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Abstract

Nuclear fusion represents one of the most promising pathways toward
sustainable, large-scale, and low-impact energy production. However, the
extreme operational conditions within fusion reactors, characterized by
elevated temperatures, intense neutron irradiation, and severe mechanical and
magnetic loads, pose significant challenges for the structural integrity and
long-term reliability of reactor components.

This doctoral work has been developed along two complementary and
parallel research lines, conducted respectively within the academic framework
of the University of Salerno and in collaboration with the engineering
company LT Calcoli as part of an industrial partnership.

Within the academic research, the focus was placed on fracture mechanics
applied to the divertor of the DEMO (DEMOnstration power plant) fusion
reactor, one of its most critical structural components. A comprehensive finite
element (FE) model was developed to capture the thermo-mechanical
response of the divertor under realistic operating loads. Using submodeling
and Linear Elastic Fracture Mechanics (LEFM) approaches, stationary semi-
elliptical cracks were introduced to assess stress intensity factors (S/Fs) and
identify the most critical regions. The study was further extended to simulate
crack propagation under multi-step loading conditions, allowing fatigue life
estimation through Paris’ law and the prediction of the number of cycles
required to reach critical crack sizes. Additionally, a multi-crack growth
analysis was performed to investigate the simultaneous presence of two cracks
located in adjacent critical regions. Finally, an elastoplastic material model
was implemented to evaluate the deviation of the structural response from the



linear elastic assumption. The obtained results identified the most vulnerable
divertor zones and demonstrated the sensitivity of crack growth to thermal
gradients and combined loading effects.

In parallel, the industrial research conducted with LT Calcoli focused on
the thermo-mechanical design and analysis of a robotic arm intended for the
maintenance of the DEMO Breeding Blanket, operating under severe thermal
conditions. The study assessed the structural response of the manipulator to
high heat conductive and convective fluxes originating respectively from the
Blanket and the surrounding environment and explored design and material
optimization strategies to enhance heat resistance and achieve a more uniform
temperature distribution.

Beyond the specific results obtained in each research line, the original
contribution of this work lies in the development of an integrated methodology
for assessing the structural integrity of fusion reactor components under
realistic operational conditions. The combined use of the submodeling
techniques, fracture mechanics and lifetime assessment analyses establishes a
predictive framework capable of capturing complex loading interactions and
realistic operating conditions more accurately than conventional approaches.

The integration of these two research directions yields a comprehensive
contribution to the structural safety, durability, and maintainability of next-
generation fusion reactors, supporting their reliable and sustainable
development.



Introduction

INTRODUCTION

The growing instability of global energy markets, accentuated by
geopolitical crises and disruptions in supply chains, has highlighted the need
for a secure, sustainable, and resilient energy system. The volatility of fossil
fuel prices and concerns about energy security further underscore the urgency
of transitioning toward alternative energy sources that are reliable and
environmentally sustainable [1]. The surge in oil and gas prices, together with
concerns about the availability of natural resources, has led many countries to
reconsider their energy policies and to seek solutions that reduce dependence
on non-renewable sources.

Moreover, as highlighted in global reports on the future of energy, the rapid
economic and demographic growth expected in the coming decades will result
in a significant increase in energy demand [2]. Developing nations, with their
growing need for electricity to power industry, transportation, and housing,
face the challenge of ensuring access to abundant and clean energy without
compromising the environment or citizens’ health. This makes the search for
clean and plentiful energy sources a crucial challenge for the planet’s future.

In this context, nuclear fusion emerges as one of the most promising
solutions. Unlike nuclear fission, which is currently used in conventional
nuclear power plants, nuclear fusion does not produce long-lived radioactive
waste and does not involve the related risks associated with managing nuclear
waste. Furthermore, fusion has the potential to provide a virtually unlimited
supply of energy, harnessing the most abundant and easily accessible fuels,
such as the hydrogen isotope deuterium, which can be extracted from seawater
[3]. This could significantly reduce dependence on finite mineral resources
such as coal, gas, and uranium, and contribute to greater global energy
security.

Nuclear fusion could also have a significant impact on combating climate
change, as it provides a carbon-free source of energy capable of supporting
growing energy demand without contributing to global warming. If fusion
technologies manage to overcome the existing technical and economic
challenges, they could radically transform the global energy landscape,




contributing to greater diversification of energy sources, higher price stability,
and reduced greenhouse gas emissions.

Ongoing research in this field, such as that being conducted at the
International Thermonuclear Experimental Reactor (ITER) project in France
[4], is crucial to moving closer to commercial nuclear fusion. Although we are
still far from achieving practical large-scale fusion, technological
developments in recent years have been encouraging. Advances in materials
resistant to high temperatures, magnetic confinement systems, and plasma
management suggest that within the next few decades, we may be able to
harness this energy source efficiently and safely.

Nuclear fusion, therefore, is not only a promise for the future but an urgent
necessity for building an energy system that meets the global challenges of
sustainability and security. With the support of targeted government policies
and investments in research and development, nuclear fusion could become
one of the keys to solving the global energy crisis and ensuring a more
sustainable future for generations to come. However, harnessing fusion energy
on an industrial scale presents significant scientific and engineering
challenges that must be addressed to ensure its feasibility as a commercial
energy source.

Nuclear fusion, the process that powers the sun and other stars, involves
the merging of light atomic nuclei, typically isotopes of hydrogen such as
deuterium and tritium, to form heavier elements, releasing enormous amounts
of energy in the process. This reaction occurs naturally under the extreme
temperatures and pressures found in stellar cores. Reproducing these
conditions on Earth represents a formidable challenge, as it requires reaching
temperatures exceeding 100 million degrees Celsius, high enough to
overcome the natural repulsion between positively charged nuclei. Achieving
such temperatures is a crucial milestone but also presents tremendous
engineering difficulties.

At these extreme temperatures, matter exists in the form of plasma, an
ionized state in which atoms are separated into their fundamental components,
electrons and nuclei. This plasma must be confined in such a way that particles
can collide frequently enough for fusion to occur, while preventing contact
with the reactor walls, which would cool the plasma and dissipate its energy.

To achieve this, scientists create a state of matter known as plasma, in
which atoms are ionized, separating electrons from nuclei and generating a
collection of charged particles that can be controlled by magnetic fields. The
challenge lies in developing an effective magnetic confinement system
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capable of withstanding the extreme temperature and instability conditions of
plasma. Magnetic confinement reactors, such as fokamaks [5], use powerful
magnetic fields to trap the plasma in a doughnut-shaped configuration.
However, maintaining plasma stability for extended periods remains a major
challenge, as even slight instabilities can cause plasma loss and potentially
damage the reactor.

In addition to magnetic confinement, continuous heating mechanisms are
required to reach and sustain the necessary plasma temperature. These
techniques further increase the plasma’s temperature but also add complexity
to reactor design and operation. Moreover, as the plasma approaches the
required temperature, it must be kept stable long enough for a controlled
fusion reaction to occur. This demands sophisticated feedback systems
capable of rapidly adjusting magnetic fields and heating parameters in real
time.

The goal is to contain and stabilize the plasma long enough for fusion
reactions to take place, producing energy that can be efficiently harnessed.
This involves developing solutions to manage the immense heat and energy
generated by fusion, which far exceed those produced by traditional energy
sources. Designing materials capable of withstanding such extreme heat and
radiation represents another major engineering challenge.

The potential of nuclear fusion lies in its ability to provide a virtually
inexhaustible and clean source of energy, producing zero greenhouse gas
emissions and minimal radioactive waste.

However, achieving these technological milestones requires not only
overcoming scientific challenges but also developing robust engineering
solutions that can scale fusion reactors for commercial energy production.

The work carried out during the Ph.D. years focused on the structural and
thermo-mechanical performance assessment of components within the DEMO
fusion reactor, with particular emphasis on the divertor and remote
maintenance systems for Breeding Blanket sectors. The study addressed key
challenges related to high thermal, mechanical, and electromagnetic loads, as
well as the extreme conditions that structural materials must withstand over
the operational lifetime of the reactor.

The main objectives of this thesis are collocated within this scenario. On
one hand, the research aimed to investigate the fracture behavior of the DEMO
divertor under various loading conditions, including pressure, thermal,
electromagnetic, and combined loads, with the goal of predicting crack
nucleation points, growth, and the component lifetime. On the other hand, the




thesis focused on the design and analysis of remote maintenance systems for
the breeding blanket, evaluating their thermal performance under steady-state
and transient conditions.

The scientific and technological motivations for this work stem from the
need to ensure safe, efficient, and long-lasting operation of DEMO
components exposed to extreme environments. The divertor, as a plasma-
facing component, experiences high thermal fluxes and particle loads, while
structural and cooling systems must maintain integrity and performance over
extended periods. Similarly, the remote maintenance systems play a critical
role in reactor operation, enabling maintenance and replacement of
components without compromising safety or operational continuity.

The thesis is structured as follows: after this introduction, Chapter 1
provides an initial overview of the DEMO reactor and its main components.
Chapter 2 presents the adopted F'E DEMO divertor configuration, including
loading conditions, material properties, and boundary conditions. Chapters 3,
4, and 5 detail the static crack analysis, crack growth assessment, and lifetime
evaluation, respectively, while Chapters 6 and 7 focus on multiple crack
effects and plastic material modeling, performed to validate the results
previously obtained within the LEFM framework.

Chapter 8 describes the schematization of the Remote Maintenance
problem, characterizing the second part of this thesis work, and Chapter 9
addresses the design and analysis of the remote maintenance systems for the
DEMO breeding blanket, including theoretical and numerical models, FE
simulations, model validation, sensitivity analyses, and preliminary results.
Chapter 10 reports the first results obtained for the simplified structure after
model validation, and Chapter 11 presents the results for the real, more
complex 3D structure.



1.The DEMO project

In the pursuit of sustainable fusion energy, EUROfusion, the European
consortium dedicated to nuclear fusion research, plays a crucial role in driving
the development of fundamental scientific and technological advancements.
The strategic plan of the consortium outlines the essential steps for the
transition from experimental fusion to commercial fusion [6], defining a
progressive and well-structured roadmap to achieve fusion reactors capable of
generating energy at an industrial scale. The first major milestone of this plan
is the completion of the ITER reactor, Figure I [7], a facility designed to
demonstrate that nuclear fusion can indeed provide a reliable and sustainable
source of energy. ITER, representing an unprecedented scientific and
engineering endeavor, is expected to operate for about two decades, during
which it will serve as a testbed for the principles and technologies that will be
fundamental to future fusion reactors [8]. Over this period, /TER will provide
crucial data and insights to refine plasma confinement techniques, manage
materials exposed to intense radiation, and control nuclear fusion reactions,
thus creating a vital knowledge base for the next steps.

Figure 1 — ITER nuclear reactor detail



The DEMO project
1.1 DEMO reactor overview

The experience gained with /TER will directly guide the subsequent
development of the European Demonstration Reactor, better known as DEMO
(Figure 2,[9]). This represents the next decisive step toward achieving nuclear
fusion on a commercial scale. The DEMO reactor will be the first fusion plant
capable of generating net energy, that is, producing more energy than it
consumes, and feeding it into the electrical grid. This achievement is
fundamental to demonstrate not only the scientific feasibility of fusion but also
its economic viability.

Figure 2 — DEMO power plant idea

The realization of DEMO will require detailed design work and careful
evaluation of engineering solutions—from reactor architecture to plasma
control and management technologies, to energy production and distribution
systems. Its construction and operational startups are expected by the end of
the century, representing a milestone toward the adoption of nuclear fusion as
a primary, reliable, and clean energy source.

Beyond its construction and operation, the DEMO program will include a
series of advanced experiments and tests to optimize reactor design and
address the complex challenges that will emerge during the transition to large-
scale production. This phase will demand vast resources and international
collaboration, with continuous investment in research, development, and
innovation. The ultimate goal is to make nuclear fusion a safe, economical,
and sustainable energy source for the future, one that can significantly reduce
greenhouse gas emissions and ensure a global energy supply capable of
meeting the challenges of increasing demand.
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The realization of DEMO will be the culmination of decades of research
and development, but its implications are immense. This facility will not only
demonstrate the technical feasibility of nuclear fusion on a commercial scale
but will also serve as a cornerstone for the future energy industry. With
appropriate policies and sustained public and private investment, the success
of DEMO could mark a turning point in the transition to a new era of clean
and abundant energy, helping to ensure global energy security and
environmental sustainability for future generations.

1.2 Advanced materials in fusion reactors

The development and characterization of structural materials capable of
withstanding the extreme environments within fusion reactors are crucial for
ensuring both efficiency and longevity. Fusion reactors, particularly those
based on magnetic confinement, such as tokamaks, operate under conditions
far more severe than conventional energy systems (Figure 3, [10]). The plasma
inside the reactor reaches temperatures exceeding 100 million degrees
Celsius, while surrounding components are subjected to high thermal loads,
intense neutron irradiation, and significant mechanical stresses.

P magnetic flux surfaces

separatrix (LCFS)

edge I’EgIOQ \

D %
2 scrape-off "
ANZ layer _
2 ~
? N
2 \
v Il

7 / first wall
2

plasma core

. " patfle
divertor region
N

vertical divertor

private flux ¢ target plate

region
separatrix strike point

|

pump
Figure 3 — Poloidal cross-section of a DEMO tokamak plasma

These extreme conditions pose unique challenges for the materials that
make up the reactor’s structural components, imposing stringent requirements
in terms of strength, durability, and the ability to maintain performance over
time. Among the key components (Figure 4) subjected to the most critical
thermal and mechanical stresses are the first wall of the breeding blanket and
the divertor.
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Each of these components faces extremely demanding conditions that
require innovative and highly resilient materials.

The first wall (Figure 4, [11]) serves as the initial barrier between the
plasma and the reactor structure. Directly exposed to intense heat fluxes and
high-energy particles, including neutrons, the first wall must withstand
extreme heat without degradation. It must also resist the damaging effects of
neutron irradiation, which can cause atomic displacements and material
weakening over time.

The breeding blanket (Figure 4) is the component positioned directly
behind the first wall and plays a crucial role in both energy conversion and
fuel production. Its primary function is to breed tritium, one of the fuels
required for fusion reactions, through interactions with the high-energy
neutrons generated in the plasma. Additionally, the blanket absorbs a
significant portion of the thermal energy released during fusion, transferring
it to the cooling system for power generation. The materials used in the
breeding blanket must therefore combine neutron multiplication, thermal
conductivity, and structural resilience, ensuring long-term reliability under
intense irradiation, high thermal loads, and mechanical stresses.

