. "’% ~
3

Y
mm: Nﬁm‘! Politecnico
mmﬂﬁﬁg di Torino

ENE S,

L]
Y

uy 1859
A RN . ,g.t,f"'

0
’
0!‘
4

Master’s Degree in Mechanical Engineering

Master’s Thesis
Finite Element Analysis of the
DTT Cryostat Thermal Shield Support System:

Structural Assessment of Support Configurations

Supervisor:
Prof. Giorgio Zavarise

Candidate:

Co-Supervisors: Mohammad Bagheri 302098
Prof. Roberto Bonifetto

Prof. Giulio Ventura

AY. 2025-2026






Abstract

This thesis presents a finite element assessment of support configurations for the Divertor
Tokamak Test (DTT) cryostat thermal shield system. The study focuses on the global structural
response of the cylindrical, dome, and top-cover thermal shields and their G10-CR support
members under gravity loading, prescribed thermal loading, and combined gravity and thermal
loading. The cryostat body and thermal shields were represented using shell elements, while the
support members were represented using beam elements. Bonded, joint-based, and no-separation
interface definitions were adopted to represent the main load-transfer and displacement-
compatibility conditions of the support system. The insulation gap between the cryostat body and

the thermal shields was assessed by comparing initial and deformed gap-result fields.

A geometry-informed reference configuration with 80 support members of 20 mm diameter was
first analyzed. The support layout was derived from the available CAD-based support paths and
refined through iterative finite element assessment, rather than by assuming a uniformly spaced
support distribution. The results showed that gravity loading governed the support-member
combined stresses, while thermal loading mainly influenced the overall deformation field. The
maximum support-member combined stress occurred under combined gravity and thermal loading,
with a value of 236.49 MPa. The maximum shell stress occurred in the dome thermal shield under
gravity loading, with a value of 99.496 MPa. These values were below the selected reference
strength values adopted for the stress comparison. The vertical deformation in gravity loading
remained below the 10 mm deformation check for all thermal shield regions. The gap assessment
did not indicate a critical reduction of insulation clearance. The first relevant positive eigenvalue
buckling multiplier of the gravity-prestressed reference configuration was 5.2172, corresponding
to an estimated total buckling load state of approximately 6.22 times the reference gravity load
under the nonlinear-based perturbation interpretation. Supplementary thermal-perturbation checks

also indicated that thermal-induced elastic buckling was not close to the operating condition.

A mixed-diameter support configuration was then evaluated as a sensitivity case. In this
configuration, 15 support members were kept at 20 mm diameter and 65 support members were
reduced to 10 mm diameter, reducing the total support-member cross-sectional area by 60.94%.

The mixed-diameter configuration produced deformation, support-member combined-stress, gap,



and buckling results comparable to those of the reference configuration. Within the analyzed
loading cases and the assumptions of the global shell-and-beam model, the mixed-diameter
configuration can therefore be considered a structurally promising alternative for further detailed

assessment.

Keywords: DTT, cryostat thermal shield, finite element analysis, support system, G10-CR, shell

elements, beam elements, thermal contraction, insulation gap, eigenvalue buckling
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Chapter 1

Introduction

1.1 General Background

Magnetically confined fusion seeks to produce sustainable power by heating a deuterium—tritium
plasma to several hundred million kelvins [1]. To confine this plasma, large superconducting coils,
maintained at cryogenic temperature within the cryostat, generate the strong magnetic fields
required for plasma confinement [2]. The vacuum vessel, first wall, and divertor, located close to
the plasma, reach several hundred degrees Celsius during operation and baking. The coexistence
of hot plasma-facing components and cryogenic superconducting systems within the same
tokamak assembly creates large thermal gradients and strong differential-expansion constraints on

intermediate structures.

A thermal shield is installed between hot components and the cold superconducting coils to
intercept most of the radiative heat load before it reaches the cryogenic systems. It is cooled by
helium gas circulating at 70—100 K and composed of stainless steel panels with welded cooling
tubes and reflective coatings to lower emissivity. In general, thermal shield supports must
withstand mechanical loads associated with gravity, thermal contraction, seismic events, and

electromagnetic transients, while minimizing heat conduction to the cold mass [3], [4].



In large fusion devices such as ITER, KSTAR, EAST, JT-60SA, and Wendelstein 7-X, thermal
shield design studies have addressed panel segmentation, cooling layout, material selection, and
support attachment strategies [5—7]. These studies show that the support system is a critical design

feature because it governs load transfer, displacement compatibility, and solid conduction paths.

The Divertor Tokamak Test (DTT) facility, currently under design in Italy, investigates advanced
power-exhaust solutions for future DEMO-class reactors [8]. Its cryostat and magnet system adopt
a thermal shield architecture comparable in function to those used in large superconducting
tokamaks such as ITER, while being adapted to the size, layout, and loading conditions of DTT.
In DTT, the thermal shield is located between warm structures, such as the vacuum vessel, ports,
and cryostat, and the superconducting magnets operating at approximately 4.5 K. It is divided into
three main subassemblies: the Vacuum Vessel Thermal Shield (VVTS), the Port Thermal Shield
(PTS), and the Cryostat Thermal Shield (CTS), each subjected to different thermal and geometric
boundary conditions. The system operates with the vacuum vessel reaching up to 110 °C during
baking, while the thermal shields operate at 80—110 K [3]. The vacuum vessel encloses the plasma
region and represents one of the main warm boundaries for the thermal shield system. The cryostat
forms the external vacuum boundary of the system, enclosing the superconducting magnets and

thermal shields.

Figure 1.1 Sectional view of DTT facility [8].

The DTT thermal shields are composed of modular stainless steel panels with integrated cooling

tubes and toroidal segmentation. The panels are connected to surrounding structures through



insulated support interfaces, whose arrangement affects the load-transfer mechanism,

displacement compatibility, and thermal-bridge area of the shield system [3], [9].

CTS

12 sectors

Figure 1.2 Schematic view of the DTT thermal shields [10].

Since DTT is still in its engineering-design phase, the number, geometry, and arrangement of the
supports require structural assessment because they directly affect the stiffness, deformation
pattern, and clearance control of the shield system. Within this broader context, the present work
focuses specifically on the cryostat thermal shield support system. Other thermal shield

components, such as the vacuum vessel and port shields, are not included in the present analysis.

1.2 Objectives and Motivation

The mechanical assessment of thermal shield supports in superconducting fusion devices requires
a balance between stiffness, load-carrying capacity, and thermal-contraction accommodation. The
support system must carry the shield weight, preserve the insulation gap, and allow relative
displacement between the cryostat and the cooled shield without causing excessive stress or

deformation.

Previous studies on superconducting fusion devices show that thermal shield support systems are
strongly influenced by support geometry, material selection, kinematic constraints, and local load-

transfer conditions. In particular, reducing the support cross-section may decrease the available



thermal-bridge area, but it can also increase stress and deformation. Therefore, the structural effect
of support configuration changes must be assessed before such modifications can be considered

acceptable.

The present work is limited to a global structural assessment of the cryostat thermal shield support
system and does not attempt to provide a detailed local verification of bolted attachments or
complete thermal design. Instead, it develops a global finite element model to evaluate the
structural response of the shield system under gravity loading, prescribed thermal loading, and
combined gravity and thermal loading. The prescribed temperature fields are used to represent the
structural effect of differential thermal contraction, without performing a separate heat-transfer
analysis. In addition to the reference support configuration, a mixed-diameter configuration is

considered to examine the structural consequence of reducing selected support-member diameters.
The specific objectives of the thesis are:

1. To develop a finite element model of the DTT cryostat thermal shield support system,
including shell representations of the cryostat and thermal shields and beam representations of
the support members.

2. To define support-interface conditions using contact and joint constraints to represent the main
load-transfer and displacement-compatibility features of the support system.

3. To evaluate the deformation, shell stress, support-member stress, and insulation-gap response
under gravity, prescribed thermal, and combined loading cases.

4. To perform a preliminary linear eigenvalue buckling assessment of the reference configuration,
including the gravity-prestressed case and supplementary thermal-perturbation checks.

5. To compare a reference support configuration with a mixed-diameter configuration in order to

assess the structural effect of reducing selected support-member diameters.

The results provide a global structural assessment of the analyzed support configurations within
the assumptions of the finite element model. They also identify the main governing response
quantities and the limitations that should be addressed in future detailed design and verification

work.



1.3 Thesis Structure and Scope
The thesis is organized into five chapters.

Chapter 1 introduces the general background of magnetic-confinement fusion and the role of
thermal shields in superconducting tokamaks. The motivation, objectives, and scope of the present

work are defined with reference to the DTT cryostat thermal shield support system.

Chapter 2 reviews previous work on thermal shield design and support systems in major
superconducting fusion devices, including ITER, DEMO, JT-60SA, EAST, KSTAR, Wendelstein
7-X, and DTT. The review focuses on support conduction, kinematic constraint strategies, local
stress concentration, temperature-dependent material behavior, manufacturing tolerance effects,

and secondary design drivers such as electromagnetic isolation and assembly feasibility.

Chapter 3 describes the finite element methodology adopted in this work. It presents the
geometrical idealization, material definitions, element types, support-interface modeling strategy,
boundary conditions, loading cases, meshing strategy, insulation-gap assessment procedure,

structural assessment quantities, and eigenvalue buckling approach.

Chapter 4 presents the finite element results for the reference and mixed-diameter support
configurations. The reference configuration is evaluated under gravity loading, prescribed thermal
loading, and combined gravity and thermal loading. The chapter also presents the insulation-gap
assessment, eigenvalue buckling results, and the sensitivity assessment of the mixed-diameter

configuration.

Chapter 5 summarizes the main conclusions of the work and outlines possible future developments.
The limitations of the modeling approach are discussed, including the global beam-and-shell
idealization, the absence of detailed attachment modeling, the simplified G10-CR material

representation, and the use of prescribed temperature fields.

The scope of the thesis is limited to the global structural assessment of the DTT cryostat thermal
shield support system. The analyses are performed under static structural conditions with
prescribed temperature fields. Detailed heat-transfer analysis, transient thermal response,
electromagnetic loading, seismic loading, fatigue, irradiation effects, manufacturing deviations,

and detailed local verification of support attachments are outside the scope of the present model.



Chapter 2

State of the Art

The design of thermal shield support systems is a critical aspect of superconducting fusion devices
because the supports influence both the structural reliability of the shield and the conductive paths
toward the cryogenic system. Thermal shield supports must carry mechanical loads, accommodate
differential thermal contraction, preserve clearances, and limit heat transfer through solid
connections. These requirements are strongly coupled, because increasing support stiffness or
support count can improve mechanical stability but may also increase the available conductive

cross-section.

This chapter reviews previous experimental and numerical studies concerning thermal shields and
support systems in major fusion devices, including ITER, DEMO, JT-60SA, EAST, KSTAR,
Wendelstein 7-X, and DTT. The review is used to identify the engineering issues that are most

relevant to the present structural assessment of the DTT cryostat thermal shield support system.

The discussion is organized around six main topics: conduction minimization in supports,
kinematic design and contact mechanics, local stress concentration and sub-modeling,
temperature-dependent material behavior, manufacturing and tolerance effects, and secondary
drivers such as electromagnetic isolation, assembly feasibility, and cryogenic efficiency. The

purpose of the review is not to reproduce the complete design process of each machine, but to



extract the support system principles that motivate the modeling choices and assessment quantities

used in the following chapters.

2.1 Conduction Minimization in Supports

The transfer of heat through mechanical supports is one of the important sources of parasitic heat
load in superconducting fusion devices. After radiative exchange is reduced by coatings or
multilayer insulation, conduction through structural supports can become a major component of
the steady heat flux toward cryogenic systems. The number of supports, their length, cross-
sectional area, and the thermal conductivity of the materials used determine the total heat leak. The
designs implemented in existing machines provide essential references for the assessment of the
DTT thermal shield supports. In the present work, conductive heat transfer is not directly computed

but is considered indirectly through the geometric characteristics of the support system.

In ITER, conduction was significantly reduced by replacing plate-type supports with axially
oriented rods and by introducing G10 insulation blocks in the load path. The analyses were
performed under steady thermal conditions with static load combinations representing dead weight,
seismic, and electromagnetic cases. The articulated rods transmit only axial forces, allowing the
metallic section to be minimized without bending. The insulation blocks interrupt both thermal
and electrical continuity, thereby preventing eddy currents and limiting conductive heat flow. This
configuration achieved an approximately five-fold reduction in conduction compared with the

earlier plate design [4], [11], [12].

The DEMO studies demonstrate that conduction through gravity and structural supports dominates
the thermal load to the 4 K magnets, even when radiation constitutes more than 80% of the total
heat input at higher temperature levels. Increasing the operating temperature of the thermal shield
slightly decreases radiative exchange but increases conduction more rapidly, leading to higher
refrigeration power demand. These results confirm that reducing the number and cross-section of
conductive paths is more effective than adjusting the shield temperature [13], [14]. These
simulations were steady-state, combining analytical radiation estimates with FEM-based

conduction models.



The actively cooled divertor of JT-60SA employs sliding attachments that allow differential
movement and minimize clamping pressure on the bolts. This configuration limits the metallic
contact area and consequently reduces parasitic conduction from the divertor target to the cooled
structure [15]. Although not directly a thermal shield component, the same mechanical principle

is applicable to cryogenic supports.

In EAST, multi-plate stainless steel supports insulated by 10 mm G10 layers and isolated bolts
were adopted. The calculated conductive heat flow was approximately 326 W under the 300 K
operating condition and remained nearly constant for higher vacuum-vessel baking temperatures,
indicating that the insulation thickness and support number are the main variables controlling

conduction [5], [16].

The KSTAR thermal shield uses epoxy—glass composite supports of fixed and sliding types to
reduce conduction while allowing thermal contraction. Experimental results during the first cool-
down revealed local temperature peaks of up to 160 K near zones of high support density. Uniform

spatial distribution of supports is required to prevent localized heat accumulation [7].

In Wendelstein 7-X, Torlon polymer pins and cylinders, with a thermal conductivity of about 0.1
W m' K*at 70 K, are used as supports. Each support conducts approximately 0.2—0.5 W, and the
cumulative effect of roughly 1400 supports results in an overall conduction of about 410 W. This
outcome demonstrates that the total number of supports can be as influential as the material

properties in determining the total conductive load [6].

For the DTT thermal shield system, analyses in the literature show that G10-CR fiberglass bolts
constitute the principal thermal paths between the vacuum vessel and both the inner and outer
shields. Their low conductivity and small diameter limit the heat transfer through each path, while
the total number of bolts defines the overall conduction level. Previous ANSYS thermal analyses
were performed in steady state to establish temperature distributions, while RELAP5-3D transient
simulations resolved the helium coolant dynamics. The results also indicate that, once radiation is
suppressed by surface coatings or multilayer insulation, conduction through these supports
becomes the dominant source of cryogenic load. The same studies confirm that the careful
selection of bolt geometry, spacing, and contact interfaces is important for maintaining the shield
temperature within design limits [3], [10], [17]. In contrast, the present work isolates the cryostat

thermal shield support system and evaluates its structural response independently.
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The reviewed devices show that heat conduction through supports is commonly reduced by using
low-conductivity materials such as G10 or Torlon, limiting metallic cross-section, and minimizing
the number of conductive paths. For DTT, these findings suggest that the support configuration is
an important factor in the thermal-shield performance, because the support members contribute to
the available conductive paths between warm and cold structures. Reducing the conductive cross-
section of well-insulated supports can reduce the available heat-transfer path, provided that
deformation, stress levels, and gap preservation remain acceptable. Conduction control alone is
not sufficient, because the support system must also accommodate thermal contraction without

excessive restraint.

