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Abstract: The Water-Cooled Lead Lithium (WCLL) Breeding Blanket (BB) is one of the two BB
concept candidates to be selected as the driver blanket for the EU DEMO fusion reactor. In this
regard, the development of a sound architecture of the WCLL Central Outboard Blanket (COB)
Segment, ensuring the fulfilment of the thermal and structural design requirements, is one of the
main goals of the EUROfusion consortium. To this purpose, an exploratory research campaign
has been launched to preliminarily investigate the thermo-mechanical performances of the Bottom
Cap (BC) region of the WCLL COB segment because of its peculiarities making its design different
from the other regions. The assessment has been carried out considering the nominal BB operating
conditions, the Normal Operation (NO) scenario, as well as a steady-state scenario derived from the
in-box LOCA accident, the Over-Pressurization (OP) scenario. Starting from the reference geometric
layout of the WCLL COB BC region, a first set of analyses has been launched in order to evaluate its
structural performances under a previously calculated thermal field and to select potential geometric
improvements. Then, the analysis of a complete BC region was conducted from both the thermal
and structural standpoints, evaluating its structural behaviour in compliance with the RCC-MRx
code. Finally, after some iterations and geometric updates, a promising geometric layout of the BC
region has been obtained even though some criticalities still persist in the internal Stiffening Plates
and First Wall. However, the obtained results clearly showed that the proposed layout is worthy to be
further assessed to achieve a robust enough configuration. The work has been performed following a
theoretical-numerical approach based on the Finite Element Method (FEM) and adopting the quoted
Ansys commercial FEM code.

Keywords: WCLL; breeding blanket; DEMO; thermomechanics; FEM analysis; Bottom Cap

1. Introduction

One of the pivotal components of the EU DEMO fusion reactor is the Breeding Blanket
(BB), and its development plays an essential role in the DEMO fusion reactor research
activities carried out by the EUROfusion consortium [1,2]. In this context, the Water-Cooled
Lead Lithium Breeding Blanket (WCLL BB) is one of the two main candidates as a driver
blanket for the EU DEMO fusion reactor.

As already seen in previous works [3,4], the Cap regions of a Blanket Segment are the
most critical in terms of loads and requirements they are subjected to, and their design
needs dedicated study. In this work, an exploratory thermo-mechanical assessment of the
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Bottom Cap (BC) region of the EU DEMO WCLL Central Outboard Blanket (COB) segment
is reported. In particular, a similar approach to that already followed for the Top Cap (TC)
region has been adopted [4].

Starting from the reference geometric layout [5,6], a simplified structural analysis of
the single elementary cell housing the Cap, but not including the manifolds region, has been
conducted in order to provide a preliminary investigation of its structural performances
under an externally calculated thermal field. On the basis of this preliminary assessment,
a set of thermo-mechanical analyses has been launched, updating each time the layout
of the cell housing the BC, adopting a more detailed geometric layout encompassing the
manifolds regions and two cells adjacent to that housing the BC plate. Following a series
of progressive modifications, the objective of the activity has been to pave the way for
future design works, defining the space of the possible configurations in view of the design
requirements. In particular, from the thermal standpoint, the temperature of the structural
components, composed of Eurofer, must not exceed the suggested limit value of 550 ◦C [5].
Instead, the structural performances have been evaluated in light of the RCC-MRx structural
design code [7]. The loading conditions taken into account for the evaluation are related to
the steady state Normal Operation (NO) and the Over-Pressurization (OP) scenarios, the
first taking into account the nominal operative condition, the latter, instead, relating to an
off-normal condition resulting from an in-box LOCA event, causing the pressurisation of
the whole component, due to a leak of coolant.

To this purpose, a theoretical-numerical approach based on the Finite Element Method
(FEM) has been followed, and the quoted Ansys commercial code has been used. The
obtained results are herewith presented and critically discussed.

2. The WCLL COB Segment

The EU DEMO WCLL BB, in accordance with the DEMO baseline 2017 [8], is subdi-
vided into 16 identical toroidal sectors of 22.5◦, each of them composed of an Outboard
and an Inboard region. The Outboard one consists of three segments, Left, Central, and
Right (LOB, COB, and ROB, respectively); instead, in the Inboard region, two symmetric
segments, Left and Right (LIB and RIB), are foreseen. The Segments are based on the Single
Module Segmentation architecture, consisting of a single elementary cell repeated about
100 times for the entire poloidal length of the Segment, which is closed at the extremities by
two plates, the Top and Bottom Cap.

