temperature. This allows to measure the distance between the maximum temperature and the
operational temperature. When the maximum temperature exceeds the operational tempera-
ture, it is also possible to determine when the ratio is equal to 1 and how much it overheats.

It is nontheless important to keep in mind that technically, the maximum temperature
of the heat sink change with respect to the stress, this analysis being entirely thermal doesn’t
take this into account. It is now possible to conclude on several different points

» The CuCrZr heat sink atteigns and exceeds maximum operational temperature 143 s
after pulse start.

* For HE?2, the temperature of the heat sink is exceed by about 1.08 x the max. allowable
temperature (450 °C).

* Quasi-steady-state is reached about 250 s after pulse start.

* The heat sink doesn’t respect specifications if max. CuCrZr operational temper-
ature is 450 °C.

5.2.2 Analysis for HE1 pulse length and cooldown

Because of the nature of heat transfer, for short duration, high heat fluxes, the heat wave
travels at a certain speed, causing temperature increase after shutdown of the heat load. This
latent heat diffusion effect was seen by Vojtéch Smolik and the NBI dump tile. The heat load
was 10 MWm ™2 during a fraction of a second. At this heat flux, the heat wave would heat the
heat sink even after shutdown of the NBI. To assess this effect of latent heating, the ECRH
reflector tile is exposed to HE'1 pulse duration (100 s) with 300 s of cooldown. This transient
analysis helps assess the magnitude of the latent heating phenomena.

The results show that the latent heat diffusion phenomenon is negligeable with a tem-
perature increase of approximately 0,1 °C over the span of about 0,5 s. This temperature
increase is very small and doesn’t greatly affect the general behavior of the tile assembly.

5.3 STATIC STRUCTURAL ANALYSIS

The reflector tile assembly is a highly constrained mechanical system that won’t just face
high thermal flux but also is mounted on a complex frame. The heat sink is brazed on a tube
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Transient thermal analysis
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Figure 5.10: Evolution of the temperature ratio e’gi in function of time (with echelon at all
0

HE pulse steps). Calculation done for the load case : Plasma heat load + ECRH axisymmet-
ric heat load.

that runs along the whole module with other heat sinks from other tiles brazed onto it. Some
of the tiles are held using support pins welded on the PV. Those pins have a limited range of
motion that could potentially negatively impact the structural integrity of the tile. Structural
analysis will help understand the local mechanical behavior of the tile as well as the influence

of the BCs.

5.3.1 Analysis of the boundary conditions influence

In his 2019 analysis [1 1], J. Zhu performed his FE analysis using specific BCs which were:
* One end of the SS cooling pipe fixed.
* The other end completely free.

This strategy is a good approach but could be not realistic by allowing too much motion. This
is why is it important to test if this modelling strategy influences the results. This BCs set will
be used as a reference and a series of simulations will test other BCs with different numbers
of degrees of freedom. This should help assess the impact of the tube and the neighbors of

the studied tile on its mechanical behavior.

To perfom this analysis, first, the model used by for the thermal analyses is reused
(to stay consistent with the modelling). The boundary conditions are the same as the ones

from [11].
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Figure 5.11: Evolution of the maximum temperature of the CuCrZr heat sink for 100 s pulse
and 300 s cooldown.

For an accurate modelling of the tube and the heat sinks, the whole module (H — 02)
4.3 is cut to only feature the two supports on which the reflector tile heat sink is brazed on.
The model doesn’t feature the graphite/TZM tiles nor the bolting system to simplifiy the cal-

culations.

The supports are welded onto the PV but can still move in some directions. The motions
of A is controlled via a remote displacement (which works like a screw with three transla-
tional DoF {TX,TY,TZ} and three rotational DoF {RX,RY,RZ}) whose DoF are piloted by

load cases.

Load cases TX TY TZ RX RY RZ
1 0 0 free O 0 0

2 0 0 free free O free
3 0 0 free free free free
4 0 free free free free free
5 free free free free free free

Table 5.5: Table of free and fixed DoF for the support A.
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Figure 5.12: Boundary conditions for the reference case (0).

The calculations were done using a coupled-field (thermal and structural) solver for
practical reasons, one-way coupling would also have been perfectly adapted to this problem.
The results of the analysis show different maximum displacement of the module.

To further assess the validitiy of the model, it is possible to compare the maximum
stress of the model for each load case to the Case 0. The stress shouldn’t change with respect
to load case and only change because of fictitious stress concentration introduced by the
mesh.