Currently, materials such as tungsten and carbon-based composites are at
the center of research efforts, as they exhibit promising thermal and
irradiation-resistant properties. Tungsten, for example, is known for its high
heat resistance and low sputtering rate (loss of particles under bombardment),
while carbon composites offer advantages in heat management and durability,
though they still require improvement to better withstand neutron impacts.
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The divertor (Figure 5,[12]) is an essential component designed to remove
excess heat and particles from the plasma, diverting them away from sensitive
areas of the reactor. This part of the system is subjected to thermal fluxes far
greater than those experienced by the first wall, often exceeding temperatures
of 1000°C. Due to these extreme conditions, the divertor also undergoes rapid
thermal cycling, which can cause thermal fatigue and material degradation.
Therefore, thermal fatigue resistance is a key property for divertor materials,
alongside the ability to resist damage caused by high-energy neutrons
produced during fusion reactions. Materials used in the divertor must endure
repeated heating and cooling cycles without compromising their structural
integrity [13,14,15]. In modern designs, Eurofer97, a reduced-activation
ferritic-martensitic (RAFM) steel, is increasingly used in structural
subcomponents of the divertor, replacing the previously considered AISI
316L. This substitution is motivated by Eurofer97’s lower neutron-induced
activation, better resistance to swelling and irradiation damage, and its ability
to maintain mechanical strength and dimensional stability under high neutron
fluxes, making it more suitable for DEMO divertor components exposed to
intense radiation and thermal loads. [16]. The use of advanced refractory
materials, such as carbon-based composites or high-strength metal alloys, is a
critical area of study aimed at improving the durability and reliability of these
components under thermal and mechanical stress [17].

Inboard vertical target

Outboard vertical target

Wishbone

Shielding liner \\

Cassette body
Outboard reflector plate

Figure 5 — DEMO Divertor scheme

1.3 Nuclear irradiation and impact on materials

Another major concern involves the impact of neutron irradiation. Fusion
reactions generate high-energy neutrons that interact with materials, causing
atomic displacements, hardening, and embrittlement [18]. This radiation
damage is one of the main challenges, as it can significantly reduce the
lifespan of materials used in the first wall, divertor, and other reactor
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components. Neutron irradiation can also alter mechanical properties such as
strength and toughness, thereby compromising reactor safety and reliability.
To address these issues, it is essential to develop advanced materials capable
of withstanding such damage without compromising overall performance.
Radiation-resistant metal alloys, ceramic matrix composites, and carbon-
based materials designed to resist radiation-induced degradation are rapidly
evolving fields of research.

1.4 Sustainability and material innovation

To ensure that fusion reactors can operate safely and efficiently over
extended periods, careful selection and engineering of structural materials are
essential. Research focuses on advanced alloys, composites, and ceramics that
not only resist heat and radiation but also provide long operational lifespans,
minimizing the need for maintenance and frequent replacement. Furthermore,
research into cooling and thermal management technologies is crucial to
ensure that reactor components can endure extreme thermal stresses without
compromising system efficiency. In summary, the development of materials
resistant to neutron irradiation, thermal, and mechanical stresses is one of the
most critical challenges for the success of nuclear fusion as a sustainable
energy source. Overcoming these challenges will require continuous
innovation, investment in research and development, and strong international
collaboration to ensure that fusion reactors can operate safely, efficiently, and
reliably over time.
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2.Adopted divertor configuration

2.1 DEMO divertor loading conditions

The divertor is one of the key components of a nuclear fusion reactor,
serving to re-move the heat generated by the plasma through the fluid
refrigerant system. Under these conditions, the divertor is subjected to
multiple types of loads, including:

* Thermal loads, due to the particle and radiative flux from the plasma;

* Internal pressure loads, generated by the coolant circulating in the cooling
circuits that maintain component temperature stability;

» Electromagnetic (EM) loads, arising from plasma currents and
confinement magnetic fields;

* Neutron irradiation, which induces material damage;
* Swelling, i.e., material expansion caused by radiation damage.

The adopted DEMO divertor configuration features two separate coolant
circuits [/19,20], with the following operating pressures: 5 MPa for the Inner
and Outer Vertical Targets (/V'T and OVT), and 15.5 MPa for the other
components (Figure 6).
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Figure 6 — DEMO divertor components

The analysis begins with a global model of the divertor, in which pressure,
thermal and £M loads are applied independently:

e In the pressure load case, the stress scenario produced on the vertical

target by the refrigerant fluid pressure, equal to 5 MPa, is analyzed
(Figure 7).

Section plane

Pressure
effect

Figure 7 - Pressure due to the refrigerant system

During the thermal load case, the nodal temperatures obtained from a
thermo-fluid dynamics analysis at the Normal Operating Conditions (NoC)
[19] are applied as thermal loads (Figure &). These temperatures were first
computed through a dedicated thermo-fluid dynamic simulation and
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Adopted divertor configuration

subsequently exported in terms of nodal temperature distributions. The
resulting temperature maps were then imported into the structural finite
element model and applied at the corresponding spatial coordinates.

Due to the unavoidable differences between the meshes used in the thermo-
fluid dynamic and structural analyses, the respective nodal locations did not
coincide exactly. Therefore, a mapping procedure based on a “weighted
triangulation” interpolation was employed by Ansys Workbench to transfer the
thermal field from the source mesh to the target structural mesh.

820,13 Max
733,56
646,98
560,41
473,83
387,26
300,68
2141
127,53 Min

Figure 8 — Nodal temperatures [°C] applied in the thermal load case

During a vertical disruption event (VDE), a plasma instability in which the
plasma column rapidly moves in the vertical direction and loses confinement,
the divertor assembly is subjected to significant induced Lorentz forces. The
time evolution of these resultant forces acting on the divertor assembly is
taken from Ref. [21].

The critical time instant is defined as the load step at which the resultant
Lorentz force on the divertor reaches its maximum value. The nodal forces
and their corresponding coordinates were subsequently extracted and used in
the following analyses. A resume of the applied loads in the two analyses is
reported in Table I:

LOAD CASE  IVT Pressure loads IVT Thermalloads IVT EM loads

Pressure 5 MPa No thermal loads No EM loads
Nodal
Thermal No pressures Temperatures No EM loads

extracted by [20]
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Nodal forces

EM No pressures No thermal loads extracted by [21]
Nodal
Combined 5 MPa Temperatures No EM loads

extracted by [20]

Table 1 — Scheme of the loads applied in the two studied analyses

2.2 Materials

The support brackets, the cassette body, the reflector plates together with
the OVT and the IVT are made of Eurofer97 (Figure 9), whose properties are
taken from RCC-MRx [22]. The Inconel 718 elastic material, whose
mechanical properties are taken from SDC-IC [23], is used for the support
links. The connection between the vertical target body and the cassette body
is achieved through support brackets, pins, and links: both the /V'T and OVT
supports consist of two rows of brackets, one set attached to the target body
and the other attached to the cassette side; these are connected via matching
pins and links. A general joint is defined between the faces of the support
bracket and the pin to prevent reciprocal sliding.

[ 14306 steel
[l Tungsten Pure Elastic SDC-IC v3
[0 inconel 718 Elastic

[l eurorers?

Figure 9 — Adopted materials and details of the IVT connections

2.3 Boundary conditions
In the global model, two boundary conditions are applied (Figure 10):
e A fixed support is assigned to the two ‘noses’ of the cassette body.

e Aninitial displacement is imposed on the wishbone to simulate a pre-
load [24] equal to 100 kN (acting in the direction of the red line).

16



Adopted divertor configuration

Figure 10 — Global boundary conditions details
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3.8tatic crack analysis

In order to rigorously analyze crack propagation within the components of
the divertor, it is necessary to introduce the theoretical foundations of Linear
Elastic Fracture Mechanics, a discipline that allows for the description and
quantification of the behavior of materials containing defects under linear
elastic conditions. This theory assumes that, even in the presence of
discontinuities, the surrounding material behaves in an elastic and linear
manner.

Subsequently, based on the theoretical foundations just introduced, the
numerical operations performed on the FE model of the component will be
described in detail. In particular, the procedure for introducing static cracks
within the FE sub-models using the FRANC3D software will be illustrated,
and the local response of the material will be analyzed in terms of the
distribution of the stress intensity factor K. This approach makes it possible to
accurately evaluate the behavior of the component in the presence of initial
defects, simulating realistic operating scenarios. The same steps are followed
by Giannella et al. [25], who adopted a LEFM-based crack propagation
framework using the software ABAQUS in combination with FRANC3D to
model crack initiation and growth scenarios in welded steel joints,
demonstrating the effectiveness of this approach in capturing long crack
propagation phases.

3.1 Concepts of linear elastic fracture mechanics

One of the fundamental aspects of LEFM is the description of stress
concentration near the crack tip, an area where, according to classical
elasticity theory, stresses theoretically tend to infinity. To overcome this
limitation, LEFM introduces the concept of the Stress Intensity Factor (SIF),
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which provides a quantitative measure of the singularity of the stress field
around the crack.

The SIF, commonly denoted as K, depends on the geometry of the
component, the loading configuration, and the crack length, and it is divided
into three main modes of crack opening:

Mode I (opening mode — tensile opening): the most relevant in practical
applications, where the crack faces move apart due to a normal tensile stress.

Mode II (sliding mode — in-plane shear): where the crack opens due to a
tangential shear stress.

Mode III (tearing mode — out-of-plane shear): associated with shear
stresses perpendicular to the crack plane.

In the context of LEFM, the behavior of the material near the crack tip can
be analytically described through the Westergaard and Irwin solutions, which
are derived from the equations of plane elasticity. In the presence of a crack,
a stress singularity arises approaching the crack tip.

For Mode I (opening perpendicular to the crack plane), the stress field near
the crack tip can be expressed in polar coordinates by egs. (1-3):

ur0) = feos(2)[1 - sin2)in () w

o:0) = i cos(2) 1 5n (9 i (2 @

0 = s (9o (9o (2) @
where,

e Kjis the Mode I Stress Intensity Factor;

e 1 — 0 represents the region near the crack tip, where stresses
theoretically diverge;

e 0 is the angle with respect to the crack axis.

These expressions show that the stresses behave as o ~ 1/3r, highlighting
the singularity around the crack tip. However, the LEFM approach is
considered valid only as long as local plastic deformation (at crack tip)
remains confined and does not extend beyond a certain region.
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A simplified form for classical cases (such as a central crack in an infinite
plate under uniform tension) is given by eq. (4):

K; = ovma 4

In real and more complex geometries, the value of K is corrected by a
geometric factor Y (eq. (5)), which can be determined analytically,
experimentally, or through FE simulation:

K, =Y-ovma 5

The crack is considered stable as long as (eq. (6)):

K; < K¢ (6)

where K. is the fracture toughness of the material, the critical value
beyond which unstable crack propagation occurs. This property is
experimentally determined and represents a fundamental design limit.

The main objective of the analysis is to study the variability of stress
intensity factor K as a function of different geometric and loading parameters.
In particular, the goal is to investigate the evolution of K with respect to
changes in crack length, orientation relative to the principal stress field, and
location within the component.

This parametric analysis makes it possible to identify the most critical
configurations for crack propagation and provides a quantitative framework
for assessing the component’s sensitivity to the presence of initial defects
under realistic operating conditions.

3.2 Analysis workflow

The present study addresses the structural analysis of an extremely
complex component, the divertor, a key element in fusion reactors, subjected
to particularly severe loading conditions. The divertor is modeled in its
entirety through a FFE analysis, which includes all its structural
subcomponents: the vertical target supports, reflector plates, shielding liner,
wishbone, cassette body, and nose. The primary objective is to gain a highly
detailed understanding of the behavior of these components under the
combined action of various loads. The loads considered in the global model
include electromagnetic stresses, thermal loads, and internal mechanical
pressures. The global FE analysis provides a comprehensive overview of the
stress state within the divertor, thereby allowing the identification of
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potentially critical areas that are more susceptible to crack initiation and
propagation.

Based on the global results, the submodeling technique is then applied to
isolate the critical components and analyze them with higher local resolution,
while maintaining mechanical consistency with the global model through the
application of appropriate boundary conditions. This phase serves a dual
purpose: on the one hand, it enables detailed investigation of geometrical
features and local load distributions; on the other, it establishes the foundation
for the fracture analysis itself.

On these sub-models, an external procedure is implemented using the
FRANC3D software, specifically designed for fracture mechanics analysis. In
this initial stage, static cracks are introduced, modeled with semi-elliptical
geometries of varying orientations and dimensions (Figure 1), in
correspondence to the areas identified as critical. The analysis focuses on
calculating the Stress Intensity Factor (SIF), a key parameter in Linear Elastic
Fracture Mechanics (LEFM), as it quantifies the local stress field at the crack
tip. The SIF value provides crucial information on the crack’s severity and its
tendency to propagate under a given load.

Crack Type

-

f/ 7 '\\?
\ 1
~ 7

f J——

1@

RS

drz d2 user points

Figure 11 - Crack types that can be analyzed using FRANC3D

This process is carried out in particular on the VT of the divertor, across
different load cases, mechanical, thermal, electromagnetic, and combined
pressure-thermal, while varying the position and orientation of the introduced
cracks.

By applying this approach to each component of the divertor, it is possible
to construct a highly detailed overall picture of the divertor’s fracture response
and that of its individual subsystems. This provides fundamental insights for
the design, maintenance, and long-term reliability of the entire system.
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3.3 Analyzed configurations

This chapter presents the results of the fracture analysis conducted on /V'T
of the divertor. As a preliminary step, the results from the global FE model
corresponding to the considered load case were examined in order to identify
the critical regions of the component where significant peaks of the calculated
principal stresses occur. These areas represent potential crack initiation sites
and were therefore selected as locations for the insertion of semi-elliptical
cracks within the corresponding sub-models.

Assuming crack nucleation at critical points, once these points are
identified, cracks are introduced and their growth evaluated, followed by a
simplified fatigue analysis. To achieve greater accuracy in the study of
individual components without significantly increasing computation times,
the submodeling technique is employed. This methodology, in the field of the
structural integrity [26], allows for a locally refined mesh by focusing on a
single component, enhancing result resolution and enabling detailed analysis
of subcomponents.

3.3.1 Pressure load case

From the global analysis, the displacements, plotted in Figure 12, are
obtained and subsequently applied as boundary conditions to the /V'7T sub-
model, transferred through the plate surfaces highlighted by the red circle.
However, to fully define the sub-model, it is not sufficient to apply the
displacements on the cut surfaces, coming from the global model resolution,
but it is also necessary to account for external forces and thermal loads acting
directly on the sub-model itself, such as:

e Internal pressures or surface loads that act on the component;
e Temperature fields or thermal gradients that generate thermal
strains within the sub-model.