The study reported therein is more specifically focused on the Bottom Cap region of
the WCLL COB segment, reported in Figure 1. Internally, the COB structure is reinforced
by a grid of Stiffening Plates (SPs) located along the poloidal-radial and toroidal-radial
planes, respectively named horizontal and vertical SPs (SPh and SPv), with a thickness
of 10 and 12 mm, respectively. The external steel structure, named Segment Box (SB),
enclosing the SPs grid, is composed of a First Wall (FW), directly placed in front of the
plasma and covered with 2 mm of Tungsten (coloured in orange in Figure 1), and laterally
closed by Side Walls (SWs). Immediately behind the SPs, the Manifolds region (for water
and PbLi) is located, divided by a Back Plate (BP). Finally, at the rear is the Back Supporting
Structure (BSS) aimed at connecting the SB with the Vacuum Vessel (VV) by means of
the attachment system (in grey in Figure 1). The liquid metal eutectic alloy (acting as
breeder, neutron multiplies and tritium carrier), the Lithium-Lead, flows across the SPs
in that region called Breeder Zone (BZ), guided in its poloidal path to a series of Baffle
Plates. The BZ is actively cooled by subcooled pressurised water (15.5 MPa and 285/328 ◦C
of inlet/outlet temperature) flowing inside the bundle of Double Walled Tubes (DWTs),
whose geometric layout varies along the poloidal length of the Segment due to the different
thermal loads each region is subjected to [9]. Instead, square cooling channels are located
in the FW-SWs region, crossed by water in the same condition aforementioned, devoted to
cooling that region. As for the DWTs, the number of cooling channels per elementary cell
depends on its poloidal location within the segment. An overview of the cooling channels
and DWTs layout for each poloidal region of the COB Segment is reported in [9]. As to the
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BC region, the reference geometric layout foresaw a Cap plate of 25 mm of thickness and
any dedicated cooling system is foreseen.
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Figure 1. WCLL COB segment architecture.

3. Structural Assessment of the Reference WCLL COB Segment BC Region

The first part of the study concerns the structural study of the reference BC region in
order to preliminarily assess its behaviour and to investigate possible improvements to be
adopted in a subsequent and more complete analysis. Therefore, on the basis of the layout
already considered for the thermal analysis reported in [6], a mechanical FEM model has
been set up.

3.1. Reference BC Region v0

In this paragraph, the structural analysis and the results evaluation of the reference
geometric layout (v0) of the BC region of the DEMO WCLL COB segment are reported.

3.1.1. The FEM Model

The reference geometric layout of the BC region of the DEMO WCLL COB segment [5,6]
has been considered (Figure 2). In particular, only the elementary cell housing the BC plate
has been modelled in this phase without including in the model the manifolds region, the
BP and the BSS. Moreover, it is important to notice that this elementary cell, housing a BC
plate 25 mm thick, has a different poloidal size with respect to the others. Hence, the thermal
analysis results reported in [6] show that ten cooling channels are necessary to cool the
FW-SWs region, differently than the other elementary cells of the corresponding poloidal
region of the COB Segment, equipped with six cooling channels [9]. Moreover, the so-called
“v06b” DWT geometric layout has been slightly modified because of the different sizes of
this elementary cell.
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Figure 2. WCLL COB reference BC region.

A realistic 3D FEM model has been set up in order to investigate the structural
behaviour of the BC region. DWTs, Breeder and cooling water, have not been directly
modelled, but their effects have been properly considered by means of relevant loads and
boundary conditions. A mesh composed of ~2 M nodes connected in ~550 k tetrahedral
and hexahedral quadratic elements has been set up. Temperature-dependent material
properties have been considered, drawn from [10,11]. The following set of loads and
boundary conditions has been considered and applied to carry out the structural analysis
of the BC region under the NO and OP steady-state loading scenarios [12]:

• Nonuniform thermal deformation field: The 3D thermal field calculated in [6] has
been imported and mapped to the structure, as reported in Figure 3, originating the
corresponding deformation field by means of the temperature-dependent coefficient
of thermal expansions.

• Mechanical restraints: With the aim of realistic simulating the presence of the entire
COB segment acting on the considered BC region, the displacements field, obtained
in [9], has been mapped and applied on the upper surface of the structure, as already
achieved in previous analyses [4]. In particular, the corresponding displacement field
has been exported from the whole COB Segment analysis and applied in accordance
with the considered loading scenario. In Figure 4, the mapped displacement field
on the upper surface in NO and OP loading scenarios is reported. For the sake of
brevity, the deformed vs. undeformed shapes of the entire COB Segment have not
been reported, but they can be easily found by looking at Figure 13 of the reference
document [9].

• Pressure: The design pressures, calculated as the nominal pressure multiplied by a
safety factor equal to 1.15, have been applied to the Breeder-wetted and water-wetted
surfaces. In particular, a pressure of 17.825 MPa has been considered for the coolant;
instead, a pressure of 0.575 MPa for the PbLi has been assumed. During the NO
loading scenario, the coolant design pressure has been imposed on the water-wetted
surfaces (i.e., the FW-SWs cooling channels), whereas the breeder design pressure
has been set to the internal BZ surfaces. As well as the OP scenario, representing an
over-pressurisation condition subsequent to an in-box LOCA event, the coolant design
pressure has been assumed both for the water-wetted and the breeder-wetted surfaces.

• Gravity: The gravity load has been applied to the entire structure.
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3.1.2. Results

Results in terms of Von Mises Stress fields are reported in Figure 5 for both the selected
steady-state loading scenarios. It is important to notice that the upper surface of the
elementary cell shows high stress values due to the applied displacement field.