Heat sink . Relative
Heat sink ..
stress for Loadcase deviation
max. stress
Case 0 to case 0
[Pa] - [Pa] %
8,66E+08 1 7,66E+8 11,5
8,66E+08 2 7,65E+8 11,6
8,66E+08 3 791E+8 8,6
8,66E+08 4 8,03E+8 7,3
8,66E+08 5 8,85E+8 2,2

Table 5.6: Comparison of the maximum stress concentration in the heat sink.

It is possible to conclude that the boundary conditions of Case O are usable as is for
further structural calculations.
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Figure 5.13: View of the third of module H — 02 with the support parts and heat sinks of
adjacent tiles. A is the support that will be jointed and B is the fixed support

5.3.2  Contact status after calculations with 100% contact between TZM-tile and Sigraflex
thermal gasket

While performing the structural analysis, the contact status changed. Because the parts of
the tile assembly would bend and deform due to thermal expansion, some contacts, namely
the TZM tile/Sigraflex contact and the Sigraflex/CuCrZr heat sink contact would be broken
making heat transfer via conduction impossible. The surface area would be smaller and there
would not be as much heat evacuated. The 100% contact model thus doesn’t accurately rep-
resent reality.

In steady-state, the input heat load Q;, is constant. What happens is the decrease of
contact area between the two domain Q; and Q; limiting the heat transfer from Q; to Q.
The evacuated power Q,,,; is thus lower. Because of energy conservation, the heat radiated by
Q, is higher, increasing its temperature while the temperature of Q, is lower. This then leads
to the first approach to coupled analysis. A first simple method was developed to "manually"
update the contact geometry based on the results of the structural analysis.

It is possible to test this method and perform the FE analysis.

In the figure above 5.3.2, it is possible to see that the temperature field of the TZM re-
flector tile is higher for the updated contact model. This is in accordance with the prediction
by the general model 5.3.2. The issue with the manual update is the inacuracies subsequently
introduced by this manual approximation of the new contact configuration. When static struc-
tural analysis is performed on the new model, it is possible to see that the contact area tends
to shrink, which is in reality not the case.
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Figure 5.15: Contact area reduction phenomenom.

This conclusion leads to the logical choice of carrying out a fully coupled fields
analysis to counter this complex coupled problem.
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5.4 COUPLED FIELDS ANALYSIS
In the above chapter, it was concluded that complex coupled phenomena such as temperature

and displacement dependant contacts. To understand the coupling method and its mathemat-
ical implications, a little introduction to coupling will be done.

5.4.1 Introduction to coupled fields analysis

There are many different methods for multiphysics coupling. This idea of coupling fields is
to consider the effect of field A on field B and vice-versa using coupling terms.

Exterior forces Temperature-
dependant
displacement

(thermal expansion)

{u} th

Field B (temperature)

Field A (displacements)

Displacement-
dependant heat
flux

{Q}elastic

Heat fluxes

Figure 5.19: Fields coupling.

The coupling can be made of two different levels, the weak coupling (vector coupling) and
the strong coupling (matrix coupling). The vector coupling is generally less computationally
expensive. It works by adding to the right-hand side of the equation a coupling vector.

K[1,1] 0 {{Displacemem‘ field}} _ { {Forces} + {Forces}hermal }
0 K[2,2]| \ {Temperature field} {Heat fluxes}+ {Heat fluxes} ciastic
(5.3)

This method is less computationally expensive since the coupling is done by adding the
coupling vector. The system matrix is diagonal, meaning that it is possible to decouple the
calculation of the displacement field and the temperature field and create two subproblems
such that:

K|[1,1]{Displacement field} = {Forces}+ {Forces}hermal (5.4)
and the other
K[2,2]{Temperature field} = {Heat fluxes}+ {Heat fluxes}. ciastic (5.5)

This also means that the fields are NOT calculated at the same time but rather one after
the other. The method while taking less storage space requries more steps. Another way to
couple the fields is using the strong coupling (matrix coupling). In this method, the fields
are not longer coupled using a coupling vector but rather directly in the system matrix by
introducing off-diagonal coupling terms K[1,2] and K[2,1]. Those terms allow a direct cou-
pling of the fields as well as simultaneous calculations of the solution vector. This method is
computationally expensive and will require more storage space but less steps.
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K[1,1] K[1,2 {{Displacement field}} _{ {Forces} } (5.6)
K[2,1] K[2,2]| \ {Temperature field} | — \{Heat fluxes} :
Weak coupling is the method used in this analysis because the model is not complex,
the contact surfaces are plane and the bolting system is not modelled. The preload of the bolts
is modelled using forces. Those forces were derived from previous structural only analysis

(in average the preload force is 750 N). A comparison with strong coupling 5.6 was done to
assess the result differences and the results showed little deviation.