0,0015499
0,0013284
0,001107
0,00088563
0,00066422
0,00044281
0,00022141
/]

Figure 12 — Displacements [m] computed in the global model (pressure load
case)
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As shown in the case of the /V'T, the comparison of maximum principal
stress (MPS) between the global model and the sub-model indicates that the
stress contours retain the same shape, but with slightly different values (#igure
13). Thanks to the submodeling analysis, it is possible to identify the critical
point of the component, that is, the region potentially most susceptible to crack
initiation (Figure 14).

At this point, a semi-elliptical crack is introduced using the FRANC3D
software, with a depth arbitrarily set to 1/4 of the local wall thickness and an
aspect ratio of 1/3 (Figure 15). The plane experiencing the highest stress at the
identified critical location is presented in Figure 16. Initially, the crack is
oriented in the plane parallel to the lower surface of the /T and passing
through the critical point. This will be referred to as the “0° crack”. In Figure
17 the crack and its associated stress state are shown. The analyzed crack is
subsequently rotated first by 45° and then by 90° relative to its original plane
(Figure 18, Figure 19).

1,678%7
-3,3578e7 Min

Figure 13 — Comparison between MPS [Pa] of the IVT in the global model (on
the left) and sub-model (on the right)
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184,66 Max
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23
L]
16,789
-33,578 Min
Critical point
selected

Figure 14 — Identification of the critical point in the IVT in terms of MPS [Pa]
during the pressure load case

22.5mm

7.5 mm

Figure 15 — Initial crack size
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[ Maximum Principal
[ Middle Principal
[ Minimum Principal

1.98e8
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6,6667e7
33333e7
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-3,3333e6
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-1e7
-3,5655e7

IVT lower area

Figure 16 — Critical crack location for the pressure load case

9,3416e8 Max
1,425e8
1,212508

30 mm™a

Figure 18 - 45° Crack detail and corresponding Von Mises stress state [Pa]
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6,2409¢8 Max
1,425e8
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2e7
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Figure 19 - 90° Crack detail and corresponding Von Mises stress state [Pa]

Then, using the M-integral method [27,28] implemented in FRANC3D, it
is possible to calculate for the modeled cracks the three SIF's contributions
separately (Figure 20): K;, Kj;, Kjj;, corresponding to the crack opening modes
1 II, and Il (Figure 21, Figure 22, Figure 23).

Figure 20 - Domain of integration for computing the 3D M-integral

The M-integral is a fracture mechanics-based method used to evaluate the
stress intensity factors (SIFs) for three-dimensional cracks. It is an extension
of the classical J-integral and is specifically formulated to separate the
contributions of the three crack opening modes: mode I (tensile opening),
mode II (in-plane shear), and mode III (out-of-plane shear). In this approach,
a closed contour or a thin volume surrounding the crack front is defined, and
the integral of the elastic energy density is computed using the nodal
displacements and stresses obtained from the FEM solution (eq. (7)):

1 ouj
Mi = fI" (Eaijsijni - O'l'j 'gink) ar (7)

where:

e | =], 11,11l indicates the crack mode,
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. . . 1
e The first term is the strain energy density, W = 5 0ijEijs

* og;jand g;;are the stress and strain tensors,
e yjare the nodal displacements,
e n;is the outward normal to the integration contour I

The stress intensity factors are then obtained from the M-integral values
through the relationship (eq. (8)):

K; = JE - M; (3

The key advantage of the M-integral is its ability to provide mode-
separated SIFs along the entire crack front, even in complex 3D geometries
and under combined loading conditions, including mechanical and thermal
effects. The computed M-integral values are then converted into the
corresponding stress intensity factors K;, K;; and Kj;;, which represent the
local fracture driving forces. This method is particularly suitable for use with
FRANC3D, where it can be applied as a post-processing tool on FEM models
to evaluate crack propagation potential and assess the structural integrity of
components under realistic operational loads.

The results show that as the crack approaches the vertical configuration,
there is an increase in the Mode / SIF and a decrease in the Mode // and Mode
111 SIFs. This confirms the premise that the 90° configuration is the most
critical, as the crack is positioned orthogonally to the MPS calculated at the
critical point (Figure 16).
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Figure 21 — K results by the three cracks configurations
S o JE
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Figure 22 — Ky results by the three cracks configurations
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Figure 23 - Ky results by the three cracks configurations

3.3.2 Thermal load case

In addition to the pressure load case analysis, a thermal load case scenario
is considered, in which only thermal loads are applied. In this scenario, the
nodal temperature fields are imported from a previous thermo-fluid dynamic
analysis representative of the NoC, that is, the steady-state operating
conditions of the reactor. Figure 24 shows the temperature fields applied to the
IVT. The application of these temperature distributions allows the
reproduction of the actual effects of thermal gradients that develop during
divertor operation, where intense heat fluxes occur in the plasma-exposed
areas and volumetric thermal loads arise. These thermal gradients generate
significant stress states that can be a critical factor in the initiation and
propagation of cracks. First, the global displacements are reported in Figure
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Static crack analysis

25, and the red circle shows the boundary conditions transferred to the /V'T
sub-model. In this case as well, starting from the global analysis, the MPS are
evaluated and subsequently recalculated using the submodeling technique on
individual subcomponents.

484 24 Max
. 14592
= 40759
369,27
33095
29263
2543
d 21598
177.66
139,33 Min

Figure 24 — Nodal temperatures [°C] applied to the divertor during the thermal
load case

Figure 25 — Displacement magnitudes [m] computed in the global model
(thermal load case)

Figure 26 shows the most critical orientation in terms of MPS among the
various possibilities, highlighting that the maximum principal stress lies along
the line indicated by the two red arrows. Therefore, the crack expected to be
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critical is the one positioned orthogonally to this line. The objective is to
identify the areas of the most critical model in terms of potential Mode / crack
openings and then proceed with a detailed fracture analysis. A clarification
concerns the selection of the critical point, which is not chosen in the most
stressed area of the model. The areas highlighted in red in the contour plot
were not selected as critical, since they are affected by the imposed boundary
conditions acting on the submodel, which prevent any modification of the
geometry or the mesh. Figure 27 shows the placement of the crack in the model
and the two tips that define it.

Figure 26 — MPS [Pa] computed in the IVT submodel (thermal load case)

The calculated S/F is shown in Figure 28 and refers to the most critical case
of the thermal load case, consisting of a crack inclined at 0° (as inferred from
the critical orientation shown in Figure 26). This results in K; values much
higher than those calculated in the pressure load case. Moreover, the
asymmetry of the curve is due to the fact that one of the two crack tips is closer
to the red-colored zone in the contour plot, which indicates a more critical
state of stress.

Figure 27 — Position of the critical crack
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Mode I Stress Intensity Factor
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Figure 28 - K; computed in the critical point for the “0° crack”

3.3.3 EMload case

The EM load case is analyzed to quantify the impulsive Lorentz forces
resulting effects on the /V'T and compare it to the previous cases. The
displacements determined by this loading condition are represented in Figure
29:

0,0020105 Max
0.0017871

= 00015637
0,0013403

= 0.0011169
0,00089355

=~ 000067016

0,00022339
0 Min

Figure 29 — Displacement magnitudes [m] computed in the global model (EM
load case)

In Figure 30 the resulting MPS are showed in the uncracked configuration
of the IVT, and a critical “red” area is highlighted; In Figure 37 is reported the
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cracked configuration, remeshed thanks to the FRANC3D software and the
corresponding maximum principal stress distribution in the component, while
in Figure 32 the SIF along the crack front is plotted.

1,841968 Max
17

7506

5e6

2 506

[

-1,8636¢7 Min

Figure 30 — MPS [Pa] in the uncracked IVT configuration

Figure 31 — Critical point identification and MPS [Pa] plot of the cracked IVT
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Mode I Stress Intensity Factor
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Figure 32 - K; computed in the critical point

3.3.4 Combined pressure-thermal load case

The last load case analyzed consists of applying both pressure and thermal
loads simultaneously, more specifically considering a configuration in which
the pressure remains continuously active while the thermal load is applied
cyclically through on—off cycles (Figure 33).

Pressure + Thermal

load step P Py P
Kmax
=
=
o
o
=
< Kmin
Pressure load step [ Y B S NN AV SR ® -
Time [s]

Figure 33 — Loading configurations of the combined load case

A first image of the condition when both the loads are active is given by
Figure 34. In this configuration it is possible to look at the displacements
determined over all the structure by this combined load case.
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0014114
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Figure 34- Displacement magnitudes [m] computed in the global model
(combined load case)

In Figure 35, the focus is placed on the MPS evaluated on the /V'T, and the
region of interest within the component is highlighted. Section planes are
employed to isolate a limited region of the /V'7T, as the combined application
of pressure and thermal loads in this load case results in a significantly higher
computational cost (Figure 35).

=4

22—}

-3,6797e8
-4,7396¢8 Min

Figure 35 - MPS [Pa] external distribution and sub-model extraction

In Figure 36 it is clearly showed the extracted /V'T sub-model and the
respective Von Mises stress distribution.
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Max principal stress [1]

V.Mises [Pa)

Max principal stress [2]

7,3113e6 Min

Figure 36 — Detail of the sub-model: Von Mises stresses [Pa] and local
maximum principal stress direction in the two analyzed configurations

In the following Figure 37 and Figure 38 the mode I SIF’s are reported for
the first load step with only pressure applied and for the second one with the
addition of the thermal load.

Mode I Stress Intensity Factor
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Figure 37 - K; computed in the critical point (pressure load step)
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Figure 38 - K; computed in the critical point (pressure + thermal load step)



4.Crack growth analysis

4.1 Analysis workflow

The simulation is performed using the FRANC3D software, which allows
evaluation of crack evolution based on local stress fields and component
geometry. An underlying phenomenon, influencing crack propagation, is
crack kinking, i.e., the deflection of the crack from its original plane (Figure
39).

—

Figure 39 — Crack kinking principle

This behavior is governed by the Maximum Tensile Stress (MTS) criterion
of Erdogan and Sih [29], according to which the crack tends to deflect
orthogonally to the direction in which the maximum principal stress occurs.
In other words, the local orientation where the principal stress reaches its
maximum determines the preferential direction of crack propagation. This
criterion allows for a realistic prediction of the crack front orientation, even in
the presence of non-uniform or complex stress fields.
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The results of crack growth are evaluated for the most critical configuration
of the two analyzed load cases, corresponding to the point and orientation of
the crack identified during the static crack analysis phase.

The propagation of the previously introduced crack was simulated in five
incremental steps of 0.2 mm each, resulting in a total crack advancement of 1
mm (Figure 40). For the pressure and thermal load cases an increment of 0.2
mm was selected to investigate the crack growth under each individual loading
condition. Conversely, in the combined load case, a larger propagation
increment was adopted to evaluate the number of cycles required to produce
more substantial crack extensions, thereby assessing the component’s
behavior under more realistic and cumulative service conditions.

Crack propagation is investigated for all the previously defined load cases,
with the exception of the EM case, as its loading condition is stochastic in
nature and not representative of regular operating scenarios. Moreover, the
electromagnetic (EM) loading is inherently transient and dynamic, being
associated with fast plasma events and rapid current variations. A detailed
dynamic analysis of the EM case is beyond the scope of the present work; for
this aspect, the reader is referred to Zhang et al. (2023) [30], who investigated
the dynamic structural response of the DEMO divertor under electromagnetic
loading.

4.1.1 Pressure load case analysis

In the pressure load case, the following Figure 40 shows the step-by-step
evolution of the crack, while the figures from Figure 41 to Figure 44 highlight
the resulting SIFs.

Figure 40 — Crack growth analyzed
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Figure 41 — Kj related to the 90° crack growth (configuration of Figure 19)
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Figure 42 — Ky related to the 90° crack growth (configuration of Figure 19)

As can be seen from the graph in Figure 44, the K; values initially increase
but then tend to decrease. This seemingly counterintuitive behavior can be
explained by analyzing what happens within the thickness of the wall in which
the crack is embedded (Figure 45): it can be observed, in fact, that as the crack
propagates, the central part of its front approaches a region with a decreasing

stress field.
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Figure 43 — Ky related to the 90° crack growth (configuration of Figure 19)

Mode I Stress Intensity Factor

567.0

566.0

365.0

564.0

563.0

5620

K; (MPay/mm)

361.0

560.0

559.0
00

02 04 06
distance along path

Figure 44 — Peak values of K; along the middle crack front obtained from the
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Figure 45 — Detail of the Von Mises contour plot [Pa] for the critical
configuration of the “pressure load case”
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4.1.2 Thermal load case analysis
Performing the same steps for the thermal load case yields the following
results (Figure 46, Figure 47, Figure 48, Figure 49):
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Figure 46 - K; related to the 0° crack growth (critical configuration)
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Figure 47 - Ky related to the 0° crack growth (critical configuration)

It can also be observed here that the Mode / SIF tends to increase during
crack propagation, while the Mode I/ and /Il SIFs remain an order of
magnitude lower. In Figure 49, unlike what is observed in the pressure load
case, the graph shows a monotonically increasing trend of maximum Stress
Intensity Factor along the propagation always in correspondence of the crack
front point defined by a normalized distance of 0.15 (Figure 50).
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Figure 48 - Ky related to the 0° crack growth (critical configuration)
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Figure 49 - Peak values of KI along the normalized distance of 0.15

Figure 50 - Path corresponding to the normalized distance of 0.15 along the
crack front

4.1.3 Combined pressure and thermal load case analysis

The crack growth of the combined load case is structured in two load steps,
as described in the previous chapter (§3.3.4). In the first one, only the pressure
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loading is switched on, while in the second the thermal contribution is added.
To investigate the stress intensity factor behavior for larger crack sizes, the
crack is propagated in 0.5 mm increments instead of the 0.2 mm used in the
other load cases. The obtained results are showed in Figure 51, Figure 52 and

Figure 53.
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Figure 51 — Crack growth for the combined load case (Kj)
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Figure 52 — Crack growth for the combined load case (Kn)
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Figure 53 - Crack growth for the combined load case (Ki)

Figure 54 shows the SIF during propagations at the crack front point whose
normalized distance is equal to 0.05, because here K gets the highest values

during the crack growth in the combined load case.
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Figure 54 - Peak values of K; along the crack front (2" load step)
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5.Divertor lifetime assessment

5.1 Methodology

The final phase of the study is dedicated to an assessment of the necessary
cycles to determine the analyzed crack growth in the component, with the aim
of estimating its reliability under realistic operating conditions. The analysis
is conducted in a simplified form, considering the cyclic effect of the thermal
load or the pressure load independently. In the pressure load case, only on/off
cycles of the applied pressure are analyzed, while in the thermal load case, the
analysis focuses exclusively on the on/off application of the thermal load.
Starting from the SIF values calculated in the crack growth simulations, the
corresponding 4K is determined, i.e., the stress intensity factor range
associated with the load cycle. This parameter represents the key variable for
predicting the crack propagation rate under fatigue conditions.