A stress linearisation procedure has been performed along some paths individuated
within the model in correspondence with the most stressed region. No paths have been
considered within the Baffle Plates as they have any structural role. In particular, six
paths have been selected within the vertical SPs and four along the Cap, depicted in
Figures 6 and 7 within the FW, as reported in Figure 7, where different sets of paths (AB,
CD and EF) are coloured differently.
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Figure 6. Selected paths within SPs and Cap.

Then, the fulfilment of the RCC-MRx structural design criteria has been checked. In
particular, the NO loading scenario, representing the normal operating conditions, falls
under the service Level A, whereas the OP scenario, deriving from an off-normal event,
is classified as Level D. Four criteria have been taken into account: Immediate Excessive
Deformation (IED, Pm/Sm), Immediate Plastic Instability (IPI, (Pm + Pb)/(Keff · Sm)), Im-
mediate Plastic Flow Localisation (IPFL, (Pm + Qm)/Sem) and Immediate Fracture due to
exhaustion of ductility (IF, (Pm + Pb + Q + F)/Set). The first two criteria only consider the
primary stresses; instead, the others also take into account secondary stresses occurring
along the analysed path. For each criterion, the stress limit values have been calculated for
the service level to which each loading scenario analysed relates, in accordance with the
structural material and the average path temperature.
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Figure 7. Selected paths within FW.

The results of the verification of the RCC-MRx design criteria are reported in terms of
the ratio between the obtained equivalent stresses along the paths and the corresponding
stress limit values for each criterion. Ratios values exceeding unity indicate that the
respective criterion is not fulfilled and are highlighted in red; instead, values greater than
0.8 are coloured orange, thereby indicating regions in which the criterion is verified with a
small margin, so remaining potentially critical. Results show that all the Level A criteria are
fulfilled along all the selected paths, whereas some issues and critical regions are observed
along different paths for the Level D criteria. In particular, all the paths within the vertical
SPs do not fulfil or reach high values of the IED and IPI criteria, whereas all the paths
selected along the Cap thickness reach critical values of the IPI criterion (Table 1).

Table 1. RCC-MRx Level D criteria verification. Reference BC region v0.

Level D

Pm/Sm (Pm + Pb)/(Keff × Sm) (Pm + Qm)/Sem (Pm + Pb + Q + F)/Set

Path AB_Cap 0.802 0.786 0.499 0.170
Path AB_Cap2 0.840 0.823 0.630 0.194
Path AB_low 1.022 0.697 0.629 0.203

Path AB1_low 1.026 0.703 0.825 0.244
Path AB1_mid 0.701 0.525 0.333 0.116
Path AB1_up 0.409 0.306 0.440 0.163
Path CD_low 0.861 1.085 0.529 0.169

Path CD1_low 0.895 1.110 0.684 0.248
Path CD1_mid 0.268 0.352 0.364 0.176
Path CD1_up 0.525 0.573 0.575 0.215
Path EF_low 0.416 0.749 0.272 0.144
Path EF1_low 0.436 0.768 0.366 0.180
Path EF1_mid 0.195 0.268 0.272 0.069
Path EF1_up 0.321 0.344 0.366 0.145
Path EF2_low 0.450 1.302 0.293 0.421

Path SPv1_low 1.650 1.352 0.782 0.157
Path SPv1_up 1.487 1.010 0.791 0.160
Path SPv2_low 1.497 1.016 0.771 0.143
Path SPv2_up 1.752 1.172 0.684 0.106
Path SPv3_low 1.317 0.880 0.996 0.285
Path SPv3_up 1.418 0.951 1.052 0.306

Path Cap1 0.443 1.416 0.390 0.222
Path Cap2 0.485 1.337 0.405 0.209
Path Cap3 0.263 1.062 0.201 0.143
Path Cap4 0.240 0.901 0.148 0.114
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Therefore, since most of the failures are due to primary stress, the obtained results
suggested making the Cap thicker. Hence, as the first improvement, a 40 mm Cap thickness
has been considered for the follow-up of the work, as already has been achieved for the TC
region [4]. In addition, the possible impact of this modification on the structural response
of the FW shall be carefully checked.

3.2. Reference BC Region v1

On the basis of the obtained results of the reference BC region v0 structural analysis,
in this paragraph, the structural analysis of the v1 geometric layout is reported, and the
obtained results are critically discussed.

3.2.1. The FEM Model

With the aim of investigating the effect of a thicker BC plate on the structural response
con the BC region, the reference v0 model has been properly modified by only increasing
the Cap thickness, as reported in Figure 8. Therefore, a mesh with the same characteristics
as the previous, composed of ~1.3 M nodes connected in ~320 k tetrahedral and hexahedral
quadratic elements, has been set up.
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The same loads and boundary conditions already seen in Section 3.1.1 have been
implemented in the up-to-date model to reproduce both the NO and OP steady-state
loading scenarios. It is important to notice that, with regard to the thermal field, it has been
mapped on the new model components, as well as on the thicker Cap, from the Reference
v0 layout thermal analysis. Therefore, the thermal behaviour is to be considered as an
extrapolated one.