5.4.2 Static thermal-structural analysis of the tile assembly

After these considerations, it is possible to proceed with the calculations. The model is tested
for four load cases 5.1.

Max: 431,73 Max: 554,99
A Min: 262,01 Min: 340,38
() ° ° ®

450 554,99 .
450 450
275 4275
405 405
382,5 382,5
360 360
337,5 3375
315 315
2925 0,5 L. o
270 270

Max: 544,36 Max: 557,24

Min: 332,61 D Min: 340,59 . .
544,36 557,24
450 450
2275 4215
405 405
3825 382,5
360 360
3375 3375
315 315

292,5 292,5 ° °
270 | 270

Figure 5.20: Coupled analysis of CuCrZr heat sink per load case. A is plasma heat load
only, B is plasma heat load + ECRH axisymmetric heat load, C is plasma heat load + ECRH
non-axisymmetric heat load, D is plasma heat load + ECRH axisymmetric heat load (J. Zhu
parameters) [11].

The results are showing high CuCrZr temperatures. The maximum temperatures are
higher for the coupled analysis compared to the case with 100% of thermal contact and the
manually updated contact. It is possible to compare with a table to get a more direct compar-
ison.

While the coupled analysis can be more handy when it comes to modelling complex
phenomena, they are quite complex to set up. The problem of the contact configuration
plagued the model by conditionning the problem is such a manner that it becomes unstable
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and won’t properly converge for all DoFs. This is the reason why, for this early multiphysics
model, the bolting system had to be excluded.

Load cases Full contact  Reduced contact  Full coupling
Plasma heat load (250 414,24 406,26 431,73
kWm?)

Plasma heat load + ECRH 511,67 49463 554,99
axisym.

Plasma heat load + ECRH 503,85 487,64 544,36
non-axisym.

Plasma heat load + ECRH 515,88 496,39 557,24
non-axisym. J. Zhu

param.)

Table 5.7: Temperature table of the CuCrZr heat sink per load case vs. modelling method in
°C.

This table gives insight about the different results, namely, the fact that the coupled
analysis will produce much higher maximum temperatures. The results are particularly con-
servative and better material properties could have predicted different temperatures. For the
Plasma heat load + ECRH axisymmetric load case the temperature increased by about 10%
(ref. full contact calculations). For the Plasma heat load + ECRH non-axisymmetric load-
case: temperature increased by about 9,5% (ref. full contact calculations). When ECRH load
is applied, large volumes of the heat sink exceed the limit temperature (if max. temperature
is 450 °C) (24,8% of the temperature limit for Plasma heat load + ECRH axisymmetric load-
case and 22,5% of the temperature limit for Plasma heat load + ECRH non-axisymmetric
loadcase.)

These results show that the optimal way to model the tile assembly and to perform optimal
calculations, it is recommended to use a coupled physics model. Multiphysics coupling
including the bolting system but also including metallurgical phase change could be of use to
get more information about the state of the different parts during the life cycle of the assem-
bly.
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6 | CONCLUSION AND RECOMMENDATIONS

The aim of this thesis was to investigate the thermal and mechanical behavior of the ECRH
reflector tile of W7-X and to validate the proper functioning of the assembly for future oper-
ation phase OP2. Through a comprehensive modelling of the tile assembly and the diverse
use of finite element analysis, this study has provided significant insights into the thermal
performances of the tile assembly.

The findings reveal that the new tile design proposed by Victor Bykov does indeed
help reduce power flow through the tile reducing the temperature (i.e. CuCrZr heat sink has
a decrease of about 3,33% of initial design temperature). It was also found out that the film
coefficient used by Jiawu Zhu in his 2019 study is not likely to be attained during operation.
This was found to lead to overheating of the heat sink which could trigger a recrystallization
of the bronze alloy and negatively impact the structural integrity of the tile assembly. Further
discussion with Axel Lorenz stated that this shouldn’t be an issue with the alloy currently
used but should still be carefully assessed. To assess the duration at which the heat sink over
heats, a transient thermal analysis was performed and the results showed overheating about
143 s after pulse start and steady-state reached after about 250 s. These results have important
implications for tile assembly since its behavior limits the plasma pulse duration, suggesting
that an overheating subsystem could impact the whole performance of the machine.