5.2 Reference material data

For modeling the phenomenon, eq. 9 is used, where da/dN is the crack
growth rate per cycle, 4K is the stress intensity factor range, and C and m are
material-dependent coefficients:

da _ -, m

~=C (AK) 9
In this study, the C and m parameters were identified from the literature for

the material Eurofer97 (Table 2), which is one of the reference structural

materials for the divertor components.

In the following study [31], the fatigue crack growth data were initially
calibrated in the near-threshold region, corresponding to the initial portion of
the Paris curve. This calibration was performed according to the modified law

(eq. (10)):
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Z—; = C- (AK — AKy)™ (10)

where:
o AK;y is the value below which no crack growth occurs.

To relate these results to the classical Paris law, without the additional
threshold term, the curves reported in the article were first plotted using the
modified-law coefficients (eq. (10)). The growth law parameters were then
recalibrated in the linear region of the Paris curve, where da/dN vs. AK
exhibits a linear relation in a log-log scale. The resulting Paris law was finally
applied in FRANC3D and used to evaluate crack growth rates within the
operative range of AK for the modeled components.

The Eurofer97 fracture toughness value is significantly higher than the
maximum value obtained in the present analyses, e.g. exceeding 8000
MPa-Vmm at 20 C° as shown in ref. [32]. In a first, simplified analysis, the
fatigue lifetime under individual load cases (pressure or thermal) was
evaluated by assuming a stress ratio equal to zero, corresponding to a pure
“on—off” operating condition. Subsequently, the combined load case, in which
the two load steps previously described are superimposed, was analyzed.

Figure 55 shows the Paris curves in log-log scale related to the Furofer97
calculated with the computed parameters of 7able 2, for the reference
temperatures.

R Temperature AKth c m

[-] ra [MPa- Vmm] [(mm/cycles)/(MPa- Vmm)™] [l

0.1 RT 2852374 3.67E-07 0.8285
300 2479226 2.67E-12 2.556

0.5 RT 149.5757 6.57E-12 2436
300 165.3871 3.73E-11 2.222

Table 2 — Paris coefficients depending on temperature and stress ratio
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Figure 55 — Eurofer97 Paris curves in correspondence of different stress ratios
(R) and temperatures

5.3 Paris law application

The critical crack for the thermal load case is in a zone characterized by a
temperature of approximately 180°C. The application of Paris’ law, calibrated
at such temperature, allowed estimating the number of cycles required for the
crack to grow to the sizes calculated and indicated in the previous chapters.
The results obtained from the crack propagation studies under the pressure and
thermal load cases are reported below (Figure 56).

Load Cycles vs. Crack Growth Step

4,000
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o
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Crack Growth Step

Figure 56 — Number of loading cycles required to grow the original crack by 1
mm (thermal load case)
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When considering the Paris law parameters calculated at 20 °C for the
material, the relatively low loads such as those in the pressure load case result
in slow crack growth. Consequently, the number of cycles required for 1 mm
propagation (Figure 57) is quite high and equal to about 15500 cycles instead
of 3200.

Load Cycles vs. Crack Growth Step
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Figure 57 — Number of loading cycles required to grow the original crack by 1
mm (pressure load case)

Based on the sub-model derived from the combined load case, the initial
cracked configuration was subsequently defined. Using FRANC3D, it was
then possible to extract the stress ratio and temperature conditions along the
front of the introduced crack (Figure 58 and Figure 59).
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Figure 58 — Stress ratio along the starting crack front
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Figure 59 — Temperature along the starting crack front

The results of the lifetime assessment in the combined load case that
determines a growth of 3 mm from 7.5 to 10.5 mm is reported in Figure 60. In
this case, the Paris law calibration was adapted to account for the local
temperature and stress ratio, both varying along the crack front and during the
propagation.

Single crack analysis - Combined loadcase

—~Crack 1 —~
9.5 /
E /
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Figure 60 — Number of loading cycles required to grow the original crack by 3
mm (combined load case)

A possible future development of this work concerns extending the
analysis to non-proportional loading, in which the different load components
vary over time with different phases and amplitudes. Such conditions, which
are typical of many real operating scenarios, can significantly influence both
the crack propagation direction and rate. As discussed by Nohring et al.
[33,34], investigating non-proportional loading under combined static-cyclic
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multiaxial conditions allows for a more realistic description of fatigue
behavior in structural components, thereby improving the accuracy of residual
life and structural reliability predictions.




6. Multiple crack analysis

In this chapter, the simultaneous propagation of two cracks located in a
critical position of the /V'T under the combined load case is analyzed. Building
upon the single crack studied in node 33231 (as presented in the paragraph
§4.1.3), an additional crack is introduced at node 21421 (Figure 61) to
investigate potential interaction effects. The following procedure is similar to
that adopted by Giannella et al. [35] who demonstrated that introducing
multiple cracks can significantly influence the fatigue life and crack growth
paths due to stress redistribution and crack shielding effects. Their results
highlight the importance of considering more than a single defect in realistic
structural assessments, particularly in regions prone to complex stress states.

1mm —~v D S

Crack 1: NODE 33231

Crack 3-1 mm: 10 increments of 0.5 mm
3mm

Crack 2: NODE 21421 - @
Crack 3-1 mm: 10 increments of 0.5 mm ' .

Figure 61 — Starting configuration of the multiple crack analysis
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The two load steps applied to the divertor are the same as before: load step
1, with only the internal pressure applied, and load step 2, where the thermal
contribution is added.

Both cracks are modeled as elliptical, with an initial size of 3 mm in width
and 1 mm in depth. Crack propagation is evaluated incrementally in 10 steps
of 0.5 mm, until a final depth of 6 mm is reached in one of the two cracks.

Crack growth is driven by the maximum stress intensity factor developed
along the fronts of both cracks during load step 2, when both thermal and
pressure loads are active. The SIF’s along the two crack fronts under load step
1, when only the pressure load is applied, are presented in Figure 62, while the
results for load step 2 are shown in Figure 63.

Crack 1: NODE 33231 Crack 2: NODE 21421

Crack 3-1 mm: 10 increments of 0.5 mm Crack 3-1 mm: 10 increments of 0.5 mm

Mode I Stress Intensity Factor Mode I Stress Intensity Factor

K; (MPaymm)

K (MPay/mm)

I L i L
00 02 04 06 08 10

normalized distance along front

Figure 62 — Stress intensity factors evaluated for both cracks at the first load
step and crack growth detail
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Crack 1: NODE 33231 Crack 2: NODE 21421
Crack 3-1 mm: 10 increments of 0.5 mm Crack 3-1 mm: 10 increments of 0.5 mm
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Figure 63 - Stress intensity factors evaluated for both cracks at the second load
step

Since the stress intensity factors developed are comparable, the two cracks
exhibit almost identical propagation. In Figure 64, the estimated number of
cycles required for the crack to grow from 1 mm to a total depth of 6 mm is
reported.

Multiple crack analysis - Combined loadcase
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Figure 64 — Crack depth versus number of cycles for the two modeled cracks
(see Figure 61) for the combined load case
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7.Plastic material model

7.1 Introduction and objectives

In the previous chapters, the structural behaviour of the DEMO divertor,
particularly of the IV'T, was investigated under different loading conditions,
primarily within the framework of LEFM. The analyses assumed an elastic
material response, which is valid as long as the stress field around the critical
regions remains below the yield limit of the structural material (Eurofer97).

However, due to the combined action of pressure and thermal loads, some
localized yielding phenomena cannot be excluded. Evaluating the extent of
these plasticized regions is essential to validate the applicability of the LEFM
approach adopted in the previous chapters. For a more accurate assessment,
Amato et al. [36] provide a detailed methodology for investigating crack-tip
plasticity in hollow-cylindrical specimens, demonstrating how numerical
analyses can be used to quantify local yielding and define the limits of LEFM
applicability under complex loading conditions. Their approach highlights the
importance of considering plastic zones to ensure that linear elastic
assumptions remain valid in structural integrity evaluations.

The updated material definition includes the temperature-dependent plastic
properties, implemented through tabulated true stress—plastic strain data [37]
reported in Figure 65;
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Figure 65 — Eurofer97 complete curves at different temperatures

7.2 Results overview

Initially, the results from the sub-model (Figure 66) of the combined load
case described in §3.3.4 are presented, outlining the reference elastic response
of the component.

Figure 66 — Section plane applied to the IVT and sub-model extraction

In Figure 67 and Figure 68, after applying the plastic material models to all
divertor components made of Eurofer97, namely to the global model, it is
evident that the component exhibits a surface region approaching the onset of

plastic yielding.
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Figure 67 — Von Mises stresses for the combined load case under elastoplastic

material behaviour
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Figure 68 — Equivalent plastic strains for the combined load case under

elastoplastic material behaviour

In Figure 69 a crack corresponding to the one adopted in the paragraph
§3.3.4 is inserted in the /V'T model with plasticity.

56



Plastic material model

T: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress |
Unit: Pa

Time: 1s

Max: 5,3258e8

Min: 2,5557e6

5.3258e8

. 5e8
4,5e8
4e8
3,5e8

o 3e8
2,5e8
2e8

1,5e8
I 1e8
2,5557e6

Figure 69 - Von Mises stresses for the cracked combined plastic load case

To better assess whether the material undergoes plastic deformation in the
analyzed region, the distribution of equivalent plastic strain is reported in
Figure 70.

T: Static Structural
Equivalent Plastic Strain
Type: Equivalent Plastic Strain
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Figure 70 — Equivalent plastic strains for the cracked model in the combined
S o
load case

It can be observed that only a very small region around the crack front
adjacent to break through points undergoes appreciable plastic deformation.
This localized yielding occurs on the external surface, where the temperature
is higher than in the inner volume, resulting in a locally reduced yield strength.

Such localized yielding turns out to be sufficiently limited to make
applicable the LEFM for the considered load case and crack configuration.
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SYSTEM FOR THE DEMO

BREEDING BLANKET



8.Introduction and problem
statement

The purpose of this work is to analyze and evaluate the thermal phenomena
affecting the remote maintenance system (RM) for the DEMO Breeding
Blanket. The activity arises from the need to have a reliable characterization
of the heat transfer mechanisms involving actuators and support structures
during the installation and removal phases of the blanket modules. To this end,
FE models were developed, accompanied by analytical models for validation
purposes, useful to describe the thermal behavior of the system under different
operating conditions. The main objective is to provide:

e a clear understanding of the assumptions made and the models
employed;

o the validation of the complex FE models used to analyze the remote
maintenance system named HKM (hybrid kinematic manipulator)
mechanism;

o the identification of critical design parameters;

e the development of a more detailed and realistic model,

e support for future design decisions, regarding the safety and reliability
of the RM system and the need for any active cooling system.

The project falls within the scope of remote maintenance activities for the
DEMO reactor, with reference to the breeding blanket (BB) handling and
replacement systems. The thermal management of actuators and mechanical
structures is a critical aspect to ensure the reliability of the system during the
installation and removal of blanket modules, as these components might be
subjected to significant thermal loads in a high-temperature environment.
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To address these issues, an analysis pathway was developed that combines
simplified models and FE simulations (with increasing level of complexity
and detail), aiming to understand the heat transfer dynamics between the main
components (mover, BB, and environment), validate the initial assumptions,
and identify possible thermal risk mitigation strategies. UKAEA requested, for
this purpose, the development of a reference model for analyzing the thermal
behavior of the RM system actuators, particularly the mover used for the
handling of BB segments.

The identified requirements are:

o verify, using both simplified and FE analysis approaches, the
reliability of the assumptions and the system sensitivity to the main
design input parameters;

e assess the system’s ability to dissipate the heat generated internally
by the mechanical actuators;

o assess the heat transferred through contact with the hot BB (= 130 [°C]
initial);

e analyze the temporal evolution of the mover temperature until
equilibrium conditions with the environment are reached (= 80 [°C]);

e understand the influence of natural convection through an in-depth
analysis of the film coefficient;

e study mitigation scenarios through the introduction of insulating
layers.

The final objective is to ensure that the RM system maintains safe operating
conditions, avoiding overheating phenomena that could compromise the
functionality of the actuators, reduce the strength of the structure and the
success of maintenance operations.

The FE software package used in this work is Abaqus/CAE 2024. The
simplified geometry was created and analyzed directly in Abaqus/CAE 2024,
while the more realistic 3D CAD geometry was analyzed in Abaqus.

In addition, the software Matlab was employed to perform a parametric
study of the analytical and simplified models, enabling sensitivity analyses
and supporting the validation of the FE results obtained with Abaqus.

Different BB movers have been proposed in the last years, each one
characterized by a specific design concept, mechanical characteristics,
advantages and disadvantages. Although the mechanical design and analysis
of these concepts have been verified in different stages of the project
development (and up to a detailed analysis phase), little work has been done
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so far to understand the thermal behavior of the system in the foreseen
maintenance environmental conditions. The reference scenario to be
considered for heat transfer analysis has been defined by UKAEA. Concerning
the RM mechanical concept, it has been agreed to refer to the HKM design,
which has been studied in detail in the past and thus all required information
is readily available.

The following section describes the layout of the BB HKM mover and
outlines the motivations behind its development. To give an idea of the
concept’s scale, the RM is approximately 10 [m] high, positioned vertically
inside the vacuum vessel and connected to the Upper Port by means of a
massive interface flange. The total mass of the mechanism is about 70000
[kg], of which the interface plate accounts for roughly 30000 [kg] (the
effectively actuated mass is therefore ~40000 [kg]). The mechanism attaches
to and manipulates the Breeder Blanket Segments, which are ~10 [m] tall and
have a mass of about 80000 [kg] each.

The final configuration of the structure analyzed in this work (HKM
mechanism) is shown in Figure 7/. The component consists of the following
main parts:

e Gimbals: spherical hinges that allow the main frame of the mover to
rotate with two degrees of freedom (poloidal and toroidal rotations).

e Prismatic joint: located on the central axis, it allows guided
translational motion and enables small linear displacements for
alignment and adjustment phases.

e Upper spherical joint (Mainbody): located on the central axis, below
the gimbals, it allows free three-dimensional rotation while evenly
distributing loads.

e Cylindrical joints: two symmetrically placed side joints that allow
rotation around an axis combined with sliding along it, thus enabling
adjustments during blanket handling.

e Upper main actuators, responsible for tilt and translational
movements.

e Kinematic connections transmitting movements to the lower arms.

e Lower rods, which connect directly to the interface plate with the
Blanket.

e Lower contact plate, the terminal part directly connecting to the
Breeding Blanket.