3.2.2. Results

Another set of analyses have been launched in order to evaluate the structural be-
haviour of the up-to-date version of the Reference BC region, with an increased BC thickness
equal to 40 mm. In Figure 9, the equivalent Von Mises stress field arose within the structure
in NO and OP loading scenarios.

Then, a stress linearisation procedure has been conducted along the same paths already
considered for the BC region v0, and the fulfilment of the RCC-MRx design criteria has
been checked. As to the NO loading scenario, the results are not reported for the sake
of brevity, but similar values to those obtained for the previous configuration have been
found. Looking at the OP loading scenario, the results of the RCC-MRx design criteria
verification are reported in Table 2. As it can be observed, globally, the criteria are fulfilled,
and some critical values are reached; compared with the results of the reference BC region
v0 analysis, some criticalities have been mitigated.
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Table 2. RCC-MRx Level D criteria verification. Reference BC region v1.

Level D

Path Pm/Sm (Pm + Pb)/(Keff·Sm) (Pm + Qm)/Sem (Pm + Pb + Q + F)/Set

AB_Cap 0.363 0.267 0.287 0.090
AB_Cap2 0.336 0.269 0.331 0.163
AB_low 1.328 1.020 0.835 0.213

AB1_low 1.248 0.866 1.033 0.232
AB1_mid 0.576 0.472 0.360 0.128
AB1_up 0.314 0.225 0.362 0.124
CD_low 0.303 0.830 0.142 0.308
CD1_low 0.228 0.629 0.230 0.189
CD1_mid 0.429 0.353 0.532 0.187
CD1_up 0.501 0.448 0.611 0.197
EF_low 0.468 1.143 0.292 0.218

EF1_low 0.478 1.139 0.420 0.313
EF1_mid 0.265 0.212 0.360 0.082
EF1_up 0.307 0.281 0.402 0.134
EF2_low 0.419 0.680 0.259 0.181

SPv1_low 0.788 1.010 0.496 0.160
SPv1_up 1.091 0.818 0.456 0.098
SPv2_low 0.940 0.955 0.513 0.163
SPv2_up 1.281 0.869 0.325 0.050
SPv3_low 0.959 0.654 0.813 0.204
SPv3_up 1.056 0.725 0.865 0.241

Cap1 0.406 0.765 0.359 0.149
Cap2 0.320 0.542 0.308 0.151
Cap3 0.209 0.626 0.172 0.092
Cap4 0.170 0.523 0.166 0.075
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Finally, results allow the conclusion that the first adopted improvement provided
some enhancements in the structural performances of the considered BC region and, in
particular, the Bottom Cap plate performances undergo an evident improvement. Some
issues still remain within the vertical SPs and in the lowest region of the Cap, near the
cooling channel. In any case, comprehensive analysis of the BC complete region, and the
manifold region, is necessary to understand their contribution to its behaviour. Moreover, it
is also important to take into account some additional elementary cells, firstly to be able to
study in detail the horizontal SPh and, secondly, to ensure that the elementary cell housing
the BC plate is far enough from the boundary conditions application and its structural
response is not affected. Finally, to investigate in depth the thermo-mechanical behaviour
of the BC region, a dedicated thermal analysis is necessary.

4. Thermal and Structural Analysis and Design Improvements of the BC Region

In this second part of the activity, the complete BC region, comprehensive of the mani-
folds region previously not considered and also of two more elementary cells immediately
above, has been analysed both from the thermal and mechanical standpoints. In this section,
the complete thermo-mechanical analysis of this configuration and the following updates
are reported, and the results are critically discussed.

4.1. The First Update (v1) of the BC Region Design

With the aim of in-depth studying the thermo-mechanical behaviour of the BC region
of the WCLL COB segment, the elementary cell housing the BC plate and two additional
elementary cells located immediately above have been considered. In particular, the model
has been obtained by cutting with a plane passing through the midplane of the considered
SPh from the entire model of the COB segment.

4.1.1. The FEM Model

A 3D FEM model of the BC region, obtained by cutting the COB reference design
mode, has been set up. The above-considered improvement has been taken into account
by increasing the Cap plate thickness from 25 mm (that is the reference value to 40 mm.
Then, the elementary cells have been equipped with the proper cooling systems. With
regards to the DWTs, the “v06b” layout, consisting of 22 tubes, has been implemented in
each cell. Instead, as to the cooling channels within the FW-SWs region, ten channels have
been considered for the last cell, containing the BC plate, whereas six channels have been
considered for the remaining two cells, as given in the reference layout [9], as reported in
Figure 10.

A spatial discretisation grid composed of ~3.8 M nodes connected in ~1.8 M tetrahedral
and hexahedral elements, reproducing the BC region structure, DWTs, PbLi, DWTs’ and
cooling channels’ water, has been set up. Temperature-dependent material properties have
been considered, drawn from [10,11,13].