2.2 Kinematic Design and Contact Mechanics

Thermal shields are installed within narrow gaps between the vacuum vessel and the surrounding
superconducting magnets. During operation and bake-out, large temperature differences between
these structures cause differential thermal expansion and contraction, leading to relative
movements that can reach several tens of millimeters. The support system must therefore allow
controlled motion while maintaining the mechanical integrity of the shield and preserving
clearance margins. Kinematic design principles are applied to avoid over-constraint and to
minimize secondary stresses generated by restraint of thermal deformation. Contact mechanics
considerations are therefore needed to evaluate whether the supports can accommodate these
relative displacements without excessive local reactions, stress concentrations, or permanent

deformation.

In the ITER design, the kinematic function of the supports is ensured by the combination of
articulated rods and flexible strips. The outboard supports incorporate double spherical caps that
provide rotation in two planes and transfer only axial forces, preventing bending in the rods during
cool-down or electromagnetic transients. The spherical-cap system allows a swing of
approximately three degrees, corresponding to about 48 mm of displacement, which satisfies the
predicted thermal movement between the vacuum vessel and the magnets. During operation and
thermal cycles, articulation must remain effective to avoid excessive stress at the interfaces. The

inboard supports consist of prestressed Inconel 718 strips that follow the contour of the toroidal



field coils and permit radial and toroidal motion while fixing the vertical load. This configuration

maintains alignment while preventing excessive stress due to constrained expansion [4], [11], [12].

Experimental validation of this system confirmed that the assembly tolerances and tightening
sequences did not impede the intended articulation of the supports. The 5 mm clearance at the cup
interface ensured unrestricted rotation under the combined mechanical and thermal loads. The
mechanical behavior observed in prototype testing verified the adequacy of the kinematic design

in avoiding contact or interference between adjacent structures [18].

The KSTAR thermal shield adopts a different yet conceptually similar approach. Its support
system combines fixed supports, which sustain gravitational loads, and sliding supports, which
compensate for thermal contraction of the panels. The use of sliding supports prevents loss of
preload and suppresses the build-up of bending stresses during cool-down. During operation,
measured displacements of 6—12 mm confirmed that the sliding function performed as intended.
The results indicate that precise control of friction and contact surface finish is necessary to ensure

consistent sliding without stick—slip effects that could generate localized stress or noise [7].

In EAST, kinematic decoupling is achieved through the boundary conditions of the support system.
The supports allow poloidal movement while restricting toroidal drift, thereby controlling the
shield position while accommodating the differential expansion between the vessel and magnets.
The self-centering behavior of the shield prevents cumulative misalignment during thermal cycling.
The analysis also indicates that the combination of gravity and thermal loads is the main factor
influencing deformation, whereas electromagnetic loading has a limited impact on kinematic

response [5].

The Wendelstein 7-X thermal shield operates within extremely constrained geometric tolerances.
The Torlon support pins and cylinders provide limited compliance but sufficient elasticity to
absorb small differential displacements during thermal cycles. Although the kinematic freedom is
less pronounced than in tokamaks, the design demonstrates that low-conductivity polymer

supports can accommodate small motions without mechanical degradation [6].

The analyses conducted for DTT consider both thermal contraction and assembly deformation
between the vacuum vessel and the two thermal shield layers. The finite-element evaluation

represented steady equilibrium states at the two extreme temperature conditions (room temperature
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and cryogenic operation) to capture differential contraction effects. The bolted support system is
modeled using beam elements and is classified into three categories of fixed, hinged, and non-
hinged bolts, to reproduce the necessary degrees of freedom. Hinged and non-hinged bolts enable
controlled sliding and rotation, ensuring that large differential movements are absorbed without
overstressing the bolts. The calculated displacements reach up to 42 mm at the inner shield and 21
mm at the outer shield. Despite these large movements, the minimum gap between the structures
remains greater than 8 mm, confirming that the intended clearances are maintained. The analysis
further indicates that the bellows length of the vacuum vessel has a negligible effect on relative
motion, confirming that the kinematic response of the shield is governed primarily by bolt

configuration and contact stiffness [17].

The comparative evaluation of all machines shows that an effective kinematic design requires a
controlled hierarchy of constraints: the directions needed for load carrying and positioning must
be restrained, while other directions should provide sufficient freedom to accommodate thermal
expansion or contraction. Articulated joints, sliding interfaces, and flexible elements have proven
successful in eliminating bending loads and avoiding loss of preload. In the previous DTT studies,
mixed-type bolts with controlled rotational and translational freedom were used to accommodate
thermal movements and limit excessive stresses or contact between the vacuum vessel, shields,
and magnets. The combination of mechanical stability and compliant motion established in these
earlier machines provides the reference framework for the assessment of the DTT thermal shield
support system. Even with proper kinematic freedom, local stress concentrations can arise at

supports and joints. These effects are discussed in the following section.

2.3 Stress Concentration and Sub-Modeling Validation

The presence of complex geometries, such as bolted joints, welded cooling tubes, and support
attachments, generates local stress concentrations that are not captured adequately by global finite-
element (FE) models. Detailed sub-modeling is therefore required when the objective is to evaluate
local stress fields and compare them with design-code limits. In the present thesis, this level of
local verification is not performed because the model is intended for global support-system
assessment. The literature shows that the main locations of stress concentration in thermal shields

are at the supports, joints, and weld interfaces, where abrupt changes in stiffness and load direction
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occur. Understanding these local phenomena is crucial for defining reliable safety margins and

fatigue life in the DTT design.

In ITER, several studies have addressed the importance of sub-modeling for the thermal shield
supports. The final design verification presented in [19] demonstrates that the global stress values
are within acceptable limits but that local peaks arise in the spherical bushings and bolted joints.
The verification was based on static structural analysis using temperature fields derived from
steady thermal simulations. The maximum stress in the outboard support reached approximately
959 MPa in the spherical bush, corresponding to a margin of about 22% below the allowable limit.
The same analysis identifies the joints and fasteners as the most critical components, requiring
local verification against fatigue and ratcheting. Earlier work in [20] and [12] reveals high stresses
near weld brackets and port attachments, where combined membrane and bending stresses
approach 240 MPa under the most severe load combinations. These regions were reinforced, and

the welding sequences were optimized to mitigate local overstress.

The role of geometric accuracy on local stress fields is examined in [18]. This study introduces
measured manufacturing deviations into the finite-element mesh and shows that such
imperfections significantly modify the stress distribution at contact points and supports. The results
confirm that design verification must include geometric uncertainties to avoid underestimating

local stress levels.

In KSTAR, the structural integrity of the thermal shield supports and joints is discussed in [7]. The
analysis indicates that the combined loading of gravity, cool-down shrinkage, and electromagnetic
forces produces maximum stresses below the allowable limit of 380 MPa, with the highest local
stresses occurring near support attachment welds and cooling-tube interfaces. The fabrication
process was identified as a major influence on stress concentration; in particular, welding

distortion was minimized by optimizing the assembly sequence and inspection methods.

The EAST machine exhibits similar behavior. As reported in [5], the maximum stress occurs at
the junction between the vacuum-vessel and port thermal shields under the combined gravity,
thermal, and electromagnetic loads. These results originate from static coupled thermal—structural
simulations under steady operating conditions. The peak stress value of approximately 402 MPa
remains within the allowable range, and additional rib reinforcement was introduced in these

regions to control stress localization. The analysis also confirms that electromagnetic loads
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contribute less to local stress than thermal and mechanical effects, emphasizing the dominance of

thermally induced deformation.

The Wendelstein 7-X design demonstrates the importance of material selection in controlling
stress concentration. According to [6], replacing copper panels with brass significantly reduced
eddy-current-induced stresses during fast magnet discharge. The maximum structural stress in the
brass configuration remains below 100 MPa, well within the yield limit at 80 K. The study
concludes that electrical isolation and the use of low-conductivity alloys are effective in limiting

both electromagnetic and mechanical stress levels in shield components.

For the DTT configuration, the mechanical response of the supports, cooling pipes, and bolted
joints has been evaluated in detail. The study in [17] identifies the bolts and cooling pipes as the
most critical elements. The calculated stresses in the cooling pipes range from 150 to 260 MPa,
while the bolts experience 108 to 183 MPa depending on the thermal scenario. Although these
values remain below the allowable limits, they highlight the need for refined local modeling to
capture the true stress distribution in areas where beam or shell elements are insufficient. The same
study indicates that beam formulations can represent the global stiffness and load transfer of the

support system, but they do not account for the detailed local stress field at contact interfaces.

The reviewed studies show that sub-modeling is important for obtaining accurate local stress
predictions near supports, joints, and attachment regions. Global analyses define the overall
deformation pattern and load transfer, while local solid models provide the necessary resolution
for evaluating peak stresses, fatigue usage, and contact pressures. For the DTT design, detailed
sub-models should be applied to the bolts, cooling-tube welds, and support attachment regions to
ensure that design limits are respected under relevant thermal and mechanical load conditions,
while electromagnetic effects may also be considered in comprehensive design analyses. This
approach would support a more detailed verification of local structural integrity and fatigue

margins within the narrow tolerances required for cryogenic operation.

2.4 Temperature-Dependent Material Behavior

The thermal shield operates across wide temperature gradients, ranging from several hundred

degrees Celsius at the vacuum-vessel surface during baking to around 80-100 K at the shield and
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4 K at the magnet system. These gradients cause substantial thermal strains and variations in
material properties that directly influence stiffness, stress distribution, and preload stability in
bolted joints. Accurate representation of temperature-dependent mechanical and thermal
properties is therefore essential for reliable structural assessment and for ensuring the long-term

performance of the DTT supports.

In ITER, all principal analyses incorporate temperature-dependent data for stainless steel 316L(N)
and Inconel 718. The corresponding finite-element analyses were static but incorporated
temperature-dependent material data to reproduce the mechanical effects of cool-down. According
to [4], [19], cool-down is the dominant source of relative displacement between the vessel and the
shield, producing maximum movements of approximately 18 mm without exceeding stress limits.
Material hardening at cryogenic temperature increases the allowable stress margin, while the
reduction in thermal expansion prevents over-tightening of the joints. Bolt pretension is applied at
room temperature so that a sufficient clamping force is maintained after contraction to 80 K. This
temperature-dependent preload strategy ensures that the shield remains mechanically stable
throughout thermal cycling. The analyses also confirm that electromagnetic and seismic loads are

secondary compared with the thermally induced deformations.

Among ITER analyses, the study [21] included a time-dependent simulation of the ten-day cool-

down from 273 K to 80 K, limited to thermal transients without structural coupling.

The KSTAR experiments reported in [7] further demonstrate the influence of temperature
distribution on structural performance. During baking, local temperatures of up to 160 K were
recorded near support regions, while the overall panel temperature remained within 60—80 K. This
non-uniform field modifies the preload of nearby fasteners and slightly redistributes loads among
supports. Although no loss of mechanical integrity was observed, the study indicates that
maintaining temperature uniformity around critical supports is important for consistent stress and
preload conditions. The data were collected during operational transients of the machine, though

numerical simulations remained steady-state.

The EAST analyses presented in [5] confirm that thermally induced loads dominate the mechanical
response of the shield. Under combined gravity and thermal effects, the maximum stress reached
approximately 220 MPa, increasing to about 402 MPa when electromagnetic forces were

superimposed. The maximum displacement, approximately 5 mm, resulted primarily from thermal
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contraction. These findings confirm that structural performance is governed mainly by the

temperature field and by the coefficient of thermal expansion of the materials used.

The Wendelstein 7-X studies in [6] emphasize the connection between thermal and
electromagnetic behavior. Average shield temperatures were maintained between 75 K and 93 K,
while maximum port-region temperatures approached 110 K. Brass was selected for the shield
panels because of its stable mechanical properties at low temperature and its lower electrical
conductivity compared with copper. This choice reduced both eddy-current heating and thermally
induced stress, illustrating how appropriate material selection can address coupled thermal and

electromagnetic requirements.

For DEMO, [13] and [14] show that the shield operating temperature affects not only the
mechanical response but also the cryogenic efficiency. An optimal range of 100-125 K was
identified, balancing reduced radiation and acceptable conduction. Operating outside this range
leads to increased refrigeration power demand or higher material stress, confirming that

mechanical and thermodynamic optimization must be carried out concurrently.

The temperature-dependent response of the DTT shield is examined in [17]. The material
properties of stainless steel 316LN and G10-CR were defined as temperature-dependent in the
finite-element model. This analysis considered temperature-dependent properties under steady
equilibrium conditions. Predicted displacements reach up to 42 mm at the inner shield and 21 mm
at the outer shield, values consistent with those of comparable large tokamaks. The highest stresses
occur in the cooling pipes and bolts, at 150-260 MPa and 108—183 MPa respectively, still within
allowable limits. These results indicate that the structural design can accommodate the expected
thermal gradients. Complementary analyses in [3] and [10] reported shield temperatures below
100 K during plasma operation and below 130 K during baking. These studies were steady-state
thermal evaluations and provided operating temperature fields that could be used as input for

subsequent mechanical assessment.

Overall, the reviewed studies demonstrate that reliable design of shield supports depends strongly
on temperature-dependent material characterization and on accurate modeling of preload variation
during cool-down. At cryogenic temperature, stainless steels gain strength while thermal
expansion coefficients decrease, reducing the risk of overstress but altering joint clamping forces.

For DTT, the implementation of temperature-dependent data for all structural and insulating

15



materials, combined with verification of preload stability throughout the operational cycle, will be

essential to achieve both mechanical reliability and cryogenic efficiency.

2.5 Manufacturing and Tolerance Effects

Thermal shields are positioned within confined spaces between the vacuum vessel and the
superconducting magnet structures, where available clearances are often less than a few tens of
millimeters. Under such geometric restrictions, even small deviations introduced during
manufacturing or assembly can significantly influence the mechanical and thermal performance
of the system. The accuracy of welded joints, the alignment of support locations, and the
cumulative tolerances of segmented panels must therefore be controlled carefully. These factors
directly affect the achievable clearance, the preload of bolted joints, and the alignment of cooling
circuits. The experience gained from existing machines provides valuable information for defining

manufacturing and assembly tolerances in the DTT design.