In addition to the main actuators, the mechanism includes a set of
connection plates, joints (spherical, cylindrical, prismatic, and hinge), and
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rods that constitute the load-transmission structural elements. The plates act
as interfaces between the different subassemblies, the joints provide the
degrees of freedom required for motion, and the rods connect the actuators to
the lower contact plate with the Breeding Blanket.

joint03
Maincover

Mainbody

I.\ﬂa‘ln.bell

- >

= Mainbear
Mainrod

Figure 71 — General components of the FE model (HKM mechanism)
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9. Theoretical and Numerical
simplified analysis

9.1

Methodology

An analysis pathway was defined in order to develop simplified models
and FE simulations (with increasing level of complexity and detail), aiming
to understand the heat transfer dynamics between the main components
(mover, BB, and environment), validate the initial assumptions.

The methodology used in this work can be summarized as it follows:

A simplified lumped mass analytical model (0D model) has been
developed, to provide a first rough estimate of the expected maximum
temperatures and their temporal evolution, see §9.4 and §9.5.1. Both
steady-state and transient simulations have been done, including a
sensitivity analysis to the main design parameters, see §9.7;

The results provided by the lumped mass model are limited to those
cases where the temperature inside each part is nearly constant (this
condition is satisfied when the reference Biot number is small). If this
limitation is not fulfilled, the results are less accurate and more refined
modelling is needed. To overcome these limitations, a /D heat
transfer analytical model has been set, see §9.5.2;

The lumped mass model has been refined, by removing the hypothesis
of fixed temperature imposed to the BB: thus, convection to the
ambient has been simulated on both the RM and BB parts, see §9.5.3;
In addition, a 1D FE model has been developed. This model has been
used to investigate in detail the impact of several design parameters,
running steady state and transient numerical simulations, see §9.6.2
and §9.6.3;



9.2

Theoretical and numerical simplified analysis

A set of parametric FE analyses were carried out using as input the
original parameters reported in 7uble 3. In particular, variations were
considered in the material density, the addition of an insulating layer,
and the treatment of the convective heat transfer coefficient h as a
function of temperature, see §10.

Finally, the results achieved in the previous steps have been used to
develop the heat transfer model of the HKM system. This approach
has the goal to predict the expected behavior of a real world
manipulator system, subjected to the environmental conditions
foreseen for this kind of application. The results provided by the
simplified analytical and FE models have been used to validate the
results produced by this complex, 3D FE model, see §11.

Reference data for the thermal analysis

A first approach to the heat transfer analysis of the system involves the
creation of a simplified scheme (Figure 72), useful for gaining an initial
understanding of the behaviour of the system under examination. Thanks to
the development of simplified analytical models, solved using Matlab
software, it was possible to verify the reliability of the results obtained from
the more detailed and complex FE models.

Qamb

-

Ambient, T=80°C

BB Structure Remote Maintenance System

Tini = 130°C Tini= 28°C

Figure 72 — Initial and simplified model scheme
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The RM is represented as a block characterized by a uniform temperature
and placed in contact with the block representing the BB, set at 130 °C. The
analysis considers two types of heat transfer: convective exchange between
RM and the external environment, and conduction occurring at the interface
between the two blocks.

Some reference data provided by the UKAEA concerning the geometry and
material of the components involved are reported below (7able 3).

ID Assumption Implementation in FE Model
Length=10m
1 Width=1m

Mover is a vertical cuboid
Thickness=1m

Length=10m

2 Width=1.5m
BB is a vertical cuboid
Thickness = 1.5 m

3 BB mass 80'000 kg BB mass = 80'000 kg

Mover density = 7850 kg/m3

Mover and BB material is Structural Specific heat capacity = 485

4 steel Wkg'c
Thermal conductivity = 51.5
W/m°C
5 Initial Mover temperature is 28°C Initial Mover t:emperature -
28°C
6 BB temperature is fixed to 130°C BB temperature = 130°C
7 Ambient temperature is 80°C Ambient temperature = 80°C

Table 3 — Reference data

9.3 1D FE model description

As a first step, a simplified 1D FE study is carried out, designed to provide
an initial estimate of the system’s thermal behavior. This preliminary
approach makes it possible to gain a qualitative understanding of the expected
results and to identify potential critical issues before proceeding with the
implementation of a more realistic and detailed model. As specified in 7able
3, the BB and the RM are modeled in the FE as cuboids positioned in contact
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with each other (Figure 73), and the material chosen for both is structural steel,
whose characteristic parameters are reported.
Problem statement 138 R :
representation

Mover
28°C
Initial Temperature

Breeding Blanket (t)
130°C

Ambient
80°C

Fixed source M
Temperature l
applied z X

Figure 73 — FE Representation of the baseline problem

The scheme just presented requires the implementation of boundary
conditions (BC) and initial conditions (/C) in the FE model. Figure 74 shows
the BCs and ICs for the BB, while Figure 75 shows those for the RM. The
temperature of the BB block is fixed at 130 [°C], while convection is applied
on the top square surface of the RM block. In addition, the initial temperature
of the RM block is set to 28 [°C].

% Edit Boundary Condition X Wmﬂdm

Name: BB_SourceTemperature

Type:  Temperature
Step:  Step-1 (Heat transfer)
Region: BreedBlanket-1.Breeding_Blanket [

% Edit Predefined Field X
(Marme:  T_initial BB

Type:  Temperature

Step:  Initial

Distribution: | Uniform v fix Region: BreedBlanket-1.Breeding Blanket [
Magnitude: | 130 Distribution: Direct specification v
Amplitude: | (Instantaneous) L r\}. Section variation: Constant through region

[Magnitude: 130

0K Cancel

Figure 74 — BC and IC scheme for the Breeding Blanket
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o Edit Predefined Field =

Mame:  Tinitial_mowver
Type:  Temperature
Stept Imitial

Region: Mover-1.Mover [

Destribution: Direct specification v
Section variation: Constant through region
Magnitude: 28

Figure 75 — IC scheme for the Remote Maintenance

A thermal conductance (Figure 76) is applied at the interface between the
two blocks to represent the thermal contact. However, no specific information
is available to set a realistic value of thermal resistance at this interface, thus
a very high TCC value has been used to basically have the same temperature
at both sides of the connection. The natural convection interaction, on the
other hand, is shown in Figure 77, where a value for the coefficient h of
0]

m2-K
values commonly used in the literature for free convection. The temperature
of the surrounding environment in contact with the body is set to 80 [°C].

] was chosen, considered appropriate as a first attempt based on
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3 Edit Contact Property X

Name: IntProp-TCC
Contact Property Options

Thermal Conductance

Mechanical Thermal Electrical | ¥
Thermal Conductance

Definition: | Tabular V

(®) Use only clearance-dependency data

(O Use only pressure-dependency data

(O Use both clearance- and pressure-dependency data
Clearance Dependency
[] Use temperature-dependent data
[] Use mass flow rate-dependent data (Standard only)

Number of field variables: 05
Conductance Clearance
10000 0 TCC=
0 0.005

Figure 76 — Thermal conductance set in the FE model

5 Edit Interaction X

Name: ConvectionExchange
Type: Surface film condition
Step:  Step-1 (Heat transfer)

Surface: Surf_Conv [

Definition: \Embedded Coefficient v f(x)

Film coefficient; 0 [W/(meK)] '

Film ceefficient amplitude: .([nstantaneous) v: Pb

Sink definition: . Uniform v: a

Sink temperature: 80 _

Sink amplitude: {Ramp) ™ F\J
oK Cancel

Figure 77 — Natural convection condition set in the FE model
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9.4 Steady-state analytical 0D-model

The goal of the analysis consists in verifying the accuracy of the finite
element model used to calculate the steady-state temperature of the RM. This
type of calculation represents the ultimate condition of the system, that is, the
thermal equilibrium state established after a sufficiently long time, when
transient effects have largely dissipated. Under this condition, the system no
longer undergoes significant temperature changes over time and maintains
nearly constant values, determined by the balance between incoming and
outgoing heat fluxes. The objective of this phase is therefore to analyze the
steady-state temperatures predicted by the FE model, which the real system
will tend to reach and maintain.

The thermal behavior of the RM system was investigated using
progressively more refined models. The analysis begins with a stationary
lumped analytical model: in this approach, the body is assumed to be
isothermal, meaning that it is assumed that it does not exhibit significant
temperature gradients, so its entire mass is represented by a single temperature
that evolves over time. The analysis considers the balance between two types
of heat transfer mechanisms (eq.(11)) [38]: convective exchange between the
RM and the external environment, and conduction at the interface between the
two blocks.

QBB = QAmb (11)

The above equality can be represented by the following equation, which
describes the energy balance under steady-state conditions (eqs. (12-15)):

kA
= (Tgg — Trm) = h " Aot * (Trm — Tamp) (12)
Tpp =T;s (13)
k-A k-A
T'TS_T'TRM=h'Atot'TRM_h'Atot'Tamb) (14)
kA kA
Taw - (R Aeor +52) =2 Ty + b+ Aot - Tamp) (15)

Expressing everything in terms of the unknown, it is calculated (eq. (16)):

k-A
T'Ts +h-Atot Tamb

(h'Atot"'kTA)

(16)

Trm =
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. k'TA - (Tgg — Trp) 1s the heat flux by conduction from the BB body to

the RM body [W].

e [ is the thermal conductivity of the material connecting BB and RM
[W/(m-°C)]

e A = contact area between BB and RM [m?]

e s =thickness of the contact material [m]

e T, = BB Temperature = Sink Temperature [°C]

o h-Aiot” (Try — Tamp) represents the heat flux by convection
between RM and the environment [W].

e /1= convection coefficient [W/(m?-K)]

e A, = total surface area of RM exposed to the environment [m?]

9.5 Transient analytical models

This paragraph analyzes the transient thermal behavior of the bodies, that
is, the evolution of temperature over time prior to reaching the steady-state
condition. Unlike the steady-state regime, where temperatures are
independent of time, during the transient phase temperatures change
continuously. To validate the £ model used for the transient calculation and
the corresponding results, two simplified analytical models are developed.

9.5.1 Analytical lumped 0D model

The study of the thermal transient is then carried out to describe the
system’s temporal evolution. In this case as well, a lumped approach has been
applied. The equation constituting the model used is reported below (eq. (17)):

k-A
p'V'C'EzT'(TBB_TRM)_h'Atot'(TRM_TAMB) a7

By solving the equation numerically (finite difference method) and
isolating the unknown on the left-hand side, the following formulation is
obtained (eq. (18)):

At k-A
Tnsr = To + 5= [0+ (T = Taw) = b Avor * (Taw = Tams)| (18)

9.5.2  Analytical heat transfer 1D model

For more detailed analyses, it is necessary to develop a refined /D transient
analytical model, capable of more realistically describing the ramp-up phase
and the spatial temperature distribution. For this purpose, a second analytical
model was developed, which numerically solves the heat equation while
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simultaneously accounting for both the temporal and spatial dependence of
temperature (the latter is not considered in the lumped model). In this case,
reference is made to the following differential equation, accompanied by two
boundary conditions and one initial condition (egs. (19-22)):

o _ 0T

, E— a 92 (19)
—k 2 (L,t) = h(T(L,t) —80) W/m?, vt (20)
T(x,0)= 28°C, 0<x <L @n
T(x=0)t=130°C, vt 2)

9.5.3 Transient model: convection applied to RM and BB

By removing the prescribed temperature constraint on the BB, both blocks
are subject to convective heat exchange, and thus their respective temperatures
become unknowns. The reference scheme is shown in Figure 78. The
analytical model therefore requires the solution of two coupled equations (eqs.
(23-24)) to simultaneously calculate the temperatures of the two blocks over
time.

kA
p-Vrm-cC* ac - s (Tgg — Trm) — h* Agor * (Trm — Tamp)  (23)
kA
p-Vgg-c- a5 (Tgg —Trm) —h- Apg ot * (Teg — Tamp) (24)

Solving these equations simultaneously, (using the finite difference
method) (egs. (25-26)):

At k-A

TRM,n+1 = TRM,n + W' [T (TBB,n - TRM,n) —h- Aot (TRM,n - TAMB,n)] (25)
At k-A

TBB,n+1 = TBB,n + D VpgC ' [— T' (TBB,n - TRM,n) —h- Atot - (TBB,n - TAMB,n)] (26)

Tee

Qﬂ mb

Ambient, T = 80°C

—

Trm

BB Structure Remote Maintenance System

Tini= 130°C Tini = 28°C

Figure 78 — Double convection model scheme
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9.6 Model validation

9.6.1 Adopted parameters for model validation

The masses involved in the model are very large, so the temperature
variations of the two blocks require long times (in the order of hours) to
achieve steady state conditions. Therefore, during the validation phase, the
tabulated density value was reduced by a factor 1000 in order to observe the
transient evolution toward steady-state conditions within shorter and more
manageable times (thus reducing the calculation time needed to get the
results).

The so-called lumped transient models (i.e. each component is described
by just one temperature value) correctly reproduce the general trend of the RM
heating process, but they maintain good accuracy only for small bodies with
negligible internal thermal gradients, which ensures compliance with the
following inequality eq. (27) [38]:

Biot number = Bi = % <0.1 27N

Where £ is the thermal conductivity of the material, h the film coefficient
and L represents a characteristic length of the geometry affected by
convection; in this case (to place the model in the most critical conditions), L
was chosen equal to the block height, i.e., 10 [m]. In the validation phase, the
characteristic parameters of the model were adjusted so that the Biot number
satisfies the required inequality. The total area subjected to convection, A,
was artificially reduced from a value of 41 [m?], corresponding to the entire
lateral surface, to 1 [m?], corresponding only to the top square surface, to
represent the one-dimensional behavior more explicitly in the FE.
Consequently, the convection heat transfer coefficient was set to 41
[W/(m?-K)]. Based on the order of magnitude of the product %-L, an arbitrary
conductivity value of 10000 [W/m-K] was chosen to satisfy the inequality.
The starting idea was to preserve the same product between the area A, and
the convective coefficient 4 in order to represent the same heat flux of the
original model. However, this would have required % to be equal to 410 [W/
m?-K] (i.e. ten times higher than the one used in the following calculations),
which would have not satisfied the inequality of the Biot number.