In order to assess the thermal performances of the BC region under the WCLL BB
operational steady state scenario, the following set of loads and boundary conditions [12]
has been considered:

• Nonuniform heat flux on the Tungsten surface: the value of heat flux at the end of the
flat-top for the WCLL COB segment, at the corresponding poloidal region, has been
selected in order to take into account the heat flux due to particles and radiation from
the plasma. A uniform value of 0.67 MW/m2 [14] has been applied to the straight
surface, whereas a cosine-dependent law has been assumed for the bend tungsten
surfaces to consider a decreasing value from the uniform one to zero.

• Nonuniform nuclear power density: In order to consider the heat power deposited
by neutrons and gamma photons, a 3D nonuniform spatial distribution of volumetric
heat power density has been applied to the entire model, properly considering the
Eurofer, Tungsten, PbLi, and water contribution, drawn from [15] and reported in
Figure 11.
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• Imposed temperature on the water manifolds: Because the water manifolds region is
currently in a design phase and, in this configuration, does not allow the DWTs to be
properly housed, a uniform temperature equal to 315 ◦C has been set directly derived
from the thermal analysis of that poloidal COB region [9].

• Convective heat transfer between cooling water and cooling channels and DWTs: A
forced convective heat transfer condition between coolant and internal surfaces of
both FW-SWs cooling channels and DWTs has been imposed. In order to reproduce
the coolant flow, the “thermal fluids” approach, available in the Ansys Steady-State
Thermal module, has been adopted. The coolant flow direction has been properly
modelled considering the counter-current flow of the cooling channels and the flow
path, comprehensive of the recirculation system, of the DWTs water. Thanks to this
approach, it is possible to model the fluid flowing within each channel and/or tube by
means of a 1-D body, which is discretised and coupled to the nodes of the channel/tube
surfaces by means of a convective boundary condition. Therefore, the fluid mass flow
per unit area, the Heat Transfer Coefficient (HTC) and the bulk inlet temperature
are assigned to each thermal fluid and the bulk temperature profile along the line is
calculated and used for the convective boundary condition application. A first attempt
value of mass flow rate, derived from [9], has been considered, and the corresponding
HTC value has been calculated by means of Dittus & Boelter correlation, considering
a water temperature difference (∆T) between inlet and outlet of 33 ◦C. The final HTC
and mass flow rate values ensuring the imposed ∆T have been calculated by means
of an iterative approach. In Table 3, the values of HTC used in the last iteration are
reported for the complex of cooling channels and DWTs, where HTCCC, HTCDWTs
and HTCDWTs,rec indicate the HTC values used for the cooling channels, first group of
DWTs and recirculation DWTs, respectively.
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Table 3. HTC values used for cooling channels and DWTs coolant.

HTCCC
[W/m2·K]

HTCDWTs
[W/m2·K]

HTCDWTs,rec
[W/m2·K]

36,821.2 14,862.4 23,255.2
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With regards to the structural analysis, as for the preliminary analysis of the BC
region, its behaviour has been investigated under both nominal and accidental loading
conditions, i.e., the NO and OP loading scenarios. Therefore, the related set of loads and
boundary conditions has been applied, already presented in Section 3.1.1. Differently from
the preliminary analysis, the EM loads have also been considered. In particular, only the
ferromagnetic contribution has been applied because Lorentz’s forces are negligible for NO
and OP loading scenarios. In particular, the EM loads calculated by means of a dedicated
electro-magnetic analysis [16,17] have been applied to the BC region FEM model thanks to
a proper computational procedure.

4.1.2. Results

Firstly, the thermal analysis of the entire BC region has been performed, with the
aim of ensuring that the thermal requirements, namely that the Eurofer temperature stays
below 550 ◦C, are fulfilled. In Figure 12, the thermal field arising within the Eurofer
domain is reported. As can be observed, the temperature remains below the suggested
limit, reaching a maximum value of 536 ◦C at the FW-SWs bend regions in the bottom
part, in correspondence with the Cap plate. Globally, high temperatures can be observed
in the FW-SWs bend region due to the cooling channels layout. In particular, the bending
radius should be properly tuned in order to minimise the distance of the channel from
the Tungsten layer. Finally, no issues can be observed within the Cap plate, as reported in
Figure 13, reaching a maximum temperature value of about 520 ◦C.
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Then, the steady-state structural analyses of the entire BC region were performed
under the NO and OP loading scenarios, and the fulfilment of the RCC-MRx design criteria
were checked. In Figures 14 and 15, the Von Mises equivalent stress fields arising within
the structure are reported. Globally, the structure appears to be more stressed in the
FW region and, in particular, in correspondence with the two bends. Instead, looking
at the OP scenario, the vertical SPs of the last elementary cell, housing the BC plate,
experience high stress values. In any case, it has to be underlined that the high stress values
predicted in correspondence of the BC plate/SPv interface may be affected by the adopted
modelling strategy, foreseeing a simple “bonded” contact without any condition on the
mesh continuity. The same modelling strategy has been considered for the FW-SW/BC
plate interface. Moreover, as can be observed, there are some stress hotspots due to the local
application of the EM loads. Those regions have not been evaluated from the structural
point of view, and no paths have been considered near them.
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A stress linearisation procedure was performed along the selected paths, and the RCC-
MRx criteria, related to Level A and D, for the NO and OP loading scenario, respectively,
were checked. In particular, 20 paths were considered within the FW region (Figure 16),
13 paths within the SPs and 3 along the Cap plate (Figures 17 and 18). Looking at the results
within the paths considered along the FW and the Cap (Tables 4 and 5), some issues can
be observed within the Cap and in the so-called path AB at every poloidal height (A, B
and C). Because the not-matched criteria are those involving secondary stress, it is quite
possible that a slight revision of the FW-SW cooling system will have to be performed.
However, because these verifications are narrowly failed, this possible improvement is
judged to be of the second order, and it can be postponed to a further phase. Instead, as to
the SPs results reported in Tables 6 and 7, besides the criticalities due to secondary loads,
it is possible to observe that globally, the Level D criteria are not fulfilled, especially the
criterion against the Immediate Excessive Deformation (Pm/Sm), suggesting a revision of
the SPs’ thicknesses.
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Figure 18. Selected paths within SPs. BC region v1—bottom view.