The ITER program provides the most comprehensive documentation of tolerance management for
large-scale cryogenic shields. According to [4] and [12], mock-up fabrication and assembly tests
were used to validate feasible alignment sequences and to determine the tolerances achievable in
industrial production. The outboard panel manufacturing process was limited by welding distortion
of the cooling tubes and by spring-back of thin plates. The resulting tolerances were +15 mm
radially for the outboard panels and +10 mm for the inboard panels, with linear and angular
misalignments up to £5 mm and +2°, respectively. [18] demonstrates that these geometric
deviations can modify contact reactions and local stress patterns. The morphing approach
introduced measured deformations into the finite-element model, showing that misalignment
increases stress near supports and joints, thereby confirming the necessity of incorporating
manufacturing uncertainty in structural verification. The morphing-based deformation validation

was performed under static mechanical loading with geometry modified from measured distortions.

Assembly aspects were also addressed in [11] and [22]. The introduction of rod-type supports, in
place of the earlier plate configuration, simplified assembly and reduced envelope occupancy,
while also improving access for inspection and tightening. Factory pre-assembly of 40° sectors

was adopted to minimize on-site alignment operations and to ensure repeatable geometry during
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installation. The bolting sequence and joint closure procedures were verified experimentally to

prevent accumulation of tolerances along the toroidal direction.

The Wendelstein 7-X shield was constrained by extremely tight spatial envelopes, requiring very
precise alignment of panels and supports. As reported in [6], the adoption of brass and Torlon
elements facilitated machining accuracy and reduced assembly complexity compared with copper.
However, the high number of supports, approximately 1 400 including ports, increased the
sensitivity of the system to positioning errors. The study highlights that uniform distribution of
supports and precise control of pin length were necessary to prevent unintended mechanical

loading of adjacent structures.

The KSTAR thermal shield system, described in [7], also experienced manufacturing challenges
associated with welding distortion of the cooling tubes. The sequence of tube attachment and panel
forming was optimized to limit residual stresses and to maintain geometric fidelity. Installation
records note that one 45° sector of the vacuum-vessel thermal shield had to be installed after the
placement of toroidal field magnets, demonstrating the need for flexible assembly planning. The
leak-detection campaign, lasting approximately three months, further illustrates the importance of

fabrication quality and inspection for cryogenic components.

In EAST, fabrication tolerances are managed through the modular segmentation of the thermal
shield. The shield consists of multiple panels joined by bolted connections that allow minor
alignment adjustment during assembly. As discussed in [5], ribs were added to maintain panel
rigidity and to limit distortion during welding and cool-down. The analysis indicates that these
stiffeners not only enhance mechanical strength but also improve geometric stability under thermal

gradients.

The DTT analyses confirm that manufacturing and alignment accuracy are crucial due to the very
limited clearances available. [17] reports that the minimum gaps between the vacuum vessel, the
inner shield, and the outer shield are in the range of 8—13 mm. These margins can be consumed
easily by small fabrication or assembly deviations. The same study identifies the top-inboard
region as the most sensitive area, where the gap approaches the minimum limit during thermal
contraction. The beam-element simulations suggest that geometric tolerances at bolt locations and
panel edges should be controlled within a few millimeters to maintain operational clearances. The

related thermal analyses in [3] and [10] highlight that panel flatness and tube placement accuracy

17



also affect the uniformity of the temperature field, which in turn influences local stresses and heat

flux distribution.

The reviewed studies indicate that tight tolerance control is not only a geometric requirement but
also a functional necessity for maintaining structural integrity and thermal performance. The
accumulation of small deviations during fabrication and assembly can lead to stress concentration,
uneven contact forces, and reduced clearance. For the DTT thermal shield, the establishment of
strict dimensional control procedures, early verification through mock-up testing, and integration
of measured geometry into numerical models are recommended to ensure consistent performance

under both static and thermal loads.

2.6 Secondary Drivers: Electromagnetic Isolation, Assembly, and

Cryogenic Efficiency

In addition to mechanical and thermal performance, thermal shield design must also satisfy several
secondary requirements that strongly influence its overall feasibility. These include
electromagnetic (EM) isolation to suppress eddy-current forces, maintainability and assembly
accessibility for inspection and leak testing, and cryogenic efficiency to minimize the total
refrigeration power demand. Although these aspects are often considered secondary, experience
from existing devices demonstrates that they govern the long-term operability and maintainability
of the shield system. These aspects are therefore relevant to the assessment and further

development of the DTT thermal shield system.

Electromagnetic isolation plays a central role in limiting the induced currents and transient forces
generated during plasma disruptions or fast magnet discharges. In ITER, EM control is achieved
through the use of bolted electrical breaks distributed toroidally and poloidally across the shield.
Thirty-six toroidal and two poloidal insulation joints were implemented, preventing the formation
of continuous conductive loops. G10 insulation blocks placed within the supports further increase
electrical resistance and reduce both eddy currents and conductive heat flow [12], [20]. The
effectiveness of this strategy was confirmed during structural verification, which showed that
electromagnetic loads were not the governing design constraint. The same concept of electrically
insulated joints was incorporated into the cryostat and magnet interfaces to maintain continuity of
EM isolation [4].
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A similar design philosophy was applied in KSTAR. The supports and connection bolts were
electrically insulated by epoxy-glass composites and insulated fasteners to interrupt current paths.
The study reported in [7] notes that this configuration successfully prevented large eddy-current
loops and avoided any observed electromagnetic interference with the magnet system. The same
paper emphasizes that the inclusion of electrical insulation did not compromise the mechanical or
thermal performance of the supports, confirming that EM isolation can be integrated effectively

within the structural design.

In Wendelstein 7-X, electromagnetic effects were particularly important due to the complex
geometry of the stellarator and the rapid current decay of the superconducting coils. As
documented in [6], initial copper panels induced large eddy currents that generated support forces
up to 49.5 kN. Replacing copper with brass and adding electrical isolation between the upper and
lower shell halves reduced the maximum force to less than 1 kN. The same configuration limited
structural stresses to below 100 MPa, well within the yield strength of brass at 80 K. This case
demonstrates the effectiveness of electrical segmentation and the use of low-conductivity alloys

in reducing electromagnetic loads.

For EAST, electromagnetic isolation was achieved using insulated dowels and poloidal electrical
breaks between shield segments. These design features are described in [5], which reports that the
adopted segmentation minimized induced currents during transient events. The inclusion of
insulation layers in the gravity supports simultaneously reduced conduction and prevented

electrical coupling between adjacent panels.

Assembly and maintainability requirements are also decisive for shield feasibility. The large size
and intricate geometry of the ITER shield demanded factory pre-assembly of 40° sectors, followed
by in-situ bolting and alignment. This procedure ensured repeatable geometry while reducing on-
site. welding and handling risks [22]. Mock-up trials confirmed that the assembly process
maintained the required clearances without excessive accumulation of tolerances. The adoption of
rod-type supports instead of plate structures simplified installation and improved access for
inspection. Similarly, [7] reports that installation sequencing was adjusted to accommodate the
simultaneous presence of the toroidal-field magnets. Leak detection and pressure testing were
essential parts of the quality-assurance process, demonstrating that maintainability considerations

strongly influence design details such as weld routing and connector accessibility.

19



The cryogenic efficiency of the shield system depends on both the total heat load and the
distribution of thermal stages within the refrigerator. For DEMO, [13] and [ 14] identify the shield
temperature as a key parameter governing overall refrigeration power. The optimal operating
temperature of approximately 100—125 K minimizes combined radiation and conduction losses,
thereby reducing required refrigerator power by nearly 35% compared with the baseline case. The
studies also show that multilayer insulation (MLI) on the vacuum-vessel shield yields the largest
improvement in cryogenic performance, while separate cooling of the vacuum-vessel and cryostat
shields provides limited benefit. The DEMO investigations were performed under steady-state
radiative and conductive conditions, establishing static heat-load balances without transient

coupling.

The same thermal-efficiency principles are confirmed for DTT. According to [3], which used
steady-state ANSY'S radiation analyses combined with transient RELAP5-3D thermal-hydraulic
modeling of the coolant loop, the total heat load on the shield under plasma operation is
approximately 30 kW, and the application of MLI to the cryostat thermal shield reduces this to
about 19 kW. The CTS, identified as the primary access path for radiation to the magnets, exhibits
the greatest potential for improvement through local insulation. Further analysis in [10] shows that
optimization of tube routing and panel rib spacing enhances temperature uniformity and decreases
pumping power. These results confirm that cryogenic efficiency can be improved substantially
through localized thermal design adjustments without altering the overall mechanical

configuration.

The reviewed studies indicate that electromagnetic isolation, assembly strategy, and cryogenic
efficiency are interdependent factors that strongly influence shield design. Electrical insulation
must be incorporated into both supports and joints to limit eddy-current forces, while assembly
procedures must allow repeatable alignment and accessibility for inspection. At the system level,
cryogenic performance depends on temperature optimization, insulation placement, and the
integration of cooling circuits. For DTT, G10-CR insulation in the bolted supports, segmented
electrically isolated panels, and MLI in the cryostat shield region contribute to balancing

electromagnetic isolation, assembly feasibility, and cryogenic efficiency.
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2.7 Summary and Implications for the Present Study

The reviewed studies show that thermal shield support systems are governed by coupled structural,
thermal, and integration requirements. For the present work, the most relevant aspects are the
support cross-section as a geometric indicator of conductive path availability, the need for
controlled constraint definitions to accommodate thermal contraction, the distinction between
global support-level modeling and detailed local attachment verification, and the preservation of

clearance between adjacent structures.

These points define the basis of the finite element methodology developed in Chapter 3. In this
thesis, conductive heat transfer is not solved directly, but the support-member cross-sectional area
is used as a geometric indicator of the available conductive path when comparing the reference
and mixed-diameter configurations. Thermal contraction is represented through prescribed
structural temperature fields, and insulation-gap preservation is assessed by comparing initial and

deformed gap-result fields.
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Chapter 3

Finite Element Modeling Methodology

3.1 DTT Cryostat and Thermal Shield System

The DTT cryostat constitutes the external vacuum boundary of the machine and provides the
structural enclosure for the superconducting magnet system together with the associated cryogenic
components. Within this environment, the thermal shield system is positioned between the
relatively warm cryostat vessel and the low-temperature internal structures in order to reduce the

heat load transmitted toward the cryogenic region.

The present work focuses on the support configuration connecting the cryostat thermal shields to
the cryostat body. These supports form an important thermo-mechanical interface because they
must simultaneously provide adequate structural stiffness while limiting conductive heat transfer
between components operating at substantially different temperatures. Consequently, the support
system must sustain the weight of the thermal shields, accommodate differential thermal
contraction, maintain acceptable stress levels, and preserve the required separation between the

thermal shields and the cryostat body during operation.

The investigated system consists of a cryostat body and a corresponding thermal shield assembly

arranged concentrically with respect to one another. The thermal shield assembly can be divided
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into three principal regions: the cylindrical thermal shield, the dome thermal shield, and the top-
cover thermal shield, which follow the general geometry of the enclosing cryostat structure. The
cylindrical thermal shield consists of two cylindrical portions connected through an inclined
transition section. Above the cylindrical region, the structure transitions into the dome thermal

shield, which provides the geometrical connection to the central top-cover region.

Several openings are present within both the cryostat body and the thermal shields in order to

accommodate ports and auxiliary systems.

Figure 3.1 Overall geometry of the DTT cryostat body and thermal shield system, showing the cylindrical

region, dome region, top-cover region, and main openings.

The principal dimensions of the investigated cryostat and thermal shield geometry are summarized
in Table 3.1. These dimensions define the global scale of the finite element model and the

characteristic size of the shell regions considered in the structural analyses.

Table 3.1 Principal dimensions of the investigated cryostat and thermal shield geometry.

Geometrical quantity Value
Upper cylindrical/dome diameter 10800 mm
Lower cylindrical diameter 10500 mm
Cylindrical body height 6950 mm
Dome height 2170 mm
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Top-cover diameter 2160 mm
Top-cover height 720 mm

Average cryostat—thermal shield gap 147.5 mm

The average distance between the cryostat body and the thermal shields is approximately 147.5
mm. This separation defines the insulation gap and also corresponds approximately to the length
of the support members connecting the thermal shields to the cryostat structure. Preservation of
this gap is one of the principal functional requirements of the support system, since excessive

deformation could lead to local interference between the cryostat body and the thermal shields.

The thermal shield masses considered in the finite element model are summarized in Table 3.2.
These masses provide the reference self-weight values associated with the thermal shield regions

and are also used in the preliminary support-sizing calculation discussed in a later section.

Table 3.2 Masses of the cryostat thermal shield components considered in the finite element model.

Thermal shield component Mass
Cylindrical thermal shield 1392.7 kg
Dome thermal shield 937.6 kg
Top-cover thermal shield 45.7 kg

The following section describes the geometrical idealization procedure adopted to transform the
physical configuration into a finite element model suitable for structural analysis under mechanical

and thermal loading.

3.2 Geometrical Modeling and Idealization

The original CAD geometry was simplified prior to finite element discretization in order to obtain
a computationally efficient model suitable for global structural analysis under mechanical and
thermal loading. The geometric processing was performed in ANSYS SpaceClaim, where
midsurfaces were extracted from the three-dimensional bodies using the middle-offset option. This
approach is particularly suitable for the cryostat and thermal shield structures because their
characteristic thicknesses are small compared with their overall dimensions, allowing the dominant

membrane and bending behavior to be represented efficiently through shell elements.
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Figure 3.2 Midsurface representation of the cryostat body and thermal shields after geometrical

simplification in ANSY'S SpaceClaim.

The cryostat body was represented as a single shell structure comprising the cylindrical region, the
dome region, and the top-cover region. In contrast, the thermal shields were maintained as separate
shell bodies in order to allow explicit modeling of their interaction with the cryostat body through

the support system.

Several local geometrical features, including ribs, secondary flanges, and small structural details,
were omitted during the idealization process. Since the objective of the present study is the
evaluation of the global structural behavior of the support configuration, the simplified geometry
was adopted to capture the overall deformation, load-transfer, and stress response of the cryostat
and thermal shield system. Local verification of omitted attachment details was outside the scope

of the present model.

To reduce computational cost while preserving the dominant structural behavior, sector models
were adopted for the different regions of the assembly. The cylindrical thermal shield and the
corresponding cryostat region were represented over a 120° sector, whereas the dome thermal
shield and the associated cryostat region were represented over a 180° sector. The top-cover
thermal shield was initially modeled as a complete circular component and subsequently reduced

to a half model to permit the application of symmetry conditions.
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Figure 3.3 Sector representation adopted for the cylindrical, dome, and top-cover thermal shield regions.

For the dome region, the adjacent cylindrical portions of the cryostat body were extended to the
same 180° angular extent as the dome model. This modification was introduced to avoid unrealistic
unsupported regions near the sector boundaries and to allow the reduced angular model to better

reproduce the structural behavior of the complete assembly.

The extracted midsurfaces were assigned equivalent shell thicknesses corresponding to the

physical structures. The adopted shell thicknesses are summarized in Table 3.3.

Table 3.3 Equivalent shell thicknesses adopted in the finite element model.