However, it is important to acknowledge the limitations of this study. It is not possible
to accurately model the system when considering 100% thermal contact. These limitations
may have influenced the calculated temperature fields, and addressing them further in future
research could yield even more robust conclusions. A first approach was to run multiphysics
simulations coupling thermal and structural calculations. This was a good way to capture
complex coupled phenomena but the bolting system could not be properly implemented be-
cause of instabilities during solving.

In light of the results, several avenues for future research have been identified. It is
recommended to continue the development of multiphysical models of the tile assembly to
further analyze the in-depth mechanics of its functioning. It is also proposed, in a more mod-
el/experiment approach, to consider the installation of temperature sensor on different parts
of the tile assembly to gather information and compare the numerical model to real data. This
could help steer the development of further more advanced models of this critical part of the
PFCs. These directions hold promise for further advancing our understanding of the thermal
and mechanical behavior of PFCs and addressing the questions that remain unanswered.

In conclusion, this thesis has contributed to the field of nuclear fusion by providing
good insight on heavily constrained plasma facing components, which remain an engineering
challenge to reach commercial fusion. The insights gained from this research offer valuable
perspectives on the thermal and mechanical behavior of the ECRH reflector tile of W7-X and
pave the way for future investigations that can build upon this foundation.

6.1 Recommendations

After the analysis if the different results, it is recommended to pursue the development of
the multiphysical model of the tile assembly and the implementation of the bolting system in
that model. This means the solving of the convergence issues (mostly due to faulty contact
configuration) seen during the development of the early coupled fields analyses. While com-
putationally expensive and complex modelling, such a multiphysical model could be of great
help understanding the real life behavior of the tile assembly and move from a rudimentary
model with 100% thermal contact to a better description of real life phenomena.

The installation of a temperature sensor is also recommended to collect data and refine
the numerical model based on the collected data. This also allows to validate the numer-
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ical model and monitor the evolution of the temperature and subsequently the state of the
assembly during the operational phase.
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APPENDIX I

The updated thermal and mechanical properties of the materials are given in tables.
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T A o C, E 14 P
C) Wmtectl] PCT) [Jkg'°CTY] [GPa]  —  [kgm™]
20 - 5,30E-06 - 300 0,32 10200
25 122 - 248 - - -
100 121 - 255 - - -
200 119 5,30E-06 264 - - -
400 116 5,40E-06 279 - - -
500 - - - 260 0,32 -
600 112 5,60E-06 289 - - -
800 109 5,80E-06 299 - - -
1000 - 6,00E-06 - 220 0,32 -
1200 - 6,20E-06 - - - -
1400 - 6,40E-06 - - - -
1500 - - - 140 0,32 -
2000 - - - 40 0,32 -

Table 1: Thermal and mechanical properties of Titanium Zirconium Molybdenum

T A o Cp E v p
) wmtec] [cl] kgT'°CT!] [GPa] — [kgm ]
20 338 1,57E-05 388 128 0,3 8920
100 342 1,63E-05 392 125 03 -
200 350 1,70E-05 400 121 03 -
300 360 1,76E-05 410 115 03 -
400 372 1,82E-05 422 109 0,3 -
500 387 1,86E-05 437 102 03 -
600 404 1,88E-05 454 - - -
700 423 1,90E-05 473 - - -

Table 2: Thermal and mechanical properties of Copper Chrome Zirconium
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T A o C, E v p
C) Wmtectl] PC) [Tkg'°CTY] [GPa)  —  [kem
20 13,5 1,61E-05 472 196 03 8010
100 14,9 1,67E-05 501 190 0,3 -
200 16,7 1,72E-05 525 182 03 -
300 18,3 1,77E-05 532 174 0,3 -
400 19,8 1,81E-05 555 166 0,3 -
500 21,3 1,84E-05 582 158 0,3 -
600 22,7 1,88E-05 604 150 03 -
700 24,2 1,91E-05 610 142 03 -
800 25,6 1,94E-05 611 134 03 -
900 - 1,97E-05 615 - - -
1000 - 2,00E-05 641 - - -