In lumped models, it is necessary to clarify the definition of the body’s
characteristic dimension. The actual height of the RM body is 10 meters, but
in the lumped model an effective value of 5 meters is used. This is because the
lumped model calculates an average temperature over the body’s volume,
assuming that the temperature is not uniformly distributed, unless the Biot
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number assumes very small value. Using half the real height allows for a more
realistic representation of the spatial average of the temperature on the body,
without considering local details of the thermal distribution. A summary of
the points discussed in this paragraph is presented in 7able 4.

Specific Characteristic Convection RM
heat capacity length Area height
c [J/kg°C] L [m] Ator [m?] s
[m]
485 10 1 5
Thermal Convection Material
conductivity coefficient density
k h [W/(m*-K)] p [kg/m3]
[W/(m-K)]
10°000 410 7.85

Table 4 — Parameters used during the validation phase

From the combination of values, the Biot number is equal to 0.041 [-].

9.6.2 Steady-state results comparison

Due to the considerable size of the components involved, the substantial
difference between the contact area of BB and RM and the surface area of RM
exposed to convection, the equilibrium temperature of RM in the steady-state
case is expected to be only slightly higher than the ambient temperature, i.e.,
Tamb = 80 [°C].

This, however, does not occur in the /D FE models, because of
modifications made to the operating parameters, in particular the assignment
of a remarkably high value to the parameter &, which results in a significant
conduction effect. Consequently, the RM temperature reaches, according to
the analytical calculation (eq. (16)), the value Trm = 121.49 [°C].

It can be observed from Figure 79 that the steady-state FE result at the
highlighted point, representative of the RM midpoint, is nearly identical to that
predicted by the analytical model. Indeed, the steady-state FE analysis yields
a temperature of 121.84 [°C].
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Figure 79 — Nodal temperature [°C] computed by the steady-state analysis

9.6.3 Transient results comparison

The good agreement between the results of the lumped (§9.5.1) and
distributed (9.5.2) analytical models and those obtained from the FE analysis
confirms the validity of the simplified FE approach for transient predictions
(Figure 80).
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Figure 80 — Nodal temperature [°C] resulting by the transient analysis and
extracted in the RM midpoint

This matching of the results was made possible by manipulating the input
parameters (§9.6), which allowed the lumped model to be used while
satisfying the Biot number inequality (eq. (27)). The /D distributed heat
transfer analytical model basically gives the same results as the 1D FE model.
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9.6.4 Double convection transient results comparison

In the FE model, the only modification concerns the prescribed
temperature boundary condition at the interface between the two blocks
(Figure 74). This is replaced by extending the second boundary condition,
which will apply convective heat transfer to the BB surface as well (Figure 81).

e
L
MName: ConvectionExchange

Type:  Surface film condition
Step:  Step-1 (Heat transfer)

Surface: Surf_Conv-double L‘%

Definition: Embedded Coefficient f(x)

Film coefficient: 10

Film coefficient amplitude: | (Instantanecus) i PU

Sink definition: Uniform Y

Sink temperature: a0

Sink amplitude: (Instantaneous) i PU
oK Cancel

Figure 81 — Detail of the external surface exposed to convection

In this analysis, the total area exposed to convection was no longer
modified since the focus is on the overall temperature variation of both the
bodies, so the original value of 2= 10 [W/ m?-K] was set.

The lumped analytical solution shown below (Figure §2) indicates that the
temperatures of the two blocks converge toward 80 [°C]. This result was
largely expected, as the only heat source present in this model configuration
is the ambient temperature. Furthermore, the curves show a slight deviation
from those obtained from the simplified FE model, which tends to diminish
as the Biot number decreases.
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Figure 82 — Comparison of the obtained results during the transient phase
between analytical model and FE model

9.7 Sensitivity analysis

After developing the simplified steady-state models, a sensitivity analysis
was conducted on the main parameters influencing the model’s energy
balance, particularly the behavior of the RM. The aim of this phase is to assess
how and to what extent uncertainties in the input data (e.g., heat transfer
coefficients, thermal conductivity, contact areas, etc.) can affect the steady-
state temperature of the mover. In other words, this step evaluates the
robustness of the model and identifies the parameters to which the results are
most sensitive, thus highlighting which require particular attention during the
design phase or in subsequent model refinements. The analysis has been
carried out by using the simplified lumped mass heat transfer model.

Initially, the thermal conductivity was varied (Figure 83) over a wide range,
from 20 to 150 [W/mK]. This range covers typical values of structural
materials commonly used in industrial applications, such as titanium, steel, or
aluminum. The purpose is to verify how the material’s heat transfer capability
influences the mover’s equilibrium temperature. The results show a linear
dependence on this parameter.
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Figure 83 — Influence of the parameter K on the steady-state temperature of the
RM

In the second scenario (Figure 84), the system’s behaviour was analysed as
a function of the surface convective heat transfer coefficient 4, over a range
that includes typical values for natural convection. This parameter controls the
effectiveness of heat exchange between the mover and the environment, and
its variation allows for the evaluation of how much convection can affect the
final temperature, whether natural or forced. As can be observed, the value of
h has little influence on the results. This is because convective heat transfer is
already very high compared to conductive transfer, and even relatively small
values of 4 tend to bring the RM temperature close to the ambient temperature.
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Figure 84 - Influence of the parameter h on the steady-state temperature of the
RM
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Subsequently (Figure 85), the value of s, the characteristic distance between
the two bodies appearing in the denominator of the conductive term kA/s, was
varied. This parameter represents, in a simplified form, the resistance to heat
transfer by conduction between the mover and BB: larger values of s
correspond to higher resistance and thus a lower conductive heat flux. The
analysis allows evaluating the sensitivity of the mover’s temperature to
uncertainties associated with this characteristic distance. The largest
variations are observed for low values of s.

T_MOVER - Steady-state solution
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Figure 85 - Influence of the parameter s on the steady-state temperature of the
RM

In addition, the effect of the external surface area exposed to convective
heat transfer was studied (Figure 86). The reference case considers a value of
41 [m?], calculated from the previously reported geometric dimensions. As the
wetted surface area increases, the convective resistance decreases and the
mover’s temperature tends to converge toward the ambient temperature,
highlighting the role of geometry in enhancing heat dissipation.

A very pronounced effect is due to the variation of the contact area at the
interface between the two components (Figure 87). As the area increases, the
mover’s steady-state temperature rises significantly, since the incoming heat
flux from the BB (whose temperature is fixed at 130 [°C] in the steady-state
case) increases.
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Figure 86 - Influence of the parameter A, on the steady-state temperature of the
RM
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Figure 87 - Influence of the parameter A (contact area) on the steady-state
temperature of the RM

Finally, starting from eq. (16) and adding on the right side the term related
to internal heat generation in the mover (eq. (28)), the heating effect generated
by the actuator motors—which in the real case enable the regular operation of
the mover—is studied (Figure 88).

k-TA'Ts"'h'Atot'Tamb
(h'Atot"',:_A)
It can be observed that, as the generation increases, the mover’s

temperature naturally rises, showing a linear trend. In this case, the value of

Qine is expected to be around 2500 [W]. This value was estimated by

Trm = +( Qint k-A) (28)

h'At0t+T
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considering 50% of the stall power deliverable by the motor. This approach
has been agreed in accordance with guidelines by UKAEA. The overall effect
in terms of temperature increase results in a few degrees.
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Figure 88 - Influence of the parameter Qi on the steady-state temperature of the
RM



10. FE 1D simplified model
analyses

Once the simplified /D FE model was validated through comparison with
analytical calculations and sensitivity analyses, a series of tests was initiated
to explore the thermal behavior of the system under different operating
configurations. In the previous chapter, ad hoc coefficients were employed in
the various analyses to validate the model, whereas in this chapter the realistic
design data shown in 7able 3 are used.

First, a steady-state analysis was conducted, followed by parametric FE
tests to study the model’s response under different configurations. The first
test varied the density of the material constituting the RM, aiming to evaluate
the effect of a potential increase in component mass on the thermal transient
and equilibrium temperature. Subsequently, the role of the convective heat
transfer coefficient was investigated, estimated more accurately as a function
of the surface temperature involved, according to correlation models available
in the literature for a vertical plate in natural convection. This approach
allowed overcoming the initial assumption of a constant /4, providing a more
realistic representation of the phenomenon. Finally, analyses were performed
varying the thickness of an insulating layer inserted between the RM and the
external environment. Three different insulation thicknesses were considered,
in order to investigate the effectiveness of each solution in limiting conductive
heat transfer and thereby altering the heating dynamics of the mover.

The simulations were carried out over a transient period of 30 hours,
aiming to identify the times at which the RM temperature exceeds the
established limit of 40 [°C]. This threshold temperature was selected by
UKAEA as a critical limit, since any exceedance could compromise the
performance of the motors.
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10.1  Steady-state analysis

In the previous chapter §9, geometric and material parameters were
adjusted to validate the analytical models used. In this chapter, however, once
the accuracy of the developed model was ensured, all analyses are performed
using the parameters of the actual system. The steady-state analysis yields the
results shown in Figure 89, indicating that the average temperature of the
mover will stabilize around 80 [°C].
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Figure 89 — Steady-state analysis results

10.2  Transient Analysis

The transient analysis, on the other hand, shows the temperature
distribution depicted in Figure 90, with a focus on the RM. Temperatures range
from 62 to 130[°C], while the temperature at the midpoint of the model
reaches 63 [°C]. After 30 hours of transient, this configuration still shows
results far from steady-state conditions, as indicated by the increasing trend of
the curve.
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Figure 90 — Distribuzione termica [°C] per I’analisi transitoria sul RM

10.3  Comparison with heat transfer analytical model

This paragraph presents the results obtained from the analytical models,
both steady-state and /D transient. Figure 89 shows the result of the steady-
state /1D FE model, in which the parameters from 7able 3 were used: the result
at the top of the mover is T = 80.015 [°C], a value slightly lower than that
predicted by the lumped model (§9.4), which is 80.62 [°C]. This discrepancy
is due to the fact that, when using the original parameters from
Table 3, the Biot number does not satisfy the inequality of (eq. (27)) and the
accuracy of the lumped model starts degrading. However, it is worth noting
that even a very simplified calculation based on a lumped model is fully
capable of predicting the steady-state temperature of the mover (when a
sufficient distance from the interface with the BB is considered). For the same
reason, the transient model (§9.5.1) fails to provide the correct results of Figure
90: in this case the temperature ramp-up phase calculated by the lumped model
shows even a larger discrepancy.

The 1D analytical model (§9.5.2) was developed to improve the accuracy
of the analytical predictions and validate the simplified FE presented in §9.3.
For this purpose, a model was considered in which convection was applied
only to the upper square surface of the mover. The same procedure was
applied in this case: by reducing the convection area from 41 to 1 [m?], the
inverse adjustment was made for 4, which was increased from 10 to 410
[W/m?-K] (so that the product convective area times / remains the same).

From the /D analytical model, using the original model parameters, the
results shown in Figure 91 were obtained together with the corresponding FE
results. The figure shows the path of nodes from which the results were
extracted after 30 hours of transient simulation, and the two curves, FE and
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analytical, are almost identical. In Figure 92 the evolution of the RM
temperature at its midpoint is reported from both the /F and the /D analytical
solution, showing very similar results with only a negligible difference.
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Figure 91 — Comparison between the FE and analytical 1D resulting RM
temperature along the red vertical path
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Figure 92 — RM Temperature variation exhibited in the midpoint

10.4  Double convection and Film coefficient analysis

Among the various geometric configurations considered in the literature
for external natural convection, the case of a flat vertical plate at uniform
temperature is one of the most studied reference scenarios, both for its
geometric simplicity and for its relevance in numerous engineering
applications. The vertical plate in natural convection serves as a reference
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model particularly close to the case analyzed in this work: indeed, the RM
block exchanges heat with the environment primarily along its vertical side
surfaces.

10.4.1 Vertical plate model and h(t) calculation

In the literature, the convective behaviour of a flat vertical plate at uniform
temperature has been extensively studied using empirical correlations based
on dimensional analysis and experimental data. Among these, one of the most
widely used and versatile is the correlation proposed by Churchill and Chu
[39], which allows estimating the convective heat transfer coefficient / as a
function of both the surface temperature and the surrounding ambient
temperature (air properties in [40]). This correlation has the advantage of
being applicable to any flow regime, without limitations on the Rayleigh
number range (eq. (29)), providing a continuous description of the transition
from laminar to turbulent convection. In this way, a more realistic assessment
of the dependence of 4 on the temperature difference AT = Ty,q11 — Tamp»
can be obtained, overcoming the simplified assumption of a constant
convective coefficient. Specifically, the formulation proposed by Churchill
and Chu provides the average Nusselt number (eq. (30)) for a vertical plate of
characteristic height L as a function of the Rayleigh number and the Prandt!
number Pr (eq. (31)):

_ g'ﬁ'(Twall_Tamb)'L3
Ra, = - (29)
2
) 1/6 =
Nuy = [0.825 + ——tt | = 2 (30)
((1+(%))1_6>
pr="522 (31)

Where:

e g = gravitational acceleration [m/s?]

e [} =air thermal expansion coefficient /1/K]

o Twau — Tamp = temperature difference between surface and external
ambient /°C/

e | =characteristic length of the plate /m]

o v = fluid kinematic viscosity /m?%s]

o o = thermal diffusivity of the fluid /m%s/

e ¢, = specific heat at constant pressure [J/(kg'K)]

e = air dynamic viscosity [Pa-s]/

e k= thermal conductivity of the fluid /W/(m-K)].
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Through the Rayleigh number, it is possible to determine the Nusselt
number and thus the convective heat transfer coefficient / as a function of the
surface temperature of the component under study (Figure 93). This
formulation allows for an accurate description of the natural convection
mechanism in the present case, where the RM block absorbs heat from the
environment through its vertical side surfaces, ensuring a modelling approach
consistent with the actual physical phenomena. The graph in Figure 93 is
derived from this modelling.

Convective heat transfer coefficient h(T)
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Figure 93 — Trend of the parameter h(T) as a function of the temperature of the
surface involved in the exchange

It can be observed that at the point where the surface temperature equals
the ambient temperature, the convective coefficient is predicted to be zero.
Additionally, the coefficient / tends to increase as the surface temperature
deviates from the value of the ambient temperature, i.e. 80 [°C].