Component Shell thickness (mm)
Cryostat body 20
Thermal shields 3

The support members were generated from construction lines connecting the thermal shields to the
cryostat body across the insulation gap. These lines were created normal to the corresponding shell
surfaces and subsequently converted into beam elements. In the cylindrical region, this direction
is essentially radial, whereas in the dome region the support orientation varies according to the

local geometry of the shell surface.
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Figure 3.4 Example of construction lines used to generate the support members between the cryostat body

and the thermal shields.

The support members were represented using beam elements with circular cross-sections. This
idealization was adopted to reproduce the dominant stiffness and load-transfer behavior of the
supports while maintaining a computationally efficient numerical model. The beam representation
captures the global force, moment, and deformation response of the support system, but it does not
include detailed local effects associated with bolt heads, washers, attachment pads, local contact
footprints, assembly tolerances, or manufacturing imperfections. The implications of the idealized

beam-to-shell interface definitions are discussed in the contact and joint modeling section.

Figure 3.5 Beam-element representation of a thermal shield support member.
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3.3 Material Properties

The finite element model requires material definitions for the cryostat body, thermal shields, and
support members. Since the objective of the present work is the evaluation of the global structural
response of the support system under mechanical and thermal loading, linear elastic material

behavior was assumed throughout the analyses.

The cryostat body and thermal shields were assigned stainless steel 316LN properties
representative of cryogenic structural applications. The support members were assigned G10-CR
fiberglass epoxy material properties. G10-CR is commonly used in cryogenic structural-insulating
applications because it combines relatively low thermal conductivity with sufficient mechanical
strength. Experimental characterization of G-10CR glass-cloth/epoxy laminates between room
temperature and 4 K [23] shows that their mechanical properties depend on fiber direction,

manufacturer, and temperature, and that strength generally increases at cryogenic temperature.

Since the support members were represented using BEAM188 elements, the full orthotropic
behavior of G10-CR was not represented explicitly. Instead, an equivalent linear elastic material
definition was adopted for the beam model. The lengthwise Young’s modulus from the adopted
G10-CR material data was used as the equivalent Young’s modulus, while the crosswise Poisson’s
ratio was used as the Poisson’s ratio input. No explicit laminate orientation or material-direction
assignment was introduced for the beam elements. Therefore, the calculated support stresses were
interpreted as beam-level stress quantities for the global support model rather than as detailed

laminate-level stresses.

Temperature-dependent material properties were assigned in order to account for the influence of
temperature on elastic stiffness and thermal expansion. The material properties adopted for
stainless steel 316LN [24-27] and G10-CR fiberglass-epoxy [28], [23] are summarized in Tables
3.4 and 3.5, respectively.
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Table 3.4 Temperature-dependent material properties adopted for stainless steel 316LN.

Temperature . + | Young’s modulus . , . Coefficient of thermal
[°C] Density [kg/m?] [GPa] Poisson’s ratio expansion [pm/m°C]
-193 8000 210 0.3 13.3

23 8000 200 0.3 16.5
60 8000 193 0.3 16.3
200 8000 183 0.3 16.8

Table 3.5 Temperature-dependent material properties adopted for G10-CR fiberglass-epoxy.

Temperature Density Young’s modulus Poisson’s Coefficient of thermal expansion
[°C] [kg/m?] |GPa] ratio [pm/m°C]
-269 1800 359 0.210 3.06
-196 1800 33.7 0.183 20.64
22 1800 28 0.144 20.62

The values listed in Tables 3.4 and 3.5 correspond to the material data implemented in the ANSY'S
Engineering Data module. These properties were used consistently in the gravity, thermal,

combined, and eigenvalue buckling analyses presented in the following sections.

3.4 Finite Element Formulation

The cryostat body, thermal shields, and support members were represented using finite element
formulations selected according to their dominant structural behavior. Shell elements were adopted
for the thin-walled cryostat and thermal shield structures, while beam elements were used for the
discrete support members. This modeling strategy provides an efficient representation of the global

structural response under gravity loading and imposed thermal loading.

3.4.1 Shell Element Formulation

The cryostat body and thermal shields were discretized using SHELL181 finite elements.
SHELL18] is a four-node shell element suitable for thin and moderately thick shell structures and

accounts for membrane deformation, bending deformation, and transverse shear deformation [29].

Each shell node possesses six degrees of freedom: translations along the global x, y, and z

directions, and rotations about the x, y, and z axes. This formulation is appropriate for the present
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model because the cryostat body and thermal shields are represented as midsurface shell structures,

where both membrane and bending effects contribute to the global response.

The SHELL181 formulation is based on first-order shear deformation shell theory, commonly
referred to as Reissner—Mindlin shell theory. This formulation includes transverse shear
deformation and is therefore suitable for the global structural analysis of the thin-walled
components considered in this work. In this type of shell idealization, the three-dimensional
structural behavior is represented through quantities defined on the midsurface of the shell. The
response is therefore described in terms of membrane action, bending action, and transverse-shear
contribution, which is appropriate for the global modeling of the cryostat body and thermal shield
panels adopted in this thesis [30].

S
e

Figure 3.6 Shell finite element representation adopted for the cryostat body and thermal shield structures.

3.4.2 Beam Element Formulation

The support members connecting the thermal shields to the cryostat body were discretized using
BEAMI188 finite elements. BEAM 188 is a three-dimensional beam element suitable for slender to
moderately thick beam structures. The element includes axial deformation, bending deformation,

torsional deformation, and transverse shear deformation [31].

Each beam node possesses six degrees of freedom: translations along the x, y, and z directions and
rotations about the x, y, and z axes. The support members were assigned circular cross-sections
corresponding to the selected support diameters. The beam formulation was adopted because the

support members act as discrete one-dimensional load-transfer elements between the thermal
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shield and cryostat shell structures, and the main quantities of interest are the support forces,

bending moments, deformations, and beam-level stresses.

The beam formulation provides an efficient representation of the global load-transfer behavior of
the support system. The use of a beam formulation including transverse shear deformation is
relevant for the present support members. In Euler—Bernoulli beam theory, cross-sections remain
plane and orthogonal to the beam axis and transverse shear deformation is neglected. In
Timoshenko beam theory, cross-sections remain plane but are not required to remain orthogonal
to the deformed beam axis, so transverse shear deformation is included [30]. This distinction is
important for the present supports, especially for the 20 mm members, whose approximate length-
to-diameter ratio is 147.5/20 = 7.4. Therefore, the support-member results were interpreted in
terms of member-level axial force, shear force, bending moment, direct stress, and combined beam
stress. Detailed local features such as bolt heads, washers, attachment pads, weld regions, and local
contact footprints were not represented by the beam elements. These modeling assumptions are

discussed in the support interface and connection modeling section.

3.5 Support System Configuration and Constraint Modeling
Strategy

This section describes the support configuration used in the finite element model and the constraint
definitions assigned to the support interfaces. These definitions control how the support members
transfer reactions to the cryostat and thermal shield shells, and how relative motion is treated

during thermal contraction.

The support configuration was developed based on the available geometry of the cryostat and
thermal shields, preliminary sizing, and finite element assessment. The initial support positions
were selected along the main structural paths of the cylindrical and dome thermal shields,
especially in regions between openings where load transfer to the cryostat could be achieved. For
the cylindrical thermal shield, the main vertical load-carrying supports were selected with the aid
of the preliminary hand calculation reported in Appendix A. In this calculation, the cylindrical
thermal shield weight was distributed among candidate vertical support locations, and each support

member was idealized as a cantilever-type member subjected to the corresponding transverse load.

31



The preliminary calculation was used only to guide the initial support selection before the finite
element analysis. The finite element model was then used to assess the deformation, stress level,
contact-gap behavior, and overall response of the structure. In Chapter 4, the displacement
estimated from the hand calculation is also compared with the finite element gravity-deformation
result as an analytical cross-check of the predicted deformation magnitude. The final reaction
forces, support stresses, deformation fields, and gap behavior were obtained from the finite

element model. The details of the preliminary calculation are reported in Appendix A.

During the support-definition process, physical support members and contact/interface definitions
were treated as different modeling entities. The support members represent structural members
with finite stiffness and stress response, while the contact/interface definitions describe how
selected surfaces interact in the model. Therefore, the final configuration should be understood as
an engineering-refined support arrangement based on geometry, preliminary sizing, and finite
element assessment. It was not a uniformly spaced layout and was not obtained through a formal

mathematical optimization procedure.

In the reference configuration, all support members were assigned a circular cross-section with a
diameter of 20 mm. This configuration was used as the baseline finite element model for the
gravity, thermal, combined loading, and buckling analyses. The later mixed-diameter

configuration is discussed separately in the sensitivity assessment section.

The cryostat-side endpoints of the support members were connected to the cryostat shell using
bonded contact. This choice was made to transfer the reactions from the support members into the

cryostat body and to prevent relative displacement at the cryostat-side attachment.

At the thermal-shield side, bonded contact, joint-based constraints, and no-separation contact were
assigned according to the required behavior at each support location. These definitions were used
to provide the required structural restraint while avoiding excessive constraint of thermal

contraction. The adopted interface definitions are summarized in Table 3.6.
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Table 3.6 Interface definitions adopted for the support members and gap-verification contacts.
Interface definition Location in the model Function in the finite element model

Enforces displacement compatibility between each
Cryostat-side endpoint of all
Bonded contact support endpoint and the cryostat shell and transfers
support members
support reactions into the cryostat body

One thermal-shield-side
) Enforces displacement compatibility between the
support endpoint at a near ) )
Bonded contact ) selected support endpoint and the thermal shield shell;
central location on each ) o )
prevents separation and sliding at that interface
thermal shield

13 support locations on the
Applies selected translational constraints in local
cylindrical thermal shield and
Joint-based constraint coordinates while releasing rotations and selected
one support location on the
displacement directions
dome thermal shield

Remaining thermal-shield-

side support endpoints not Prevents separation in the local contact-normal
No-separation contact . . . ) o
assigned bonded contact or direction while allowing tangential sliding

joint-based constraints

Facing surfaces between the ) ] ]
Detects possible local closure of the insulation gap
Frictionless contact cryostat body and the thermal

) during deformation
shields

Mechanically, these interface definitions impose different constraints on the relative displacement
of the paired regions. Bonded contact constrains relative motion at the connected interface, no-
separation contact prevents separation in the local contact-normal direction while allowing
tangential sliding, and frictionless contact can transmit a normal reaction only if the monitored
surfaces tend to close. These contact-type definitions are consistent with the general treatment of
contact problems as constrained mechanical problems in which normal gap, penetration, and
contact-status conditions must be enforced through an appropriate numerical formulation [32].
Therefore, the selected interface definitions control both load transfer and displacement

compatibility in the global support model.

The distribution of the thermal-shield-side support-interface definitions is shown in Figure 3.7.
This figure identifies which support locations were modeled using bonded contact, no-separation

contact, and joint-based constraints.
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Figure 3.7 Distribution of thermal-shield-side support-interface definitions adopted in the finite element
model: (a) cylindrical thermal shield; (b) dome thermal shield; (c) top-cover thermal shield; (d) global 3D

view of the support arrangement.

The support-to-shell interfaces were idealized as beam-endpoint-to-shell connections, with each
beam endpoint connected directly to the shell surface. Bolt heads, washers, attachment pads, weld
regions, and imprinted contact footprints were not modeled. Accordingly, this representation was
used to evaluate global support behavior and load transfer, not the detailed stress field of the real

attachments.

Bonded contact was used to represent tied interfaces in the finite element model. In this definition,
relative displacement between the connected regions is constrained. As a result, separation and

tangential sliding are not permitted at the bonded interface. On the thermal-shield side, bonded
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contact was assigned to one near-central support endpoint for each thermal shield region. These
bonded locations provide fixed displacement compatibility between the selected support endpoint

and the corresponding thermal shield shell.

Joint-based constraints were used where the constrained and released directions had to be defined
explicitly. In total, 13 joint-based supports were defined on the cylindrical thermal shield and one
joint-based support was defined on the dome thermal shield. A dedicated local coordinate system
was defined for each joint-based support, so that the constrained directions could be assigned

according to the local support orientation.

For the cylindrical thermal shield, the local coordinate system of each joint was defined so that the
support direction, vertical direction, and circumferential direction could be treated separately. The
vertical translational constraint was retained to provide vertical support reaction, while
circumferential motion was released to allow thermal contraction of the cylindrical shell. The
rotational degrees of freedom were released so that the joint-based supports did not impose the

same rotational restraint as bonded supports.

Figure 3.8 Local coordinate systems adopted for cylindrical support-joint definitions and the allowed

DOFs.

For the dome thermal shield, one joint-based support was used. A dedicated local coordinate
system was also defined for this joint, so that the constraint directions were assigned according to

the local support orientation rather than a global coordinate axis. The gravitational load transfer in
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the dome model was governed by the complete support arrangement, not by the joint-based support

alone.

Figure 3.9 Local coordinate systems adopted for dome support-joint definitions and the allowed DOFs.

No-separation contact was used at the remaining thermal-shield-side support endpoints. This
definition prevents separation in the local contact-normal direction but allows sliding in the
tangential directions. This distinction is relevant under thermal loading, because the thermal

shields contract relative to the cryostat body.

Frictionless contact interfaces were also defined between the facing cryostat and thermal-shield
surfaces. These interfaces were not part of the support load path while the structures remained
separated. They were introduced to monitor the insulation gap during deformation by providing
gap-result fields between the cryostat body and the thermal shields. The interpretation of these gap

results is described separately in the insulation-gap assessment section.

3.6 Nonlinear Solution Strategy

The structural analyses were performed using linear elastic material properties and small-
deformation kinematics. However, the presence of contact interfaces required a nonlinear solution
procedure because the contact definitions may introduce displacement-dependent constraint
conditions, even when the final monitored gap contacts remain open. This nonlinearity was
associated mainly with the contact definitions used at the support interfaces and with the
frictionless contacts introduced for insulation-gap monitoring, because the active contact

constraints and their associated stiffness terms depend on the current displacement field [32].
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During the solution, the contact status may change depending on the deformation of the connected
bodies. In particular, the frictionless contacts between the cryostat body and the thermal shields
may remain open or become active if the insulation gap is locally reduced. When a contact
condition becomes active, the corresponding constraint modifies the stiffness and residual
contributions of the finite element system. Equilibrium was therefore obtained through the iterative

nonlinear solution procedure available in ANSYS Mechanical.

The analyses were solved using the Newton—Raphson method implemented in the ANSYS
Mechanical solver. In this procedure, the displacement field is updated iteratively until the force

and displacement convergence criteria are satisfied [33].

The nonlinear behavior considered in this work was therefore limited to contact interactions.
Material nonlinearity, plastic deformation, creep, and large-deformation geometric effects were

not included in the model.

3.7 Boundary Conditions and Loading Cases

This section describes the external constraints and loading cases applied in the finite element

analyses.

Symmetry boundary conditions were applied to the reduced sector models in order to represent the
continuation of the structure outside the modeled angular domain. These conditions restrain
displacement normal to the symmetry plane and the rotations associated with deformation out of

that plane, while allowing in-plane deformation of the modeled sector.