Table 3: Thermal and mechanical properties of Stainless Steel 1.4981

T A o Cp E v P

ccl wmlee] cl] [kgt'°CT!] [GPa] — [kgm ]
20 15 1,70E-05 460 211 0,3 8000

100 - 1,70E-05 - 206 03 -
200 - 1,75E-05 - 200 03 -
300 - 1,78E-05 - 192 03 -
400 - 1,80E-05 - 183 03 -
500 - 1,82E-05 - 173 03 -
600 - 1,85E-05 - 162 03 -

Table 4: Thermal and mechanical properties of Stainless Steel 1.4980



Page 59 of 61

T A o Cp E v P
S o T o T A e T . I
20 12 1,34E-05 440 199 0,31 8200
100 13 - - 195 0,31 -
200 - 1,34E-05 - 190 0,31 -
300 - 1,38E-05 - 185 0,31 -
400 - 1,41E-05 - 179 0,31 -
500 19 - - 174 0,31 -
600 - 1,47E-05 - 167 0,31 -
700 23 - - 163 0,31 -
800 - 1,64E-05 - 149 031 -
900 27 - - 134 0,31 -
1000 - - - 120 0,31 -
1100 - - - 100 0,31 -

Table 5: Thermal and mechanical properties of INCONEL 2.4668

T Ax Av.z Oy Oy z Cp E \Y p
C) Wmtlec™] wWmtlecT] e FCcll kgT'ocT'] [GPa) — [kgm ]
20 3 154 3,00E-05 1,00E-06 700 07 0,15 1000
250 2,6 105 - - - - - -
500 2,1 82 - - - - - -
750 2,1 69 - - - - - -
1000 2,1 61 - - - - - -
1250 2,1 56 - - - - - -
1500 2,1 53 - - - - - -
2000 2,1 51 - - - - - -

Table 6: Thermal and mechanical properties of Sigraflex
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APPENDIX II

Listing 1: APDL script of the gaussian heat distribution developed
by J. zhu [11]

csys, 100 1
cmsel ,s,plasma_srf 2
esln 3
esel ,r,ename, , 152 4
nsle 5
cm, temp,elem 6
7

cycn=arg3/arg2+1 8
cycn=nint(cycn) 9
10

| cocooooooonoomooorcsssosossosoonnos ! 11
*do,n_,1,cycn !positive 12
cmsel,s, temp 13
x1=(n_-1)*arg2 14
X2=n_*xarg? 15
x0=(x1+x2)/2 16
17
esel ,r,cent,x,x1,x2 18
*get,elemn_,elem,@,count 19
20

!calc the heat flux follow the above formula 21
flux_0=-2%(Xx0/0.05) **2 22
flux_x=250000*exp(flux_0)+argl 23
24
*xif ,elemn_,ne,0, then 25
sfe,all,1,HFLU,1, flux_x 26
*endif 27
*enddo 28
29
| cococooooonoonmoorcssssssosooooonooos ! 30
alls $ csys,© 31
32
kbc , 1 33

The code above was developed by J. Zhu for the ECRH beam implementation in

ANSYS®. This code was reused to help compare the new code with the existing one. The
new code below was developed to support both axisymmetric and non-axisymmetric heat
load distribution. The non-axisymmetric distribution is expressed in a cartesian coodirnate
system, the code should then be rewritten to include a double for-loop, one for the each axis.
The new code is a little bit longer but can support any distribution. It was tested extensively
by calculating the surface integral and comparing the results with the analytical calculations
(see 5.1.1).
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Listing 2: APDL script of the gaussian heat distribution developed

for both axisymmetric and non-axisymmetric

csys, 110

cmsel ,s,plasma_srf
esln
esel,r,ename, ,152
nsle

cm, temp,elem

cycn=arg3/arg2+1
cycn=nint(cycn)

*do,i_,1,cycn
x1=(i_-2)*arg2
x2=(i_-1)*arg2
x0=(x1+x2)/21i

*do,j_,1,cycn
Iselection of the temperature
cmsel,s, temp
y1=(j_-2)*arg2
y2=(j_-1)*arg2
yo=(yl+y2)/2

esel ,r,cent,x,x1,x2
esel ,r,cent,y,yl,y2
*get,elemn_,elem,@,count

OCoOoONOOUTh~ WwN =

lcalc the heat flux follow the above formul28
flux_0=-2%((((x0-0.052067) /0.035) x*2) +(((y029

-0.05142)/0.068) *x2))
flux_x=243948xexp(flux_0)+argl

*if ,elemn_,ne,0, then
sfe,all,1,HFLU,1, flux_x
*endif
*enddo
*enddo

élls $ csys,0
kbc , 1

30
31

32
38
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