10.4.2 FE Results - h(t) case

Figure 94 shows the results of the transient analysis in terms of nodal
temperatures and the corresponding local values of the convective coefficient.
It is worth noting that where the temperature contour plot appears green
(around the ambient temperature of 80 [°C]), the convective coefficient is very
low, represented by the blue-colored areas (FILMCOEFF plot). In Abaqus,
the film coefficient 4 can be defined as temperature-dependent and is updated
incrementally as the wall temperature evolves.
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Figure 94 — Nodal temperatures [°C] and h(t) [W/m*K] resulting from the
simplified FE analysis.

Figure 95 shows the results for the intermediate points of the two bodies,
as illustrated in the previous chapter §9.6.2 during the validation phase. The
blue curve represents the temperature of the BB, starting from 130 [°C] and
cooling down. In contrast, the red curve represents the temperature of the
Mover, increasing from the initial temperature of 28 [°C]. In Figure 96, the

szVK] are compared with
those obtained using the approach # = A(7T). These results highlight that the
mover’s temperature takes approximately 14 hours to exceed 40 [°C] when
using the temperature-dependent coefficient (blue curve), whereas it takes

around 7 hours when using a constant / (red curve).

results obtained with a constant coefficient of 10 [
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Figure 95 — Result obtained by extrapolating the values from the midpoints of
the two bodies
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Figure 96 — Time required to exceed 40 [°C] in the two analyzed cases.

10.5  Double convection and scaled RM density analysis

The impact of material density on the resulting temperature of the Mover
after a 30-hour transient was studied using the simplified model, focusing on
the midpoint of the component. This approach allows understanding how
variations in material properties influence the thermal behavior of the
component over a prolonged period. In this specific case, decreasing the
material density corresponds to using lighter materials. This reduces the
volumetric heat capacity, so the less dense material stores less heat and heats
up more quickly. Figure 97 shows that, for analyses conducted with three
different densities, the times required to reach the 40 [°C] threshold are 3.65

hours for a density of 4000 [%] , 5.34 hours for a density of 6000 [%] and

7.03 hours when using the real steel density.
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Figure 97 - Time required to exceed 40 [°C] in the three analyzed cases.

10.6  Double convection and insulation layer analysis

In the final configuration (Figure 98), an insulating layer was introduced in
three different thicknesses: 2 [mm], 5[mm], and 10 [mm]. The chosen
material is G-10-CR (fiberglass), characterized by the following properties:

e Thermal conductivity: 0.8 [K]

mK
e Density: 1800 [%]
e Specific heat: 1260[@%]

The layer is positioned exactly at the interface between the BB and RM
blocks and serves as an additional element between the components.
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Figure 98 — Schematic representation of the model with insulating layer included

The thermal connection between the insulating layer and each block was
modeled using thermal conductance (although the TCC has been set to a very
high value), similarly to the previous simulations where direct contact existed
between the two blocks. This configuration allows evaluating how the
introduction of an insulating layer could affect heat transfer between the
blocks and, consequently, the resulting temperature of the Mover. The
analysis of the three thicknesses allows assessing the system’s sensitivity to
the additional thermal resistance introduced by the layer, highlighting the
impact of insulating materials of different thicknesses on the overall thermal
behavior. Figure 99 shows that the application of the insulating layer delays
the achievement of 40 [°C] by up to 30 minutes at the most thermally stressed

point of the model.
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Figure 99 — Time required to exceed 40 [°C] in the four analyzed cases
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The overall effect along the height of the Mover is rather small, as can be
seen in Figure 100, with the intermediate region of the component stabilizing
around 63 [°C] in all of the analyzed cases.

W No insulation

B Insulation 10 mm

Tnsulstion added

W nsulation 5 mm

B Tnsulation 2 mm

3 ) 1 ) 5 - 8 ) 10
True distance along path - m
Figure 100 - Overall effect obtained following the addition of the insulating
layer

10.7  Preliminary results summary

The analyses conducted, both through simplified £ models and analytical
models (lumped mass and /D models), allowed a detailed understanding of
the thermal behavior of the RM-BB system. The comparison between steady-
state and transient analyses clearly shows that convection is the prevailing heat
transfer mechanism, while conductive heat transfer plays a significant role
mainly locally, next to the interface between the RM and the BB. This behavior
is consistent and observed in the more sophisticated and complete model
analyzed in the subsequent phase of the study, see chapter 11.

The scenario with low density material accelerates the heating of the RM
due to the reduced volumetric heat capacity, whereas the introduction of an
insulating layer between the blocks moderately delays the exceedance of the
critical 40 [°C] threshold, without significantly affecting the overall
temperature distribution along the component’s height. Sensitivity analyses
highlighted that certain parameters, particularly the contact area and internal
heat generation, have the greatest impact on thermal behavior, providing
useful guidance for potential design interventions aimed at optimizing heat
dissipation.

Overall, the results confirm the validity of the simplified FE model as a
reliable predictive tool for assessing the thermal dynamics of the RM under
various operating conditions. Good correlation with the simplified analytical
models developed in this study has been achieved.

Verlical paﬂ'l.
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11. HKM FE modelling: real
case study

11.1  Overview

This 3D analysis originates from the evolution of the previously developed
simplified models, progressing toward a more realistic representation of the
system composed of the BB and RM in contact (Figure 101). The detailed
model considers the following hypotheses:

e the Blanket, initially treated as a constant-temperature source at
130 [°C] and subsequently as a body with a defined initial
temperature;

e the Mover, starting from 28 [°C];

e the possible presence of an insulating layer made of G-10-CR,
modeled with different thicknesses (2 [mm], 5 [mm], and 10 [mm)]).

The FE analysis involves a series of key aspects:

e Components modeling;

e Loads modeling;

e Analysis of different configurations and scenarios (e.g. with or
without internal heat generation);

e Calculation of the resulting temperatures in the different
configurations.

The main objective of this analysis is to study in detail the temperature
distribution within the Mover, in order to assess whether the system might
reach critical conditions for the materials used or, alternatively, to estimate the
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time, expressed in hours, required for the temperature to exceed the considered
critical threshold. In this initial phase, a safety limit of 40 [°C] was set.
Particular attention was given to two areas deemed significant: the contact
plate with the BB, representing the most thermally stressed region, and a point
in the central bell, identified as representative of the average behavior of the
entire model.

11.2  Mesh description

Regarding the finite element discretization, the model components were
geometrically simplified by removing holes, fillets, and small details that are
negligible for FE analysis. This approach allowed for a reduction in model
complexity without compromising the significance of the results. Thanks to
this simplification, the main components were assigned a structured
hexahedral mesh, using DC3DS solid elements, which ensure high accuracy
in evaluating temperature distributions. For some components with more
complex geometries, such as the "bell" and the component referred to as "main
body" (Figure 71) a partially tetrahedral mesh was preferred. In these cases, at
least partially, DC3D4 tetrahedral elements were used, which allow easier
discretization of irregular shapes while maintaining an adequate level of
precision for thermal analysis.

Overall, the model is characterized by (Figure 101):
e 937°450 DC3D4 tetrahedral linear elements
e 214’408 DC3D8 hexahedral linear elements

= Mesh Statistics x

Summary
Total number of nodes: 502291
Total number of elements: 1151858

Details

BylInstance By Element Type

Element  Eement  Geometric
Type Shape Order

1 DCID4  tetrahedral lingar 937450

2 DC3DE hexhedral linear 214408

EHements

| Dismiss |

Figure 101 — Diagram of the actual 3D model analyzed
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11.3  Material properties definition

Regarding the materials used in the model, three distinct types were
employed (Figure 102).

Br_CuSng_UNs_c52100 EN_cw4s3k [l
LowCarbonSteel =)
equivalent_steel_Engine 1|

Figure 102 — Details of the materials characterizing the analysis

The vast majority of components were characterized as Structural steel, a
material chosen for its mechanical and thermal properties suitable to
accurately represent the structural and thermal behavior of the system.
Exceptions are the plates on the central shaft of the model, for which bronze
was used, as it better represents the real conditions due to its specific thermal
conductivity and contact resistance properties, and the motor blocks,
consisting of the motor and gearbox in the final stages of the analysis. For
simplicity, the latter were modeled as parallelepiped blocks, and to ensure
physical consistency in the modeling, an equivalent density was calculated
such that the weight of each motor-plus-gearbox block equals 21 [kg] (as
indicated in the manufacturer datasheet). In summary, the properties of the
materials used are reported in the following 7able 5 [41]:
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Thermal Specific Mass
Material
ateria Conductivity [%] heat [kg]—K] density [%]
Structural 51.5 485 7850
Steel
Equivalent 51.5 485 3970
Steel Engine
Bronze CuSn8 67 377 8790
G-10-CR 0.8 1260 1800

Table 5 — Material properties

11.4  Boundary conditions

Regarding the boundary conditions, the model was analyzed considering
constraints designed to replicate the operational scenario as accurately as
possible. In particular, the four spherical joints (Gimbals), located on the upper
shafts of the Mover, were constrained to a support plate, which was not
modeled in this analysis. This plate was assumed to be at an ambient
temperature of 80 [°C], as it is in direct contact with the internal atmosphere
of the vacuum chamber, from which it assumes its characteristic temperature.

Another key condition in the analysis concerns the contact plate at the base
of the Mover: a temperature of 130 [°C] was applied to the lower surface of
this plate, corresponding to the expected value for the Breeding Blanket with
which the Mover is in direct contact. This choice allows for a realistic
evaluation of the heat transfer from the Blanket to the Mover, identifying the
most thermally stressed areas and monitoring the temperature evolution over
time. Figure 103 and Figure 104 show the boundary conditions applied and the
corresponding zones of application.
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Figure 103 — BCs applied to the modeled components
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Figure 104 — BCs applied to the modeled components
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11.5  Initial conditions

Finally, the rest of the Mover body was considered at 28 [°C], representing
its starting condition at the time of insertion into the vacuum chamber.

11.6 Interactions

The model interactions were primarily implemented in the form of 7/E
contacts [42], which constrained the different parts of the Mover to behave as
a single “rigid block”. A contact classified as 7/E is also known in the
literature as a “bonded contact”, meaning that the couples node have the same
temperature. This is equivalent to a thermal contact having zero resistance at
the interface between the surfaces in contact.

This approach was considered appropriate, considering that no 7CC values
are readily available to characterize the behavior of all the joints present in the
model. Examples of some of these contacts are shown in Figure 105 e Figure
106:

-

Mame: TIEDS:9-bushdSeover-1-pltels- 1

Tipe  Tie

# Main surface TIES-B-bushlSeover-1 [y
B Secondarysuduce TEOS-S-platelS-1 [y
Duscretization method  Swface to surface
[ Exchae shaell eherment thickness

Poition Telernce

) Lw computed defaut

2 Specty dutance:

Mate: Node: on tha secondary verfsce that ane

cerpdaned to ba cutice the pesiten
tolerance wil WOT be tied.

[ Adjuit secondary verface mitial petition
|5 Tie rotationst DOFs # spplicatie

+ Edit Constraint
Marme TIED2-5-cybnder2- 1-buthiZon-1
Type Tie
B Main surface TE-5-cyfinder02-1 [
B Secondary surface: TE-5-bushiZon-1 [ H
Discretization method: | Surface to surface
() Exchude shell element thickness.

Pasition Tolerance

8 Use computed default

() Specify distance:

Note: Modes o the secondary surface that are

consdered to be outside the positicn
tolerance will NOT be tied.

[ At secendary surface initial pesition

[ Tie rotationsl DOFs if applicable

oK Cancel

Figure 105 — Examples of TIE interactions between the actuators’
subcomponents
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Figure 106 — Examples of TIE interactions between the bearing housing and the
actuators’ subcomponents (2)

Within this section, the convective condition was also defined, imposing a
heat transfer coefficient initially set to 8 [W/m?K]. Although this value is
slightly lower than that used in the simplified model (10 [W/m?K]), it was
considered consistent with the real conditions and represents a first modeling
approach. Figure 107 shows the area of the Mover immersed in the vacuum
chamber, subject to natural convection induced by the surrounding
environment.

11.7 Loads

Regarding the thermal loads, the analysis considered exclusively the heat
generation from the motors present in the model. These motors are located
along the Mover’s shafts, except for the central main shaft. In total, five
motors were modeled in a simplified manner (Figure 108), one for each of the
secondary shafts.

Two distinct scenarios were considered:
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Figure 108 - Detail on the simplification performed regarding the generic engine

block

e (Case I: the thermal power corresponding to half of the maximum
power (5.03 kW) was uniformly distributed across the five motors;

e (Case 2: the entire power was concentrated on a single motor,
specifically on one of the two lower shafts, in order to analyze the
localized effect of heat generation. This setup aims to represent the
worst-case local thermal load on one shaft, allowing us to observe
how heat builds up and transfers in that area.
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These analyses are a direct continuation of the preliminary studies conducted
in the previous chapters on the simplified model, where the model’s sensitivity
to heat generation was evaluated.

In conclusion, due to the lack of additional design data regarding the power
output of the motors during the operational conditions of the RM, the
simulations were carried out over a time span of 3 hours. During this period,
the motors operated in alternating on-off cycles, each lasting 30 minutes. This
approach was arbitrarily chosen to represent a more realistic operational cycle,
as it would be unlikely for the motors to operate continuously (at max. Power)
for several hours. However, the chosen cycle pattern is purely illustrative and
does not yet reflect the actual operating strategy, which has not yet been
defined. The temporal pattern of these cycles is illustrated in the Figure 109.

Engine Power on-off

—_—
step time [g]
Figure 109 — Engine load cycles considered during the RM operating phase
11.8  Results

The FE analyses performed on the actual RM model produced results
consistent with those expected from the preliminary analyses conducted on
the simplified models, confirming the early predictions.

The main results of the simulations are described in the next paragraphs.

11.8.1 Steady-state analysis

Specifically, starting with the steady-state simulation of the problem
(Figure 110): it can be observed that the area affected the most by heat

0 1800 3600 5400 7200 5000 10800
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exchange with the Breeding Blanket (BB) is limited to the lower part of the
RM, close to the contact zone. Overall, the Mover reaches a temperature of
80 [°C], as “imposed” by the convective condition, while the area closest to
the BB tends toward 130 [°C].

NT11
+1.300e+02
+1.258e+02
+1,217e+d2
+1.175e+02
+1.133e+02
+1.092e+02
+1.050e+02
+1.008e+02
+3.667e4+01
+39.,250e+01
+8.833e+01
+8,417e+01
+8.000e+01

steady state

Figure 110 — Results in terms of nodal temperatures [°C] under steady-state
conditions

11.8.2 3h Transient analysis

A first transient analysis was carried out over a duration of three hours for
the model under study, and the results (Figure 117) do not yet show a
completely uniform temperature distribution. Figure 172 shows the
temperature variation of the highlighted node, which represents an average
temperature of the model. After three hours of exposure in the 80[°C]
environment, the temperature of the intermediate area of the RM is
approximately 40 [°C].