Two symmetry conditions were defined on the corresponding symmetry surfaces of the model.
Except for these symmetry constraints, no additional constraints were applied directly to the free
edges of the thermal shields. This allowed the deformation of the thermal shields to be governed
by the support system and the applied loads.

The lower edge of the cryostat body was assigned the ANSYS simply supported boundary
condition, which restrains translational motion at the selected edge while leaving rotations free.

This suppressed rigid-body motion without imposing a fully fixed boundary condition.
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(b)
Figure 3.10 Boundary conditions adopted in the finite element model: (a) first symmetry boundary
condition, (b) second symmetry boundary condition, and (c) simply supported boundary condition at the

lower edge of the cryostat body.

The structural response of the thermal shield system was evaluated under three loading cases:
gravity loading, thermal loading, and combined gravity and thermal loading. These cases were
defined in order to separate the contribution of self-weight from the contribution of differential

thermal contraction, and then to evaluate their combined effect.

In the gravity loading case, gravitational acceleration was applied to the complete model. This load
case represents the structural response produced by the self-weight of the thermal shields and
support members. It was used to evaluate the gravity-induced deformation of the shields, the

reaction forces transmitted through the support system, and the corresponding stress distribution.
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In the thermal loading case, uniform temperatures were prescribed directly in the structural model.
The cryostat body was assigned a temperature of 23 °C, while the thermal shields were assigned a
temperature of —166 °C. No steady-state or transient thermal analysis was performed. The applied
temperatures were therefore used as prescribed structural temperature fields, rather than as the

result of a heat-transfer calculation.

Table 3.7 Prescribed temperatures adopted for the structural analyses.

Component Temperature
Cryostat body 23 °C
Thermal shields —166 °C

The imposed temperature difference causes the thermal shields to contract relative to the cryostat
body. Since the two structures are connected through the support system, this free contraction is

partially restrained and produces both deformation and thermally induced stresses.

Thermal strain was evaluated relative to the reference temperature of 22 °C defined in the model.
For a temperature-dependent coefficient of thermal expansion, the thermal strain may be written

as:

Etn =j a(T)dT -1

Tre f

where &, is the thermal strain, a(T) is the temperature-dependent coefficient of thermal

expansion, T is the applied temperature, and T} is the reference temperature.

If a mean coefficient of thermal expansion is considered over the temperature interval, the free

deformation of an unconstrained length can be approximated by

AL = aLAT (3.2)
where AL is the free thermal deformation, « is the mean coefficient of thermal expansion, L is the
characteristic length, and AT is the temperature change relative to the reference temperature.

The combined loading case includes gravitational acceleration and the prescribed temperature field
in the same analysis. This case represents the condition in which the support system is subjected

simultaneously to self-weight and differential thermal contraction.
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The loading cases investigated in the present work are summarized in Table 3.8.

Table 3.8 Structural loading cases investigated in the finite element analyses.

Gravity Thermal
Load case Purpose
loading loading
Evaluation of gravity-induced deformation, support reactions, and
Gravity Yes No
stresses
Evaluation of thermal-contraction deformation and thermally induced
Thermal No Yes
stresses
Evaluation of the combined response under self-weight and differential
Combined Yes Yes )
thermal contraction
3.8 Meshing Strategy

The finite element mesh was generated in ANSYS Mechanical according to the element types
assigned to each structural component. The cryostat body and the thermal shields were discretized
using SHELL181 elements, while the support members were discretized using BEAM188

elements.

The shell mesh was generated on the midsurface representation of the cryostat body and thermal
shields. A quad-dominant meshing approach was used where the geometry allowed it, while
triangular elements were also present in regions with openings, curved boundaries, and local
geometrical transitions. This mesh strategy was adopted to represent the global membrane and
bending response of the shell structures while keeping the model size suitable for the nonlinear

contact analyses.

The support members were meshed as beam elements along the construction lines connecting the
cryostat body to the thermal shields. In the final model, each support member was represented by
one BEAMI188 element between its cryostat-side and thermal-shield-side endpoints. This
discretization was adopted because the supports were straight members with uniform circular
sections and the objective was member-level load transfer rather than detailed stress gradients
along the support length, one beam element per support was considered sufficient for the global

comparison performed in this study.
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Figure 3.11 Finite element mesh adopted for: (a) cryostat body, (b) cylindrical thermal shield, (¢) dome

thermal shield, and (d) top-cover thermal shield.

The final mesh definition was used consistently for the gravity, thermal, combined loading, and

eigenvalue buckling analyses of the reference configuration.

3.9 Insulation-Gap Preservation Assessment

Preservation of the insulation gap between the cryostat body and the thermal shields is one of the
functional requirements of the support system. This gap provides the clearance between the warm
cryostat structure and the thermal shields and may be reduced by deformation caused by gravity

loading, thermal contraction, or their combined effect.

The insulation gap was evaluated using gap results obtained from the frictionless contact interfaces

defined between the facing cryostat and thermal-shield surfaces. These interfaces were not
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introduced as structural support paths. They were used to monitor the relative separation between

the cryostat body and the thermal shields during the analyses.
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Figure 3.12 Frictionless contact interfaces used to monitor the insulation gap between cryostat body and (a)

cylindrical thermal shield, (b) dome thermal shield, and (c) top-cover thermal shield.

Before applying the structural loads, the initial gap field was extracted for each thermal shield
region. These initial fields were used as reference distributions for the cylindrical, dome, and top-
cover thermal shields. The gap assessment was then performed by comparing the deformed gap
field from each loading case with the corresponding initial gap field. In this way, the evaluation
was based on the change in available clearance rather than on a single average gap value. The

initial gap fields used for this comparison are reported in Appendix B.
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3.10 Structural Assessment Quantities

The structural response of the thermal shield support system was evaluated using quantities
extracted from the finite element analyses. The evaluation focused on shell stresses, support-
member stresses, support-member forces and moments, deformation of the thermal shields, and

preservation of the insulation gap between the cryostat body and the thermal shields.

For the cryostat and thermal shield shells, equivalent von Mises stress distributions were used to
identify the most highly loaded regions and to compare the response under the different loading
cases. The equivalent von Mises stress combines the normal and shear stress components into a

single scalar quantity [33], written as:

1 2 2
Oym = 3 [(O’x — ay) + (O'y — az) + (0, — 0,)2] + 3(14, + 15, + 12) (3.3)

where gy is the equivalent von Mises stress, gy, gy, and g, are the normal stress components,

and Ty,, Ty,, and 7, are the shear stress components.

For the G10-CR support members, the stress evaluation was based on beam stress results. Direct
stress was used to evaluate the axial-stress contribution, while combined stress was used as the

main beam-level stress quantity because it includes both axial and bending contributions.

For a beam member, the combined normal stress may be interpreted as the superposition of axial

and bending stresses [30], written as:

N Myc, M,c
Ocomb = Zi Iy 4 + IZ Y 34
y z

where g¢omp 18 the combined normal stress, N is the axial force, 4 is the cross-sectional area, M,,
and M, are the bending moments about the local beam axes, I, and I, are the corresponding
second moments of area, and c,, and ¢, are the distances from the neutral axis to the evaluated

section point.

Since the support members have circular cross-sections, the bending contribution may also be

interpreted in simplified form as:
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+ (3.5)

Ocomb =

where M,, is the resultant bending moment, c¢ is the outer-fiber distance, and I is the second

moment of area of the circular section.

For the stainless steel 316LN shell structures, the equivalent von Mises stresses were compared
with a selected reference strength of 280 MPa taken from the ITER material design limit data [24].
This comparison was used as a first-level stress check for the shell structures and was not treated

as a formal code-compliance verification.

For the support-member strength check, the calculated combined beam stresses were compared
with a selected G10-CR reference flexural strength of 345 MPa [34]. This value corresponds to
the lower crosswise flexural strength reported in the adopted G10-CR product data. It was selected
instead of higher direction-dependent cryogenic strength values because the present beam model
does not include laminate orientation or composite failure criteria. The comparison was therefore
limited to a support-level strength check and was not treated as a formal composite-material failure

verification.

Axial force, shear force, and bending moment were also monitored for the support members. These
quantities were not used as acceptance criteria. They were used to interpret how loads were
transferred through the support system and to identify whether the support response was governed

mainly by axial loading, transverse shear, or bending.

The deformation response was evaluated using directional and total displacement quantities. In the
gravity loading case, vertical displacement was used to assess sagging of the thermal shields under
self-weight. A practical deformation check was adopted for the gravity-loading case, with the
objective of keeping the vertical deformation below 10 mm in the absence of thermal loading. This
value was used only for the gravity loading case and was not applied to the thermal or combined

loading cases.

For the thermal and combined loading cases, total deformation was considered in order to describe
the overall displacement field associated with differential thermal contraction. The total

deformation was calculated from the displacement components as:
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Uror = fu,% +u$ + uz

where ., is the total deformation, and u,, u,, and u, are the displacement components along the

(3.6)

global coordinate directions.

Insulation-gap preservation was evaluated from the gap results of the frictionless contact interfaces.
The gap fields were interpreted relative to their initial distributions, because the sign of the reported
gap depends on the contact-normal direction and contact definition. The purpose was to check
whether the monitored clearance moved toward local closure during the analyzed loading cases.

The principal response quantities used in the present study are summarized in Table 3.9.

Table 3.9 Structural response quantities used in the present study.

Response quantity Purpose

Equivalent shell stress

Direct stress in support members

Combined stress in support members

Axial force in support members

Shear force in support members

Evaluation of structural stress levels within the thermal shields
Evaluation of the axial-stress contribution in the support members

Beam-level stress evaluation including axial and bending

contributions
Monitoring of load transfer along the support-member axis

Monitoring of transverse load transfer through the support members

Bending moment in support members Monitoring of flexural demand in the support members

Vertical displacement under gravity ] o ) ]
Evaluation of gravitational sagging behavior
loading

Evaluation of the overall deformation field under thermal and
Total deformation )
combined loading

Assessment of gap preservation by comparing initial and deformed
Insulation gap
gap-result fields.

3.11 Eigenvalue Buckling Analysis

A linear eigenvalue buckling analysis was performed to obtain a first-level estimate of the stability
behavior of the thermal shield. This check was included because the thermal shields are thin shell
components supported by discrete support members, and local or global instability may occur

before the stress level alone becomes critical.
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In ANSYS Mechanical, eigenvalue buckling analysis is performed through a linear perturbation
procedure linked to a preceding Static Structural analysis. The preceding static solution provides
the prestressed restart state of the structure, while the buckling step evaluates the load multipliers

and corresponding mode shapes associated with the linearized stability problem.

In the present model, the prestress environment was classified by ANSYS as nonlinear-based.
Therefore, the calculated eigenvalue multiplier does not directly represent the total buckling load
divided by the upstream static load. Instead, the total buckling load state is interpreted as the restart
load state plus the eigenvalue multiplier multiplied by the perturbation load [35]:

Fbuckling = Frestart T AFperturb (3,7)

where Fypg¢qr¢ 18 the load state at the prestressed restart point, Fpertyrp 1S the perturbation load

used in the buckling step, and 4 is the eigenvalue buckling load multiplier.

For the gravity-prestressed buckling analysis, the restart state corresponded to the reference gravity
load, and the retained perturbation load pattern also corresponded to the gravity load. Therefore,

the total buckling load state was interpreted as 1+A times the reference gravity load.

Supplementary thermal-perturbation buckling checks were also performed from the thermal-only
and combined gravity—thermal restart states. In these checks, a unit thermal perturbation was
applied in the buckling branch by changing the thermal-shield temperature from —166°C to
—167°C, while keeping the cryostat temperature at 23°C. Since the prestress environment was
nonlinear-based, the resulting eigenvalue multipliers scale this additional thermal perturbation and

not the full operating thermal field or the complete combined gravity—thermal loading state.

Thermal loading is treated as a non-mechanical load in the ANSYS linear perturbation procedure.
For linear perturbation eigenvalue buckling, thermal loads may be applied in the buckling phase
by specifying a new temperature; for nonlinear-based analyses, the thermal perturbation is
interpreted relative to the restart temperature state [36]. This interpretation was used for the

supplementary thermal-only and combined gravity—thermal buckling checks.

In all buckling checks, only the first relevant positive load multiplier was used for the stability
assessment. Negative load multipliers were not used as governing indicators because they

correspond to instability modes associated with the opposite sense of the applied perturbation load
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pattern. The associated mode shapes were used only to identify the spatial pattern of the instability
mode, not to evaluate physical displacement amplitudes, because eigenmode amplitudes are

arbitrary and do not represent actual deformation magnitudes.

The calculated buckling results were interpreted only as preliminary elastic stability estimates.
Geometric imperfections, contact-status changes, material nonlinearity, and nonlinear post-

buckling behavior were not captured by this analysis [35].

3.12 Chapter Summary

This chapter described the finite element methodology used to evaluate the DTT cryostat thermal
shield support system. The cryostat body and thermal shields were represented using shell
elements, while the support members were represented using beam elements. The support
configuration, contact definitions, joint constraints, boundary conditions, loading cases, meshing

strategy, gap assessment method, and eigenvalue buckling procedure were defined.

The methodology was developed to evaluate the global structural behavior of the support system
under gravity loading, prescribed thermal loading, and combined gravity and thermal loading. The
response quantities defined in this chapter provide the basis for the result interpretation and

structural assessment presented in Chapter 4.
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Chapter 4

Results and Discussion

4.1 Overview of the Analyses

This chapter presents the finite element results obtained for the cryostat thermal shield support
system. The first part of the chapter focuses on the reference configuration defined in Chapter 3,
in which all support members were assigned a diameter of 20 mm. The response of this
configuration is evaluated under gravity loading, prescribed thermal loading, and combined gravity

and thermal loading.

The results are discussed using the response quantities introduced in Section 3.10. For the shell
structures, the discussion is based on deformation fields and equivalent stress distributions. For
the support members, the interpretation is based on beam-level stresses and monitored internal
resultants, including axial force, shear force, and bending moment. The insulation gap between the
cryostat body and the thermal shields is assessed by comparing the deformed gap results with the

corresponding initial gap fields.

After the reference configuration has been assessed, a mixed-diameter support configuration is
considered as a sensitivity study. The comparison with the mixed-diameter configuration is

presented after the reference-configuration results.
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4.2 Gravity Loading Results for the Reference Configuration

The gravity loading case was analyzed first in order to evaluate the structural response of the
reference configuration under self-weight only. No thermal contraction was applied in this load
case. The results therefore describe the gravity-induced deformation of the thermal shields, the

support reactions and beam stresses, and the corresponding shell stress distributions.

4.2.1 Vertical Deformation

The vertical deformation fields under gravity loading are shown in Figure 4.1.
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Figure 4.1 Vertical deformation under gravity loading for the reference configuration: (a) cylindrical

thermal shield, (b) dome thermal shield, and (¢) top-cover thermal shield.

The deformation results are summarized in Table 4.1. The cylindrical and dome thermal shields
showed similar maximum absolute vertical displacements, equal to 5.3877 mm and 5.1703 mm,
respectively. The top-cover thermal shield showed a much smaller vertical displacement, with a
maximum absolute value of 0.8154 mm. All three values were less than the adopted 10 mm

gravity-only deformation check.