Table 4. RCC-MRx Level A criteria verification within FW and Cap. BC region v1.

Level A

Path Pm/Sm (Pm + Pb)/(Keff·Sm) (Pm + Qm)/Sem (Pm + Pb + Q + F)/Set

Cap1 0.075 0.145 0.834 0.177
Cap2 0.064 0.088 0.554 0.101
Cap3 0.068 0.127 0.590 0.112

AB_Cap1 0.063 0.073 1.184 0.672
AB_Cap2 0.073 0.061 1.084 0.698

AB_A1 0.098 0.072 0.459 0.742
AB_A2 0.100 0.076 1.003 0.598
AB_B1 0.143 0.100 0.403 0.817
AB_B2 0.114 0.087 1.075 0.569
AB_C1 0.085 0.071 0.966 0.741
AB_C2 0.061 0.046 1.259 0.589
CD_A1 0.064 0.060 0.213 0.148
CD_A2 0.108 0.073 0.537 0.169
CD_B1 0.033 0.055 0.361 0.168
CD_B2 0.105 0.074 0.439 0.127
CD_C1 0.153 0.160 0.431 0.188
CD_C2 0.075 0.069 0.508 0.181
EF_A1 0.056 0.051 0.121 0.810
EF_A2 0.070 0.069 0.244 0.647
EF_B1 0.035 0.053 0.162 0.833
EF_B2 0.063 0.061 0.227 0.632
EF_C1 0.089 0.167 0.363 0.794
EF_C2 0.064 0.054 0.323 0.613

Table 5. RCC-MRx Level D criteria verification within FW and Cap. BC region v1.

Level D

Path Pm/Sm (Pm + Pb)/(Keff·Sm) (Pm + Qm)/Sem (Pm + Pb + Q + F)/Set

Cap1 0.253 0.486 0.536 0.141
Cap2 0.204 0.440 0.319 0.100
Cap3 0.312 0.490 0.383 0.107

AB_Cap1 0.443 0.703 0.846 0.435
AB_Cap2 0.242 0.292 0.718 0.446

AB_A1 0.473 0.405 0.206 0.581
AB_A2 0.439 0.370 0.396 0.419
AB_B1 0.518 0.383 0.222 0.640
AB_B2 0.436 0.352 0.460 0.398
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Table 5. Cont.

Level D

Path Pm/Sm (Pm + Pb)/(Keff·Sm) (Pm + Qm)/Sem (Pm + Pb + Q + F)/Set

AB_C1 0.363 0.555 0.719 0.490
AB_C2 0.217 0.212 0.725 0.370
CD_A1 0.340 0.283 0.273 0.164
CD_A2 0.436 0.322 0.369 0.146
CD_B1 0.286 0.280 0.261 0.171
CD_B2 0.398 0.306 0.314 0.098
CD_C1 0.630 0.552 0.456 0.149
CD_C2 0.226 0.197 0.297 0.119
EF_A1 0.267 0.196 0.199 0.647
EF_A2 0.315 0.366 0.166 0.484
EF_B1 0.230 0.190 0.184 0.661
EF_B2 0.290 0.336 0.148 0.467
EF_C1 0.464 0.753 0.376 0.517
EF_C2 0.153 0.214 0.155 0.419

Table 6. RCC-MRx Level A criteria verification within SPs. BC region v1.

Level A

Path Pm/Sm (Pm + Pb)/(Keff·Sm) (Pm + Qm)/Sem (Pm + Pb + Q + F)/Set

SPh1_A 0.098 0.096 1.059 0.258
SPh1_B 0.029 0.092 1.099 0.245
SPh2_A 0.045 0.037 0.758 0.151
SPh2_B 0.049 0.043 0.918 0.165
SPv1_A 0.144 0.098 0.326 0.079
SPv1_B 0.144 0.097 0.505 0.121
SPv1_C 0.435 0.296 0.814 0.183
SPv2_A 0.140 0.095 0.622 0.110
SPv2_B 0.155 0.104 0.535 0.094
SPv2_C 0.160 0.117 0.362 0.076
SPv3_A 0.049 0.035 0.497 0.103
SPv3_B 0.068 0.050 0.470 0.095
SPv3_C 0.211 0.299 0.211 0.062

Table 7. RCC-MRx Level D criteria verification within SPs. BC region v1.