An additional important piece of information is provided by Figure 113,
which analyzes the thermal power entering the Mover as a result of prolonged
contact with the BB at 130 [°C]. It can be observed that the power, initially
increasing, reaches a maximum value of 3.26 [kW] at around 6000 seconds,
and then begins to decrease. This delay in reaching the peak incoming heat
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flux is due to the time required for the lower part of this component to heat
up, while the subsequent decrease in power is caused by a slowdown in the
increase of the average temperature, resulting in a reduced thermal gradient
across the plate. This information could be crucial for future analyses aimed
at designing a supplementary cooling system, thereby keeping the RM
temperatures within lower and more acceptable ranges.

NT11
+1.300e4+82
+1.215e402
+1.130e+02
+1.045e+02
+5.600e4+01
+8. 7500401
+7.90de401

3h transient analysis

Figure 111 — Temperature distribution [°C] in the model following a 3 hour
transient analysis
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Detailed results:
“Node 12841” Temperature

T_max=40.8"C

E

Temperature (°C]

8

s L) 46 ) o 10 I 1.e3)
Time [s]

3h transient analysis
Figure 112 — Temperature distribution [°C] at the midpoint of the model

Heat flux over area [W]

0.0 8.0 W00 [x1.e3]

[ SOH_on section I-SECTION-IF_PLATE SSET SURF-420 |

Figure 113 — Detail of the heat flux entering from the contact with the BB

11.8.3 0.5h Equivalent transient analysis

As was done in the previous chapters for the simplified model, the full
model also employs significantly reduced mass densities to observe the
evolution of the model’s average temperature over time. This temperature,
given the considerable distance from the contact area, will stabilize (as
predicted by the steady-state analysis: §10.1) at a value slightly above 80 [°C],
driven by the external environmental temperature. As expected, reducing the
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mass density significantly shortens the temperature rise time, allowing the
transient behaviour to be observed more quickly.

Detailed results: The steady state is reached
“Node 12841” Temperature  after approximately 500s.

80.

2

Temperature °C]

30.

LX) (&) - 10 - is [x 1.e3]
Time s1

0.5h Eq. transient analysis

Figure 114 — Temperature distribution [°C] at the midpoint of the equivalent
model

11.8.4 Film coefficient as a function of temperature

This section presents the results of the analysis carried out considering a
temperature-dependent convective heat transfer coefficient (Figure 115),
similarly to what was shown in §9. As a result of this modification, the
convective heat transfer is slightly reduced, since the coefficient 4 takes lower
values, compared to the 8 [W/m?K] used previously.

NT11 FILMCOEF
+1.303e+22
+1.215e+22
+1,138e+32
+1.845e422
+3, e+al

+5,350e+a1
+4, 5008431 :
+3, 653421 L '

+2,802e+01 & s 2 +1.021e409

Figure 115 — Results in terms of nodal temperatures [°C] and h(T) [W/m’K]
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At the midpoint of the central bell (shown in Figure 112 and Figure 114) a
slight decrease in temperature is observed, from 40.8 [°C] to 36.7 [°C] (Figure
116).

Temperature - °C
w w w
N = e

w
e

0.0 2.0 4.0 6.0 8.0 10.0 “[x 1.e3]
Time - s
Figure 116 — Temperature evolution [°C] at the midpoint of the model

It should be noted that the results just presented are very similar to those
shown in Figure 95, obtained from the simplified model.

11.8.5 Thermal Insulation Analysis

Figure 117 shows how the insulating layer is incorporated into the model
and how the BB has been partially modeled. The layer is therefore positioned
between the plate at the base of the RM and the component shown below,
which represents a part of the BB. Two thermal contacts were modeled as
already described in the chapter dedicated to the simplified analysis. The
material used is G-10-Cr, a composite material based on epoxy resin
reinforced with glass fiber, widely used in nuclear and cryogenic applications
due to its excellent insulating properties (7able 5).
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Mover contact plate (28°C)

1

Thermal contact

Material: G1o-CR |~ O(‘—Qé%) ». 5-mm insulation layer (28°C)
S
e Thermal contact
1 Breeding blanket

partial contact plate
(130°C)

Figure 117 — Model configuration with the addition of the insulating layer

The FE analysis (Figure 118) shows that the effect of the 5 [mm] insulating
layer is quite significant with respect to the temperatures developing in the
contact plate. In fact, in the coldest area of the plate, the temperature decreases
from approximately 64 [°C] to 48 [°C], considerably delaying its heating.
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Figure 118 — Effect of the insulating layer on the local temperature [°C] of the
contact plate

On a global level, however, this effect is not as significant, as predicted by
the results in Figure 100 and confirmed by the results in Figure 119. Here, the
central bell and one of the two lower shafts are analyzed in detail. The
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temperatures of these two components show ranges in which the minimum
and maximum values are almost identical, with only very slight fluctuations.
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Figure 119 — Effect of the insulating layer on the overall temperature [°C] of the
model

11.8.6 30h Transient analysis

Another simulation that confirms the predictions from the simplified
analyses is the 30-hour transient analysis. From the graph in Figure 120, it can
be observed that the curve representing the midpoint of the model reaches,
after the indicated time, a temperature just below 70 [°C]. This result is fully
consistent with what was previously calculated and shown in Figure 90, where
the average temperature of the model reached 63 [°C]. The slight difference is
due to the substantial difference in complexity between the two models, and
because the point on the central bell considered as the midpoint of the real
model was chosen arbitrarily, being in the central area of the model and far
from the region where the BCs are applied.

109



Chapter 2

Time - s

Figure 120 - Temperature distribution [°C] at the midpoint of the model

11.8.7 Analysis Including the motors’ heat generation

In this final phase, the RM configuration including the blocks representing
the motors of the various actuators was considered. Specifically, five motors
were inserted: three on top of the three upper shafts and two above the lower
shafts. Two different cases were studied, as introduced in §11.7. Before
proceeding with the analysis of Case 1, in which the power is distributed
across the various motors, a simple approximate calculation was performed to
verify the validity of the simulation. With the motors still turned off, the heat
power entering each motor block was evaluated by integrating the heat flux
over the external surfaces of the motor. The results obtained from the FE
analysis are reported in Figure 121. It can be observed that the curve spans
negative values, which is understandable given that the motor tends to heat up
due to convection in a high-temperature environment. Specifically, its
midpoint reaches 55 [°C] after three hours. To confirm these results, the
following calculation is performed (eq. (32)):

P=m-c, At =21-485-(55—28) = 254 kW (32)

This simple calculation is in good agreement, on average, with the FE
model output showed in Figure 121, confirming the reliability of the simulation
approach. This calculated value represents the energy entering the engine
block per unit of time and thus provides an estimate of the magnitude of the
heat fluxes that must be removed by any auxiliary cooling circuits to prevent
a temperature rise.

20. a0, - 60. 80. - 100. [x 1.e3]
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Figure 121 — Power output from a single engine block in the case without heat

generation

Proceeding with the calculation of the model with distributed heat
generation across the five motors, the results are reported in Figure 122.

NT11

Figure 122 — Results in terms of temperatures [°C] obtained in the configuration
with distributed power

From the figure, it can be seen that over the course of three hours, and
according to the load profile shown in Figure 109, the motor exhibits a
temperature ranging between 85 and 96 [°C]. The point of interest is located
at mid-height of the motor and highlighted in yellow, representing its

[x 1.e3]
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midpoint: extracting the temperature at this point over the three-hour load
period, Figure 123 shows the comparison with the initial configuration, which
did not account for the motor’s heat generation
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Figure 123 — Comparison of temperatures at the midpoint of the motor for the
distributed power case and the initial case without heat generation

Following the first 30 minutes load cycle, for example, the temperature
rises from 28 to 78 [°C]. During the motor shutdown phase, since the
temperature is close to that of the surrounding environment, the convective
heat flux is very low, and conduction predominates, resulting in a heat flow
leaving the engine and directed toward the cooler components in contact with
it. Consequently, the engine block undergoes natural cooling down to
approximately 65 [°C].

The effect of distributed heat generation at the global level has virtually no
impact, and the temperature evaluated at the midpoint of the central bell
(Figure 124) remains almost unchanged compared to the case without heat
generation (Figure 112).
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Figure 124 — Temperature evolution at the midpoint of the central bell housing
(distributed power case)

Subsequently, the case in which the overall generation is localized in a
single motor block was analyzed. The results are shown in Figure 125. After
the three-hour transient, the temperatures locally reached as a result of the
application of the thermal “on-off” cycles are excessively high (over 250

[°CD.
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Figure 125 - Results in terms of temperatures [°C] obtained in the configuration
with localized power
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Chapter 2

Below, similarly to what was done for the calculation with distributed
power, the comparison graph with the case in which the model is not affected
by thermal generation is reported (/igure 126). It can also be observed that the
temperature peaks reached over the three-hour period exceeded 350 [°C],
making this configuration non-functional and unrealistic.
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Figure 126 - Comparison of temperatures at the midpoint of the engine for the
localized power case and the initial case without heat generation

Even in the case where the power is localized, no temperature increase is
observed at the midpoint of the central bell, so the issue to be addressed
concerns only the area adjacent to the engine block.
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Figure 127 — Temperature evolution at the midpoint of the central bell housing
(localized power case)
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HKM FE Modelling: real case study

These analyses represent preliminary approaches useful for gaining an
understanding of the thermal loads involved. With a view to the potential
design of an auxiliary cooling circuit for the RM under study, it is in fact
important to be aware of the temperatures reached by the operating system
both under standard operating conditions and in more critical scenarios. It
should be noted that the on—off cycle considered is purely arbitrary. The
results suggest that the motors should not operate at full power for extended
periods without adequate cooling.



12. Conclusions

In this work, two complementary methodological developments were
carried out in support of the structural and thermal assessment of DEMO
reactor components.

In the first part, a numerical procedure for the structural and fracture
assessment of the DEMO divertor in unirradiated conditions was developed.
The approach combined global FE modelling and submodeling techniques
implemented in ANSYS with Linear Elastic Fracture Mechanics (LEFM)
simulations performed using FRANC3D.

A preliminary analysis on representative single load cases allowed the
identification of potentially critical regions characterized by high principal
stress concentrations and, therefore, susceptible to crack initiation. Among the
scenarios investigated, the thermal load case proved to be the most
demanding, leading to significantly higher SI/F' values compared to the
pressure load case.

Subsequently, a combined load case was analyzed, accounting for both
thermal and pressure effects. The first load step considered only the pressure
contribution, whereas the second also incorporated the thermal load. This
configuration shows that the structure experiences a constant S/F induced by
the pressure load, superimposed with an alternating thermal component.

The subsequent fatigue analysis, performed using Paris’ law, indicated that
several thousand on—off cycles would be required for a crack to propagate by
only one millimeter, confirming the structural robustness of the divertor under
the investigated conditions in the single load cases. Nevertheless, this outcome
must be interpreted cautiously, as it is based on partial loading conditions and
assumes a pre-existing critical crack with a depth equal to one quarter of the
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reference wall thickness. The combined load case is then evaluated in a larger
crack range until 3 millimeters of depth.

An additional analysis performed on the IVT of the DEMO divertor
investigated the effect of multiple cracks in two potentially critical adjacent
zones, showing comparable SIF values at both locations and, consequently,
similar crack growth behaviour.

The study thus provides a first methodological framework for more refined
assessments, to be further extended to include irradiation effects, more
complex combined load cases, and different crack geometries or more detailed
multiple-crack configurations.

In the second part, a dedicated thermal analysis methodology was
developed for the HKM of DEMO, aimed at evaluating its operational
reliability and supporting future design optimization.

In this study, a thermal analysis methodology was developed for the BB
handling system of the DEMO reactor, with the aim of assessing its
operational reliability and supporting its future design. The adopted approach
followed a progressive path, starting from simplified analytical models up to
three-dimensional FE simulations, allowing for the validation of the initial
assumptions and the quantification of thermal phenomena under realistic
conditions. The main results can be summarized as follows:

Model validation: The simplified analytical models provided predictions
in good agreement with the FE simulations, confirming the robustness of the
methodological approach.

Identification of critical times: Transient analyses showed that the mover’s
average temperature exceeds the critical threshold of 40 [°C] (critical to
achieve the performance of the mechanical actuators) after about 7 hours,
when considering a constant convective coefficient, while the same threshold
is only reached after 14 hours when using a more realistic temperature-
dependent heat transfer coefficient. After 30 hours of exposure to the V'V
ambient, the average temperature tends to stabilize around 60-70 [°C], well
above the initial value of 28 [°C] imposed to the RM. Here too, the results
obtained from the simplified and the realistic model are very similar, with only
negligible deviations due to the different level of complexity of the two
models. The effect of the RM’s mass variation is the most significant among
all the parameters analyzed.

Effect of the motors: The introduction of internal heat generation
highlighted contrasting scenarios. While awaiting a more precise definition of



the actual motor load cycles to better estimate the resulting local and global
heating, a first approach was carried out with analyses assuming motors
operating at 50% of the stall power (5 [kW]) distributed over five units: the
resulting temperatures remained limited, locally exceeding about 100 [°C];
conversely, concentrating the same power on a single motor the local
temperature peaks above 350 [°C], which is entirely incompatible with the
required performance and clearly indicates the need for dedicated cooling
systems.

Mitigation through insulation: the addition of a 5 [mm] insulating layer,
made of fiberglass material (G-10-CR or similar) reduced local temperatures
in the BB contact area from about 64 [°C] (no insulation, metal to metal
contact) to 48 [°C], significantly delaying the thermal rise, while having a
limited impact on the overall behavior (average RM temperature ~ 40.8 [°C]).

Effect on the structural strength of the RM components: the max.
temperature values calculated for the operating scenarios considered in this
work are compatible with the typical range considered acceptable for
structural steel. Only a minor strength reduction shall be accounted for in the
worst-case scenario.

These findings have not only clarified the operating thermal conditions of
the system but have also provided objective criteria for its design optimization.
In particular, the results offer concrete support for defining safety margins,
assessing the need for auxiliary cooling systems, and selecting the most
suitable materials or geometric configurations. In perspective, this work thus
provides a solid methodological and numerical basis for future developments,
such as thermo-structural analyses, evaluations under dynamic conditions, and
long-term reliability studies. The proposed approach therefore contributes to
enhancing the robustness of the remote maintenance system and, more
generally, to improving the safety and efficiency of DEMO reactor
maintenance operations.
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