Table 4.1 Vertical deformation results under gravity loading for the reference configuration.

Maximum vertical Minimum vertical Maximum absolute
Thermal shield region
displacement displacement vertical displacement
Cylindrical thermal shield —4.6589 mm —5.3877 mm 5.3877 mm
Dome thermal shield +1.3144 mm —5.1703 mm 5.1703 mm
Top-cover thermal shield —0.6211 mm —0.8154 mm 0.8154 mm

4.2.2 Equivalent Stress in the Shell Structures

The equivalent von Mises stress distributions under gravity loading are shown in Figure 4.2.
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Figure 4.2 Equivalent von Mises stress under gravity loading for the reference configuration: (a) cylindrical

thermal shield, (b) dome thermal shield, and (c) top-cover thermal shield.

The maximum shell stresses are summarized in Table 4.2. The cylindrical thermal shield reached
a maximum equivalent stress of 88.629 MPa. The highest stress was located at the bonded support
connection region on the thermal-shield side. Although the joint-based supports also contribute to

carrying the weight of the cylindrical thermal shield, the bonded support imposes a stronger local
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restraint because it enforces displacement compatibility between the support endpoint and the shell.
The joint-based supports provide selected translational constraints while releasing rotations and
selected displacement directions. As a result, they can provide support reaction without imposing

the same local bending restraint on the shell.

The dome thermal shield reached the highest shell stress in the gravity loading case, with a
maximum value of 99.496 MPa. This maximum was also located at the bonded support connection
region, where the support reaction is transferred into the thin shell through a more restrained
connection. The top-cover thermal shield reached a much lower maximum stress of 8.5226 MPa,
located at a no-separation support connection region. Since this value remained low compared with

the cylindrical and dome stresses, the top-cover region was not governing under gravity loading.

The stress concentrations observed near bonded support connections should be interpreted in the
context of the global shell-and-beam model. In the model, the support reaction is transferred from
a beam endpoint directly into the shell surface, while local attachment details such as bolt heads,
washers, pads, weld regions, and contact footprints are not represented. Therefore, the absolute
peak stress at the immediate support interface is sensitive to the connection idealization. In the
present analysis, these stress peaks are used mainly to identify the most highly loaded regions of

the shell model and to compare the response of the different loading cases.

Table 4.2 Maximum equivalent von Mises stress under gravity loading for the reference configuration.

Thermal shield region Maximum equivalent von Mises stress Location of maximum stress
Cylindrical thermal shield 88.629 MPa Bonded support connection region
Dome thermal shield 99.496 MPa Bonded support connection region
Top-cover thermal shield 8.5226 MPa No-separation support connection region

4.2.3 Support-Member Forces and Stresses

The support-member force, moment, and stress results under gravity loading are shown in Figures

4.3 and 4.4 and summarized in Table 4.3.
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Figure 4.3 Support-member internal resultants under gravity loading for the reference configuration: (a)

axial force, (b) total shear force, and (c) total bending moment.
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Figure 4.4 Support-member stress results under gravity loading for the reference configuration: (a) direct

stress, (b) maximum combined stress, and (¢) minimum combined stress.

The support-member response under gravity loading was bending-dominated. The direct stress

remained small, with values between —0.2641 MPa and +1.7959 MPa, while the combined stress
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reached +234.11 MPa in tension and —233.45 MPa in compression. The maximum total bending
moment was 2.2498 x 10° N-mm. This indicates that the governing support-member stress under
gravity loading was controlled mainly by bending rather than by axial force. The largest bending
moments and the corresponding maximum and minimum combined stresses were located near the
support-end attachment to the cryostat surface, as highlighted in the detailed views of Figures 4.3
and 4.4. This distribution is consistent with the support members acting as short beam-like
connectors between the thermal shield and the cryostat body. Under transverse reaction forces, the
largest bending demand develops near the more restrained end of the member. The maximum and
minimum combined stresses therefore represent tensile and compressive outer-fiber stresses

generated by the same bending-dominated response, rather than independent axial-stress effects.

Table 4.3 Support-member force and stress results under gravity loading for the reference configuration.

Support-member quantity Value
Maximum axial force +563.75 N
Minimum axial force —82.913 N

Maximum direct stress +1.7959 MPa
Minimum direct stress —0.2641 MPa
Maximum total shear force 2252.8 N

Maximum total bending moment | 2.2498 x 105 N-mm
Maximum combined stress +234.11 MPa

Minimum combined stress —233.45 MPa

4.2.4 Insulation-Gap Result

The insulation-gap result under gravity loading was compared with the corresponding initial gap
field described in Section 3.9 and reported in Appendix B. The gap fields obtained after gravity

loading are shown in Figure 4.5.
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Figure 4.5 Gap results under gravity loading for the reference configuration: (a) cylindrical thermal shield,

(b) dome thermal shield, and (c) top-cover thermal shield.

For the cylindrical thermal shield, the range changed from —142.58 to —300 mm in the initial
configuration to —140.34 to —300 mm under gravity loading. A local region with a larger reported

gap was observed near one of the lower cut-outs. This behavior was attributed to the cut-out
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geometry, where the facing contact surfaces and the associated contact-normal directions are less
regular than in the main shell area. The feature was therefore treated as a local effect of the gap-
result extraction near a geometric discontinuity. Outside this region, the deformed gap field

followed the initial gap distribution closely.

For the dome and top-cover thermal shields, the deformed gap ranges also remained close to their
initial fields. The gravity loading case therefore did not show local closure of the monitored

insulation clearance.

In the following gap-result tables, the sign is determined by the ANSYS contact-normal
convention. Therefore, the assessment is based on changes relative to the initial gap field rather

than on the algebraic sign of the reported values.

Table 4.4 Comparison between initial and gravity-loading gap-result ranges for the reference configuration.

Thermal shield region Initial gap-result range Gap-result range under gravity loading
Cylindrical thermal shield —142.58 to =300 mm —140.34 to =300 mm
Dome thermal shield —91.349 to =170 mm —87.158 to =170 mm
Top-cover thermal shield —92.176 to —102.27 mm —92.283 to —102.29 mm

4.3 Thermal Loading Results for the Reference Configuration

The thermal loading case was analyzed in order to isolate the structural response produced by the
prescribed temperature difference between the cryostat body and the thermal shields. Gravity
loading was not applied in this case. The results therefore describe the deformation and stress

response associated with differential thermal contraction only.

4.3.1 Total Deformation

The total deformation fields under thermal loading are shown in Figure 4.6.
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Figure 4.6 Total deformation under thermal loading for the reference configuration: (a) cylindrical thermal

shield, (b) dome thermal shield, and (c) top-cover thermal shield.

The total deformation results are summarized in Table 4.5. The dome thermal shield showed the

largest deformation, with a maximum value of 23.581 mm. The cylindrical thermal shield reached
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18.91 mm, while the top-cover thermal shield reached 3.0127 mm. The thermal loading case
therefore produced larger displacement fields than the gravity case, mainly because the imposed

temperature difference caused contraction of the thermal shields relative to the cryostat body.

Table 4.5 Total deformation results under thermal loading for the reference configuration.

Thermal shield region | Minimum total deformation | Maximum total deformation
Cylindrical thermal shield 0.12271 mm 18.91 mm
Dome thermal shield 0.20339 mm 23.581 mm
Top-cover thermal shield 0.22484 mm 3.0127 mm

4.3.2 Equivalent Stress in the Shell Structures

The equivalent von Mises stress distributions under thermal loading are shown in Figure 4.7.

0,030191 Min

(b)
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Figure 4.7 Equivalent von Mises stress under thermal loading for the reference configuration: (a)

cylindrical thermal shield, (b) dome thermal shield, and (c) top-cover thermal shield.

The shell stresses under thermal loading are summarized in Table 4.6. The cylindrical thermal
shield reached only 1.4018 MPa, indicating that most of the thermal contraction was

accommodated without producing significant restraint stress in the cylindrical shell.

The dome thermal shield showed a maximum equivalent stress of 24.933 MPa. Although this value
is higher than the thermal stresses obtained in the cylindrical and top-cover regions, it remains
much lower than the dome stress obtained under gravity loading. The highest thermal stresses were
localized near support connection regions and around some cut-out edges, while most of the dome

shell remained at a lower stress level.

This distribution is consistent with restrained thermal contraction of a double-curved shell
containing cut-outs. The prescribed temperature field tends to contract the dome shell, but this
motion is partly constrained by the support connections and by the surrounding shell continuity.
The cut-outs interrupt the membrane stress path and locally alter the effective membrane and
bending stiffness of the shell, which is consistent with the general behavior of plates and shells
containing openings or cut outs [37]. In addition, some no-separation support locations in the dome
were associated with local contact reactions because tangential sliding is allowed, while separation
in the local contact-normal direction is prevented. This effect was less evident in the cylindrical
thermal shield, where the contraction pattern is more regular. Overall, the thermal load produced

localized stress concentrations rather than a uniformly high shell-stress field.
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The top-cover thermal shield reached a maximum equivalent stress of 3.9434 MPa and was not

governing under thermal loading.

Table 4.6 Maximum equivalent von Mises stress under thermal loading for the reference configuration.

Thermal shield region | Maximum equivalent von Mises stress
Cylindrical thermal shield 1.4018 MPa
Dome thermal shield 24.933 MPa
Top-cover thermal shield 3.9434 MPa

4.3.3 Support-Member Forces and Stresses

The support-member force, moment, and stress results under thermal loading are shown in Figures

4.8 and 4.9 and summarized in Table 4.7.
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Figure 4.8 Support-member internal resultants under thermal loading for the reference configuration: (a)

axial force, (b) total shear force, and (c) total bending moment.
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Figure 4.9 Support-member stress results under thermal loading for the reference configuration: (a) direct

stress, (b) maximum combined stress, and (¢) minimum combined stress.

The support-member forces and stresses under thermal loading were much lower than the

corresponding gravity-loading values. The maximum total shear force was 355.25 N and the
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maximum bending moment was 18840 N-mm. The combined stress ranged from —18.489 MPa to
+17.869 MPa. Therefore, although thermal loading produced larger global displacements of the

shields, it did not govern the support-member stress response.

Table 4.7 Support-member force and stress results under thermal loading for the reference configuration.

Support-member quantity Value
Maximum axial force +264.99 N
Minimum axial force —292.69 N

Maximum direct stress +0.84414 MPa
Minimum direct stress —0.93239 MPa
Maximum total shear force 35525N

Maximum total bending moment | 18840 N-mm
Maximum combined stress +17.869 MPa

Minimum combined stress —18.489 MPa

4.3.4 Insulation-Gap Result

The gap fields obtained after thermal loading are shown in Figure 4.10 and compared with the

corresponding initial gap fields in Table 4.8.
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Figure 4.10 Gap results under thermal loading for the reference configuration: (a) cylindrical thermal

shield, (b) dome thermal shield, and (c) top-cover thermal shield.

The cylindrical gap-result range changed only slightly, from —142.58 to =300 mm in the initial
configuration to —142.48 to —300 mm under thermal loading. The lower-cut-out region showed
the same local reported-gap feature described in Section 4.2.4. The dome and top-cover regions
showed larger changes than the cylindrical region, but their deformed gap fields remained

consistent with the corresponding initial fields. Overall, the thermal loading case did not show

local closure or loss of insulation clearance.

Table 4.8 Comparison between initial and thermal-loading gap-result ranges for the reference configuration.

Thermal shield region

Cylindrical thermal shield
Dome thermal shield

Top-cover thermal shield

Initial gap-result range
—142.58 to =300 mm

—91.349 to —170 mm

—92.176 to —102.27 mm

Gap-result range under thermal loading

—142.48 to =300 mm
—96.573 to —170 mm

—94.495 to —104.72 mm
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4.4 Combined Gravity and Thermal Loading Results for the

Reference Configuration

The combined loading case includes gravitational acceleration and the prescribed temperature field
in the same analysis. This case was used to evaluate the response of the reference configuration

when self-weight and differential thermal contraction act simultaneously.

4.4.1 Total Deformation

The total deformation fields under combined gravity and thermal loading are shown in Figure 4.11.

(b)
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Figure 4.11 Total deformation under combined gravity and thermal loading for the reference configuration:

(a) cylindrical thermal shield, (b) dome thermal shield, and (c) top-cover thermal shield.

The total deformation results are summarized in Table 4.9. The dome thermal shield again showed
the largest deformation, reaching 26.691 mm. The cylindrical thermal shield reached 22.222 mm,
while the top-cover thermal shield remained much lower, with a maximum total deformation of
2.9054 mm. The combined case therefore followed the same deformation trend as the thermal-

only case, showing that the total deformation field was mainly influenced by thermal contraction.

Table 4.9 Total deformation results under combined gravity and thermal loading for the reference

configuration.
Thermal shield region Minimum total deformation Maximum total deformation
Cylindrical thermal shield 1.4599 mm 22.222 mm
Dome thermal shield 0.51812 mm 26.691 mm
Top-cover thermal shield 0.48032 mm 2.9054 mm

4.4.2 Equivalent Stress in the Shell Structures

The equivalent von Mises stress distributions under combined loading are shown in Figure 4.12.
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Figure 4.12 Equivalent von Mises stress under combined gravity and thermal loading for the reference

configuration: (a) cylindrical thermal shield, (b) dome thermal shield, and (c) top-cover thermal shield.

The maximum shell stresses are summarized in Table 4.10. The cylindrical thermal shield reached
93.64 MPa, with the highest stress localized near the bonded support connection region. This value

is slightly higher than the corresponding gravity-loading stress in the cylindrical thermal shield,
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indicating that thermal contraction slightly increased the local stress associated with the gravity-

induced support reaction in this region.

The dome thermal shield reached 96.993 MPa, which is close to the gravity loading result and
much higher than the thermal loading result. The dome shell stress in the combined case was
therefore controlled mainly by gravity-induced support loading. The top-cover thermal shield

reached 11.123 MPa, which remained low compared with the cylindrical and dome shell stresses.

Table 4.10 Maximum equivalent von Mises stress under combined gravity and thermal loading for the

reference configuration.

Thermal shield region Maximum equivalent von Mises stress
Cylindrical thermal shield 93.64 MPa
Dome thermal shield 96.993 MPa
Top-cover thermal shield 11.123 MPa

4.4.3 Support-Member Forces and Stresses

The support-member force, moment, and stress results under combined loading are shown in

Figures 4.13 and 4.14 and summarized in Table 4.11.
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Figure 4.13 Support-member internal resultants under combined gravity and thermal loading for the

reference configuration: (a) axial force, (b) total shear force, and (c) total bending moment.
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Figure 4.14 Support-member stress results under combined gravity and thermal loading for the reference

configuration: (a) direct stress, (b) maximum combined stress, and (c) minimum combined stress.