Level D

Path Pm/Sm (Pm + Pb)/(Keff·Sm) (Pm + Qm)/Sem (Pm + Pb + Q + F)/Set

SPh1_A 0.945 0.836 1.226 0.392
SPh1_B 0.923 0.912 1.222 0.340
SPh2_A 0.587 0.418 0.718 0.156
SPh2_B 0.665 0.478 0.804 0.152
SPv1_A 0.974 0.651 0.775 0.223
SPv1_B 1.026 0.685 0.918 0.263
SPv1_C 1.404 0.950 1.162 0.294
SPv2_A 1.080 0.730 0.266 0.049
SPv2_B 1.153 0.783 0.347 0.064
SPv2_C 1.059 0.760 0.480 0.092
SPv3_A 0.928 0.681 0.234 0.062
SPv3_B 0.982 0.681 0.291 0.062
SPv3_C 1.358 1.286 0.759 0.181
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Therefore, as already achieved in the TC region design [4], the thickness of both
the vertical and horizontal SPs of the last cell has been increased, moving to 14 and
12 mm, respectively.

4.2. The Second Update (v2) of the BC Region Design

Starting from the results of the first BC region configuration, in this section, the second
update of the BC region is reported, properly discussing the modelling approach, the
considered loads, boundary conditions and the obtained results.

4.2.1. The FEM Model

Starting from the results of the analysis already presented and following the same
approach already used for the TC region design analyses [4], a BC region layout has been set
up by increasing the SPs thickness of the elementary cell housing the BC plate, as reported
in Figure 19. Then, a 3D FEM model was set up for the thermal analysis and a spatial grid
composed of ~3.8 M nodes connected into ~1.7 M tetrahedral and hexahedral elements
has been built-up, whereas, as to the structural analysis, since the PbLi, the DWTs and the
cooling water flowing within the cooling channels and the DWTs have not been directly
modelled, a mesh of ~2.5 M nodes connected into ~650 k tetrahedral and hexahedral
elements has been set-up.
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The same set of loads and boundary conditions already seen in Section 4.1.1 has been
implemented in the up-to-date model with the aim of performing its complete thermo-
mechanical analysis under NO and OP steady-state loading scenarios.

4.2.2. Results

Thermal analyses of the BC region v2 have been launched in order to obtain the
thermal field arising within the structure characterised by the above-mentioned potential
improvements. As can be observed in Figure 20, a thermal field similar to that obtained in
the previous configuration has been found, with the same hotter region in correspondence
to the FW bends. In any case, the thermal requirement is fulfilled because the temperature
is still below the Eurofer suggested limit of 550 ◦C.

Afterwards, the steady state structural analyses of the BC region, under both the NO
and OP loading scenarios, have been launched. Results, in terms of Von Mises equivalent
stress field, are reported in Figures 21 and 22 for the two scenarios. In particular, no
significative differences can be highlighted with respect to the analysis of the BC region v1,
with high values near the FW bends in both scenarios and in the lower part of the FW for
the OP scenario.
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A stress linearisation procedure has been performed along the same paths already
shown in Figures 16–18, so the results of the verification of the RCC-MRx design criteria
can be compared between the two configurations. Minor improvements can be noticed
by a review of the results, but the criteria mostly fail along the same paths and for the
same criteria in which they were not fulfilled in the previous configuration. The results
are not reported for the sake of brevity because the obtained values are similar to that
found for the previous layout assessed. Therefore, it can be concluded that the introduced
modifications, namely the thickening of both the vertical and horizontal SPs, did not
produce any appreciable benefit to the structural response of the BC region.
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However, a more detailed investigation has been conducted for some paths where the
criteria were not fulfilled. In particular, the aim was to ensure that such high stress values
in a certain region of the structure, originating the high values in the analysed criteria,
were not influenced by localised phenomena such as local discontinuities, generating peak
stresses, modelling strategies or singularities. Therefore, as deducible from the SDC-IC
structural design code [18], a series of paths, placed within a certain range with respect
to the potential localised phenomenon, have been selected, and the stress linearisation
procedure has been performed for each of them. In particular, the range for the selection
of the paths has been chosen equal to twice the thickness of the reference path. Since the
purpose of this work is to carry out an exploratory study of the BC region, this procedure
has been performed for some paths where the criteria reach high values and fall within
the region housing the Cap: SPv1_C, SPv2_C, SPv3_C, AB_Cap1, AB_Cap2, AB_C1 and
AB_C2. In Figure 23, an example of the selected set of paths for the path SPv1_C is reported.
Then, the stress linearisation procedure has been carried out along all the selected sets of
paths. For each set of paths, the average value of each stress tensor component has been
calculated, and finally, the Von Mises equivalent stress value has been obtained on the
basis of the averaged tensor components. The so-calculated equivalent stress values have
been compared with the maximum allowable values prescribed by the RCC-MRx code for
each criterion. Since these limits are dependent on the average path temperature, for each
criterion, the stress limits have been calculated on the basis of the average temperature of
each set of paths.