The combined loading case produced the largest support-member combined stress. The maximum

combined stress was +236.49 MPa and the minimum combined stress was —236.2 MPa. These
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values are close to the gravity loading combined stress values and much higher than the
corresponding thermal values. The maximum bending moment was 2.2805 x 10° N-mm,
confirming that the governing support-member stress remained bending-dominated. As in the
gravity-loading case, the largest combined stresses were located near the cryostat-side attachment
of the most highly loaded support members. The small difference between the gravity- and
combined-loading stress values indicates that the thermal contraction slightly modified the support

reactions but did not change the main bending-controlled load path of these members.

Table 4.11 Support-member force and stress results under combined gravity and thermal loading for the

reference configuration.

Support-member quantity Value
Maximum axial force +504.98 N
Minimum axial force —81.232 N

Maximum direct stress +1.6086 MPa
Minimum direct stress —0.2588 MPa
Maximum total shear force 2303.7N

Maximum total bending moment | 2.2805 x 10° N-mm
Maximum combined stress +236.49 MPa

Minimum combined stress —236.2 MPa

4.4.4 Insulation-Gap Result

The gap fields obtained after combined loading are shown in Figure 4.15 and compared with the

corresponding initial gap fields in Table 4.12.
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Figure 4.15 Gap results under combined gravity and thermal loading for the reference configuration: (a)

cylindrical thermal shield, (b) dome thermal shield, and (c) top-cover thermal shield.

For the cylindrical thermal shield, the gap-result range changed from —142.58 to =300 mm in the
initial configuration to —140.54 to —300 mm under combined loading. The lower-cut-out feature
was also present in this case and followed the same interpretation discussed for the gravity-loading

result. For the dome and top-cover thermal shields, the deformed gap fields remained close to the
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corresponding initial fields. Overall, the comparison did not show local closure or loss of insulation

clearance under combined gravity and thermal loading.

Table 4.12 Comparison between initial and combined-loading gap-result ranges for the reference

Thermal shield region
Cylindrical thermal shield
Dome thermal shield

Top-cover thermal shield

configuration.
Initial gap-result range Gap-result range under combined loading
—142.58 to =300 mm —140.54 to —300 mm
—91.349 to —170 mm —92.897 to —170 mm
—92.176 to —102.27 mm —94.599 to —104.73 mm

4.5 Eigenvalue Buckling Assessment

The eigenvalue buckling assessment was performed using the procedure defined in Section 3.11.

The main buckling check was based on the gravity-prestressed reference configuration.

Supplementary checks were also performed from the thermal-only and combined gravity—thermal

restart states using a unit thermal perturbation applied to the thermal shields.

The calculated load multipliers for the gravity-prestressed case are summarized in Table 4.13. The

first six modes produced negative load multipliers. These modes were not used as governing

indicators for the applied gravity perturbation direction, since negative multipliers correspond to

instability modes associated with the opposite sense of the perturbation load pattern. The first

relevant positive load multiplier was obtained in Mode 7, with a value of 5.2172.

Table 4.13 Eigenvalue buckling load multipliers for the gravity-prestressed reference configuration.

Mode
1

~N N L B W

Load multiplier
—7.9334
—7.6817
—6.9137
—6.276
—6.034
—3.9462

5.2172

Since the prestress environment was classified by ANSYS as nonlinear-based, the multiplier of

5.2172 was interpreted as a multiplier of the retained gravity perturbation load. The restart state
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corresponded to the reference gravity load, and the perturbation load pattern also corresponded to
the gravity load. Therefore, the first relevant positive multiplier corresponds to an estimated total

buckling load state of:

1+5.2172 = 6.2172

times the reference gravity load.

The first relevant positive mode shape is shown in Figure 4.16. The deformation pattern is
localized in a region between the upper openings in the dome thermal shield. This indicates that
the lowest positive buckling mode is associated with a local shell instability region rather than a

global instability mode of the complete thermal shield system.

Figure 4.16 First relevant positive eigenvalue buckling mode of the gravity-prestressed reference

configuration.

The supplementary thermal-perturbation checks produced first relevant positive multipliers of
2058.9 for the thermal-only restart case and 2078.8 for the combined gravity—thermal restart case.
These values scale the imposed unit thermal perturbation, not the full operating thermal field or
the complete combined loading state. The high positive multipliers indicate that thermal-
perturbation-driven elastic buckling was far from the operating condition within the adopted linear
perturbation framework. Therefore, these supplementary checks were used only as supporting

evidence and were not interpreted as direct critical-temperature estimates.
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Overall, the gravity-prestressed analysis and the supplementary thermal-perturbation checks
indicate that elastic buckling was not the governing limitation for the reference configuration

within the assumptions of the adopted linear eigenvalue buckling framework.

4.6 Structural Assessment of the Reference Configuration

The reference configuration was assessed using the response quantities defined in Section 3.10.
The assessment considered shell stress levels, support-member stress levels, gravity-induced

vertical deformation, insulation-gap preservation, and the eigenvalue buckling results.

4.6.1 Shell Stress Assessment

The maximum shell stresses obtained across the analyzed load cases are summarized in Table 4.14.
The governing shell stress occurred in the dome thermal shield under gravity loading, with a
maximum equivalent stress of 99.496 MPa. The cylindrical thermal shield reached 93.64 MPa,
also under combined gravity and thermal loading. The top-cover thermal shield showed much

lower stress levels, with a maximum value of 11.123 MPa under combined loading.

Table 4.14 Maximum shell stresses for the reference configuration.

Thermal shield region Governing load case Maximum equivalent von Mises stress
Cylindrical thermal shield Combined 93.64 MPa
Dome thermal shield Gravity 99.496 MPa
Top-cover thermal shield Combined 11.123 MPa

Using a selected 316LN reference strength of 280 MPa as defined in Section 3.10, the

corresponding stress utilization values remain below unity for all thermal shield regions.

Table 4.15 Shell stress utilization based on the selected 316LN reference strength.

Thermal shield region Maximum equivalent stress Reference strength Utilization
Cylindrical thermal shield 93.64 MPa 280 MPa 0.334
Dome thermal shield 99.496 MPa 280 MPa 0.355
Top-cover thermal shield 11.123 MPa 280 MPa 0.040
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The utilization values indicate that the shell stresses were lower than the selected 316LN reference
strength for all three thermal shield regions. The highest shell stresses occurred near the support
connection regions where restraint and reaction transfer were strongest, especially near the bonded
connections in the cylindrical and dome regions. Together with the modeling assumptions
discussed in Section 4.2.2, these results were used to evaluate the global shell-stress level of the

model.

4.6.2 Support-Member Stress Assessment

The governing support-member stress values obtained across the analyzed load cases are
summarized in Table 4.16. The maximum tensile and compressive combined stresses occurred

under combined gravity and thermal loading.

Table 4.16 Governing support-member stresses for the reference configuration.

Quantity Governing load case Value
Maximum combined stress Combined +236.49 MPa
Minimum combined stress Combined —236.2 MPa

Maximum direct stress Gravity +1.7959 MPa
Minimum direct stress Thermal —0.93239 MPa

The support-member stress response was governed by combined stress rather than by direct axial
stress. The direct stresses remained below 2 MPa in all load cases, while the maximum absolute
combined stress reached 236.49 MPa. This confirms that the governing support-member response

was controlled mainly by bending.

For the G10-CR support members, the maximum absolute combined stress was compared with the
selected reference flexural strength of 345 MPa as defined in Section 3.10. The resulting utilization

is summarized in Table 4.17.

Table 4.17 Support-member stress utilization based on the selected G10-CR reference strength.

Quantity Maximum absolute stress Reference strength | Utilization

Combined beam stress 236.49 MPa 345 MPa 0.686
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The maximum support-member combined stress gave a utilization of 0.686 relative to the selected
G10-CR reference strength. This comparison was used as a support-level strength check. It should
not be interpreted as a complete composite-material failure verification, because the support
members were represented by equivalent beam elements and detailed laminate-level failure criteria

were not included.

4.6.3 Gravity-Induced Deformation Check

The vertical deformation resulting from the gravity-loading case was compared with the practical
deformation check of 10 mm. The maximum absolute vertical displacement occurred in the
cylindrical thermal shield and was equal to 5.3877 mm. The dome thermal shield reached 5.1703

mm, while the top-cover thermal shield reached 0.8154 mm.

Table 4.18 Gravity-only vertical deformation check for the reference configuration.

Maximum absolute vertical
Thermal shield region Gravity-only deformation check
displacement
Cylindrical thermal shield 5.3877 mm 10 mm
Dome thermal shield 5.1703 mm 10 mm
Top-cover thermal shield 0.8154 mm 10 mm

All three thermal shield regions remained below the 10 mm vertical deformation check in the

gravity-loading case.

To further assess the plausibility of the cylindrical thermal shield deformation, the finite element
result was compared with the simplified preliminary hand calculation reported in Appendix A. The

comparison is summarized in Table 4.19.

Table 4.19 Analytical cross-check of the cylindrical thermal shield gravity-induced deformation.

Quantity Value
Appendix A hand-calculation displacement 5.11 mm
FE maximum absolute vertical displacement, cylindrical thermal shield 5.3877 mm
Difference relative to hand calculation 5.4%
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The hand calculation estimated a support-tip displacement of 5.11 mm, while the finite element
model predicted a maximum absolute vertical displacement of 5.3877 mm for the cylindrical
thermal shield under gravity loading. The difference between the two values is approximately 5.4%,
which indicates good agreement for a simplified analytical estimate. This comparison supports the
engineering plausibility of the global gravity-induced deformation predicted by the finite element
model. However, it was treated only as an analytical cross-check, not as formal validation, because
the hand calculation idealizes the support behavior and does not include shell flexibility, contact
behavior, joint constraints, openings, local support-interface effects, or load redistribution within

the complete support system.

4.6.4 Insulation-Gap Assessment

The insulation-gap assessment was based on the comparison between the initial and deformed gap
fields. Across the three loading cases, the deformed fields remained close to their corresponding
initial distributions. The local reported-gap feature near a lower cut-out of the cylindrical thermal
shield was attributed to the cut-out geometry and the associated gap-result extraction, as discussed

in Section 4.2 4.

The gap comparison did not show local closure or loss of insulation clearance in the reference

configuration under gravity, thermal, or combined loading.

4.6.5 Buckling Assessment

The first relevant positive eigenvalue buckling load multiplier was 5.2172 for the gravity-
prestressed reference configuration. Since the prestress environment was nonlinear-based and the
retained perturbation load pattern corresponded to the reference gravity load, this multiplier
corresponds to an estimated total buckling load state of approximately 6.22 times the reference

gravity load.

The supplementary thermal-perturbation checks reported in Section 4.5 produced much higher
positive multipliers than the gravity-prestressed case, indicating that thermal-perturbation-driven
elastic buckling was not close to the operating condition. Therefore, elastic buckling was not
identified as the governing limitation for the reference configuration within the adopted linear

perturbation framework.
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4.6.6 Summary of Reference-Configuration Assessment

The reference configuration met the stress, deformation, gap, and linear buckling checks used in
this work. The support-member stresses were governed by bending and reached their maximum
under combined gravity and thermal loading, while the largest deformation was mainly associated
with thermal contraction. This reference case was therefore used as the baseline for the mixed-

diameter comparison.

4.7 Sensitivity Assessment of the Mixed-Diameter Support

Configuration

A mixed-diameter support configuration was analyzed as a sensitivity case after the assessment of
the reference configuration. The support positions and connection definitions were kept
unchanged. The bonded and joint-based supports of the cylindrical thermal shield were kept at 20
mm diameter, and the same criterion was applied to the dome thermal shield. The remaining
supports, including the bonded support of the top-cover thermal shield, were assigned a diameter

of 10 mm.

® Bonded contact
@ MNo-separation

® Joint
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Figure 4.17 Mixed-diameter support configuration adopted for the sensitivity assessment.

The change in support diameter reduced the total support-member cross-sectional area. In the
reference configuration, all 80 support members had a diameter of 20 mm, giving a total cross-
sectional area of 25132.8 mm?. In the mixed-diameter configuration, 15 support members were
kept at 20 mm diameter and the remaining 65 support members were reduced to 10 mm diameter,
giving a total cross-sectional area of 9817.5 mm?. This corresponds to a 60.94% reduction in total

support-member cross-sectional area.

Table 4.20 Total support-member cross-sectional area in the reference and mixed-diameter configurations.

20 mm 10 mm Total support-member cross-sectional
Configuration
supports supports area
Reference configuration 80 0 25132.8 mm?
Mixed-diameter configuration 15 65 9817.5 mm?

The comparison between the reference and mixed-diameter configurations is summarized in Table

4.20 for the main structural response quantities.
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Table 4.21 Comparison between the reference and mixed-diameter support configurations.

Load case

Gravity
Gravity
Gravity
Gravity
Gravity
Gravity
Gravity
Gravity
Gravity
Thermal
Thermal
Thermal
Thermal
Thermal
Thermal
Thermal
Thermal
Thermal
Combined
Combined
Combined
Combined
Combined
Combined
Combined
Combined

Combined

Quantity

Cylindrical THS max. absolute vertical displacement
Dome THS max. absolute vertical displacement
Top-cover THS max. absolute vertical displacement
Cylindrical THS max. equivalent stress
Dome THS max. equivalent stress
Top-cover THS max. equivalent stress
Maximum support direct stress
Maximum support combined stress
Minimum support combined stress
Cylindrical THS max. total deformation
Dome THS max. total deformation
Top-cover THS max. total deformation
Cylindrical THS max. equivalent stress
Dome THS max. equivalent stress
Top-cover THS max. equivalent stress
Maximum support direct stress
Maximum support combined stress
Minimum support combined stress
Cylindrical THS max. total deformation
Dome THS max. total deformation
Top-cover THS max. total deformation
Cylindrical THS max. equivalent stress
Dome THS max. equivalent stress
Top-cover THS max. equivalent stress
Maximum support direct stress
Maximum support combined stress

Minimum support combined stress

Reference

configuration
5.3877 mm
5.1703 mm
0.8154 mm
88.629 MPa
99.496 MPa
8.5226 MPa
+1.7959 MPa
+234.11 MPa
—233.45 MPa
18.91 mm
23.581 mm
3.0127 mm
1.4018 MPa
24.933 MPa
3.9434 MPa
+0.8441 MPa
+17.869 MPa
—18.489 MPa
22.222 mm
26.691 mm
2.9054 mm
93.64 MPa
96.993 MPa
11.123 MPa
+1.6086 MPa
+236.49 MPa

—236.2 MPa

Mixed-diameter

configuration
5.3909 mm
5.1835 mm
0.8334 mm
88.49 MPa
99.643 MPa
8.8042 MPa
+7.1313 MPa
+233.95 MPa
—233.3 MPa
18.91 mm
23.58 mm
3.0155 mm
1.4015 MPa
24.734 MPa
2.781 MPa
+3.3421 MPa
+10.669 MPa
—11.882 MPa
22.226 mm
26.682 mm
2.9013 mm
93.501 MPa
97.124 MPa
9.9631 MPa
+6.4052 MPa
+236.32 MPa

—236.15 MPa
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The mixed-diameter configuration produced nearly the same deformation pattern as the reference
configuration. Under gravity loading, all thermal shield regions remained below the 10 mm
deformation check. Under thermal and combined loading, the maximum total deformation values

changed only slightly.

The support-member combined stresses changed only marginally relative to the reference
configuration. Under gravity loading, the maximum combined stress changed from +234.11 MPa
in the reference configuration to +233.95 MPa in the mixed-diameter configuration, while the
minimum combined stress changed from —233.45 MPa to —233.3 MPa. Under combined gravity
and thermal loading, the maximum combined stress changed from +236.49 MPa to +236.32 MPa,
while the minimum combined stress changed from —236.2 MPa to —236.15 MPa. These differences
are small, and the locations of maximum combined stress remained the same as in the reference
configuration. This behavior indicates that, in the analyzed model, the maximum combined
stresses were still governed mainly by the 20 mm supports kept at the most loaded locations. The
reduced-diameter members showed a higher maximum direct stress, reaching +7.1313 MPa under
gravity loading, because of their smaller cross-sectional area. However, they did not control the

governing combined-stress response.

The largest shell stress in the mixed-diameter configuration was 99.643 MPa in the dome thermal
shield under gravity loading. Under combined loading, the cylindrical thermal shield stress was
practically unchanged compared with the reference configuration, changing from 93.64 MPa to
93.501 MPa. These values were lower than the selected 316LN reference strength used for the

shell-stress check.

The gap-result comparison is summarized in Table 4.21. The initial gap fields are the same as those

used for the reference configuration.

Table 4.22 Gap-result comparison for the mixed-diameter support configuration.

Load case Cylindrical THS gap range | Dome THS gap range | Top-cover THS gap range
Initial —142.58 to =300 mm —91.349 to —170 mm —92.176 to —102.27 mm
Gravity —140.34 to —300 mm —87.159 to =170 mm —92.293 to —102.28 mm
Thermal —142.48 to =300 mm —96.577 to =170 mm —94.476 to —104.72 mm
Combined —140.53 to =300 mm —92.902 to —170 mm —94.589 to —104.73 mm
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The gap-result fields did not show loss of insulation clearance in the mixed-diameter configuration.
The first relevant positive gravity-prestressed eigenvalue buckling multiplier was 5.2835,
compared with 5.2172 for the reference configuration. Under the same nonlinear-based
perturbation interpretation used for the reference case, this corresponds to an estimated total
buckling load state of approximately 6.28 times the gravity load. Therefore, the diameter reduction

did not reduce the gravity-prestressed linear buckling estimate.

Overall, reducing the selected support diameters had little effect on the global structural response.
The mixed-diameter configuration remained comparable to the reference case in deformation,
combined beam stress, gap behavior, and eigenvalue buckling, while reducing the total support-
member cross-sectional area by 60.94%. Based on the analyzed loading cases and the modeling
assumptions adopted in this work, the mixed-diameter configuration can be considered structurally

acceptable at the global model level.
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Chapter 5

Conclusions and Future Work

5.1 Summary of the Work

This thesis assessed the global structural response of the DTT cryostat thermal shield support
system using a finite element shell-and-beam model. The cryostat body and thermal shields were
modeled with shell elements, while the G10-CR support members were represented by beam

elements connected through bonded, joint-based, and no-separation interface definitions.

A reference configuration with 80 support members of 20 mm diameter was analyzed under
gravity loading, prescribed thermal loading, and combined gravity and thermal loading. The
assessment considered shell stress, support-member stress, deformation, insulation-gap

preservation, and linear eigenvalue buckling.

A mixed-diameter configuration was then studied as a sensitivity case. In this configuration, 15
support members were kept at 20 mm diameter and 65 were reduced to 10 mm diameter, reducing

the total support-member cross-sectional area by 60.94%.
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5.2 Main Findings

The support-member stresses were governed mainly by gravity-induced bending. In the reference
configuration, the largest combined stress occurred under combined gravity and thermal loading,
reaching +236.49 MPa, with a corresponding minimum of —236.2 MPa. Direct axial stresses

remained below 2 MPa, confirming that axial loading was not the controlling contribution.

Thermal loading mainly affected the displacement field. The thermal loading case produced larger
deformations than the gravity loading case, especially in the cylindrical and dome thermal shields,
but the associated shell and support-member stresses remained lower than the gravity and
combined-loading values. Thus, thermal contraction influenced the overall deformation more than

the governing stress levels.

The 10 mm gravity-only vertical deformation check was met for all thermal shield regions in the
reference configuration. The maximum absolute vertical displacement was 5.3877 mm in the
cylindrical thermal shield, 5.1703 mm in the dome thermal shield, and 0.8154 mm in the top-cover

thermal shield.

The maximum shell stresses in the reference configuration were lower than the selected 316LN
reference strength used for comparison. The highest shell stress occurred in the dome thermal
shield under gravity loading, with a value of 99.496 MPa. The cylindrical thermal shield reached
93.64 MPa under combined gravity and thermal loading. The shell stress maxima were generally
localized near the support connection regions where the main support reactions were introduced

into the thin shell structures, particularly near the more restrained bonded connections.

The gap assessment did not suggest any loss of insulation clearance in the analyzed loading cases.
The deformed gap fields remained close to the corresponding initial gap fields for the cylindrical,

dome, and top-cover thermal shields.

The eigenvalue buckling assessment indicated that elastic buckling was not the governing
limitation for the reference configuration within the adopted linear perturbation framework. The
gravity-prestressed case corresponded to an estimated total buckling load state of approximately
6.22 times the reference gravity load. Supplementary thermal-perturbation checks also produced
very high positive multipliers, supporting the conclusion that thermal-perturbation-driven elastic

buckling was not close to the operating condition.
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The mixed-diameter configuration gave results comparable to the reference case in terms of
deformation, support-member combined stress, gap behavior, and eigenvalue buckling response.
Under combined gravity and thermal loading, the maximum support-member combined stress
changed only from +236.49 MPa to +236.32 MPa. Direct stresses increased in some reduced-
diameter members because of their smaller cross-sectional area, but they remained much lower
than the governing combined beam stresses. The first relevant positive gravity-prestressed
eigenvalue buckling multiplier of the mixed-diameter configuration was 5.2835, showing no
reduction relative to the reference value. Under the same nonlinear-based interpretation, this
corresponds to an estimated total buckling load state of approximately 6.28 times the reference

gravity load.

Under the modeling assumptions adopted in this work, both the reference and mixed-diameter
configurations met the structural checks considered in the thesis. The mixed-diameter
configuration therefore provides a substantial reduction in support-member cross-sectional area

without significantly degrading the global structural behavior.

5.3 Limitations of the Study

The final support configuration was developed through engineering judgement and finite element
assessment, not through a formal optimization procedure. Therefore, it should be considered an

engineering-refined configuration, not a globally optimized support distribution.

The finite element model was developed to evaluate the global structural behavior of the cryostat
thermal shield support system. It was not intended to provide detailed local verification of the
support attachments. The support members were represented using beam elements connected to
shell surfaces, and detailed bolted-joint geometry, washers, pads, local contact-pressure

distributions, and attachment-region stresses were not explicitly modeled.

The finite element model was not formally validated against experimental measurements or an
official benchmark model. The simplified hand calculation reported in Appendix A was used only
as a preliminary sizing estimate and analytical cross-check for the cylindrical thermal shield
gravity-deformation magnitude. Although the hand-calculated displacement was close to the

corresponding finite element result, this comparison should not be interpreted as formal validation

88



of the complete model. In addition, a formal mesh-convergence study was not performed; therefore,
local peak stresses and contact-related quantities may be mesh-sensitive. The results are
consequently most reliable for comparing the investigated configurations and identifying critical

regions within the adopted global modeling assumptions.

The G10-CR support members were represented using an equivalent linear elastic beam material
definition. The full orthotropic material behavior, laminate orientation, and detailed composite
failure criteria were not included. For this reason, the stress analysis in the support members was
interpreted as a beam-level strength comparison, rather than as a complete laminate-level failure

verification.

The thermal loading was applied by prescribing temperatures directly in the structural model. A
separate steady-state or transient heat-transfer analysis was not performed. Therefore, the thermal
results represent the structural effect of the imposed temperature field, not the result of a coupled

thermal analysis.

The buckling assessment was limited to linear eigenvalue buckling. The reported multipliers were
interpreted within the nonlinear-based linear perturbation framework used by ANSYS. Therefore,
the gravity-prestressed multiplier was treated as a multiplier of the retained gravity perturbation
load, while the thermal-only and combined gravity—thermal restart results were treated as
multipliers of an imposed unit thermal perturbation. These results should not be interpreted as
nonlinear collapse loads, complete post-buckling safety factors, or direct critical-temperature
predictions. Geometric imperfections, contact-status changes during buckling, material

nonlinearity, and nonlinear post-buckling behavior were not included.

5.4 Future Work

Future work should first include a formal parametric or topology-optimization study of the support
locations, support diameters, and support orientations to identify globally optimized configurations

under gravity, thermal, combined loading, and buckling constraints.

The local behavior of the support attachments could also be investigated. A detailed solid or sub-

modeling approach could include the actual attachment geometry, local contact regions, and load-
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transfer paths between the support members and the shell structures. This would allow the stress

fields at the support connection regions to be assessed with higher local resolution.

The representation of the G10-CR support members could also be improved by introducing
orthotropic elastic properties, material orientation, and laminate-level failure criteria. This would
extend the support assessment beyond the equivalent beam-level stress comparison used in this

thesis.

Future work should include a formal numerical verification and validation procedure. This should
include a mesh-convergence study for the main displacement, stress, contact-gap, and support-
force quantities, followed by comparison with experimental measurements, detailed sub-models,
or official benchmark results if available. Such work would allow the global shell-and-beam model
to be upgraded from a comparative design-assessment model to a more fully verified design-

support model.

Future work should extend the stability assessment through nonlinear geometric buckling analyses
including representative geometric imperfections and possible contact-status changes. Such
analyses would provide a more realistic estimate of post-buckling behavior and collapse margins

than the linear eigenvalue buckling checks used in the present work.

A further development would be the inclusion of steady-state or transient heat-transfer analysis. A
coupled or sequential thermo-mechanical approach would allow the structural response to be
evaluated using temperature fields obtained from a thermal model instead of prescribed uniform

temperatures.

Finally, the same modeling strategy could be applied to future fusion reactor thermal shield support
systems, including DEMO-class concepts, where the balance between structural stiffness, thermal
contraction accommodation, support cross-section, and insulation-gap preservation remains a

central design issue.

5.5 Final Conclusion

The finite element analyses showed that the global shell-and-beam model provides a suitable basis
for assessing the main structural response of the DTT cryostat thermal shield support system. The

reference configuration met the deformation, stress, gap, and linear buckling checks considered in
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this work. The mixed-diameter configuration produced comparable global behavior while
reducing the total support-member cross-sectional area by approximately 61%. Within the
analyzed loading cases and the assumptions of the global shell-and-beam model, the mixed-
diameter configuration can therefore be considered a structurally promising alternative for further

detailed verification.
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Appendix A:

Preliminary Sizing Estimate for Cylindrical Thermal Shield

Supports

A preliminary hand calculation was performed to estimate the number of weight-bearing support
members required for the cylindrical thermal shield. The purpose of this calculation was not to
provide final strength verification, but to obtain an initial support configuration for the finite

element model.

In this estimate, the cylindrical thermal shield weight was assumed to be distributed equally among
the candidate vertical support locations. Each support member was idealized as a cantilever-type
member subjected to the corresponding transverse load. The calculation did not include shell
flexibility, contact behavior, joint constraints, local support-interface effects, or interaction
between neighboring supports. These effects were evaluated later using the finite element model.

The input quantities used in the preliminary estimate are summarized in Table A.1.

Table A.1 Input quantities used for the preliminary sizing estimate of the cylindrical thermal shield supports.

Quantity Symbol Value
Cylindrical thermal shield mass m 1392.7 kg
Gravitational acceleration g 9.81 m/s?
Cylindrical thermal shield weight A\ 13662.4 N
Number of candidate support locations n 13
Load per support F=W/n 105095 N
Support length L 147.5 mm
Support diameter d 20 mm
Cross-sectional area A 314.16 mm?
Second moment of area I 7853.98 mm*
Young’s modulus of G10-CR used in the estimate E 28000 MPa
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For a circular support member, the cross-sectional area and second moment of area were calculated

as:
. md?
4
/= wd*
T 64

The maximum bending moment was estimated from:
M =FL
Using the load per support and the support length, the resulting moment was:
M = 1050.95 x 147.5 = 155015 N - mm = 155.02 N - m

The maximum bending stress was estimated from:

Mc
®=T

d :
where ¢ = S This gave:

0, = 197.47 MPa

The maximum shear stress for the circular section was estimated using:

4F
Tmax = 3_A

which gave:
Tmax = 4.46 MPa
The tip displacement of the idealized support member was estimated as:

FI3

0 =31

which gave:

6 =5.11 mm
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The calculated results are summarized in Table A.2.

Table A.2 Preliminary hand-calculation results for the cylindrical thermal shield supports.

Calculated quantity Symbol Value
Load per support F 1050.95 N
Maximum bending moment M 155.02 N'-m
Maximum bending stress oy 197.47 MPa
Maximum shear stress B 4.46 MPa

Estimated tip displacement ) 5.11 mm

The estimated displacement was below the 10 mm gravity-only deformation check used in this
work. Therefore, the preliminary calculation indicated that 13 weight-supporting locations with 20
mm diameter support members could be used as an initial configuration for the finite element
model. The final support reactions, stresses, deformations, and gap behavior were not taken from

this hand calculation. They were obtained from the finite element analyses presented in Chapter 4.

The calculated displacement was later compared with the finite element gravity-deformation result
for the cylindrical thermal shield, as discussed in Section 4.6.3. This comparison was used only as
an analytical cross-check of the deformation magnitude and was not treated as formal validation

of the finite element model.
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Appendix B:

Initial Gap Fields Used for the Insulation-Gap Assessment

The insulation-gap assessment in this work was based on a comparison between the initial and
deformed gap fields. Before applying the structural loads, the initial gap field was extracted from
the frictionless contact interfaces defined between the cryostat body and the thermal shields. These
initial fields were then used as reference distributions for the gravity, thermal, and combined

loading cases. The initial gap fields are shown in Figure B.1.
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(©)

Figure B.1 Initial gap fields used as reference for the insulation-gap assessment: (a) cylindrical thermal

shield, (b) dome thermal shield, and (c) top-cover thermal shield.

The corresponding initial gap-result ranges are summarized in Table B.1.

Table B.1 Initial gap-result ranges used for the insulation-gap assessment.

Thermal shield region | Initial gap-result range
Cylindrical thermal shield | —142.58 to =300 mm
Dome thermal shield —91.349 to —170 mm

Top-cover thermal shield | =92.176 to —102.27 mm

These initial gap-result fields were not reduced to a single average clearance value. Instead, the
deformed gap field from each loading case was compared with the corresponding initial field in

order to evaluate the change in available clearance over the modeled contact regions.
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