In Tables 8 and 9, the results of the RCC-MRx criteria when the equivalent stress is
calculated along the reference path and as the average value of the set of paths are reported
for the SPv, FW, and Cap. Moreover, the results have been compared, and the percentage of
variation, calculated as, for example, (SPv1_Cave − SPv1_C)/SPv1_Cave, is also reported.
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Table 8. RCC-MRx Level D criteria comparison within SPv.

Level D

SPv1_C SPv1_Cave Var. [%]
Pm/Sm 1.226 1.141 −7.48%

(Pm + Pb)/(Keff·Sm) 0.843 0.770 −9.49%
(Pm + Qm)/Sem 1.038 0.957 −8.42%

SPv2_C SPv2_Cave Var. [%]
Pm/Sm 0.925 0.857 −7.86%

(Pm + Pb)/(Keff·Sm) 0.653 0.590 −10.63%
(Pm + Qm)/Sem 0.424 0.354 −19.74%

SPv3_C SPv3_Cave Var. [%]
Pm/Sm 1.174 1.123 −4.56%

(Pm + Pb)/(Keff·Sm) 1.131 1.006 −12.41%
(Pm + Qm)/Sem 0.660 0.612 −7.86%

Table 9. RCC-MRx Level A criteria comparison within FW and Cap.

Level A

AB_Cap1 AB_Cap1ave Var. [%]
(Pm + Qm)/Sem 1.140 1.153 1.07%

AB_Cap2 AB_Cap2ave Var. [%]
(Pm + Qm)/Sem 1.047 1.041 −0.55%

AB_C1 AB_C1ave Var. [%]
(Pm + Qm)/Sem 0.923 0.939 1.66%

AB_C2 AB_C2ave Var. [%]
(Pm + Qm)/Sem 1.211 1.223 1.05%

Looking at the results along the SPv paths globally, it can be observed that the average
values obtained are lower than the reference ones. This behaviour indicates that the local
phenomenon, which in this case is the strategy adopted to model the contact between
the SPs and the Cap, actually affects the structural behaviour in those regions. The same
statement cannot be said, however, looking at the paths individuated along the FW and
Cap. In these cases, in fact, the average and the reference path values of the ratio are
equal or even worse, which suggests that the structural response is not influenced by any
singularities or any localised peak of stress.

Finally, it can be concluded that, as for the SPs’ structural behaviour, particular at-
tention has to be paid to the modelling strategy in order to prevent this interfering with
their performances. In any case, additional improvements to the geometric layout should
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also be helpful to further enhance the structural behaviour so that the RCC-MRx criteria
are fulfilled with a great margin. Instead, looking at the FW and Cap response, since the
results of the RCC-MRx criteria verification show that the criterion taking into account the
secondary stresses (namely IPFL, (Pm + Qm)/Sem) is mostly not fulfilled in this region, a
slight revision of the FW-SWs cooling system is necessary to obtain a significant perfor-
mance improvement. Moreover, it can also be observed that the selected Cap thickness of
40 mm may be too high with respect to that of the surrounding components (FW and SPs).
Hence, the Cap plate could act as a grip in their respect, preventing thermal expansion and
then inducing secondary stress. Hence, since a Cap 40 mm thick ensures the fulfilment of
most of the requirements, a possible way to attain a sound geometric layout can foresee a
slight increase of the FW thickness in the BC cell and/or a slight reduction of the Cap one
so to achieve a trade-off and allowing the thermal expansion of all the components without
generating high secondary stress.

5. Conclusions

Within the framework of the research activities regarding the EU DEMO WCLL COB
segment, an exploratory research campaign has been launched with the aim of assessing
the thermo-mechanical performances of its BC region.

The analysis carried out has allowed us to obtain important outcomes for the follow-up
of the design activities. Indeed, it has been confirmed that at least 10 cooling channels
are necessary to properly cool down the FW-SW in this region, as well as that no internal
channels are necessary to cool down the Cap plate. Moreover, the SPs’ thicknesses seem
not to have a remarkable impact on the structural performances of the BC region under
both nominal and accidental conditions. In addition, useful information to pave the way
for future design activities has clearly emerged from this study.

First, a slight revision of the FW-SW cooling channels could help in smoothing the
thermal field predicted within the structure. In particular, the channel bending radius
should be modified to avoid the insurgence of hot regions.

Second, the selected Cap thickness of 40 mm is probably too high in comparison to the
surrounding components, excessively preventing their thermal expansion and consequently
originating high secondary stress. Hence, a trade-off should be found, possibly slightly
increasing the FW-SW thickness of the slice housing the BC (as already achieved for the
Top Cap region).

Finally, the contact models adopted to simulate the connection between the Cap, the
FW-SW, and the SPs should be accurately refined as it could be responsible for numerical
singularities in the stress calculations.
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