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The development of a sound conceptual design for the Water-Cooled Lead Lithium Breeding Blanket 
(WCLL BB) is pivotal to make a breakthrough towards the selection of the driver blanket concept for 
the EU-DEMO. To this goal, a research campaign has been launched over the last years at the 
University of Palermo, in close cooperation with ENEA Brasimone, under the umbrella of 
EUROfusion. In this frame, the analysis of the thermo-mechanical behaviour of the WCLL Left 
Outboard Blanket (LOB) segment is being performed. In a first phase, the assessment of the segment’s 
overall structural performances was addressed, allowing the investigation of its global response under 
the selected loading scenarios. On this basis, the local structural analysis of the central region and of 
the upper and lower regions presenting geometric discontinuities (namely those regions where the 
stiffeners numbers changes) is presented in this paper, with the aim of assessing in detail their structural 
behaviour under the nominal BB operating conditions as well as steady-state accidental loading 
scenarios. Adopting the sub-modelling technique, the displacement field calculated in previous LOB 
global structural analysis can be mapped and applied at the boundaries of each local model. Moreover, 
it is possible to include there some structural details missing in the global analysis, like the Segment 
Box cooling channels. In this way, it is possible to study the thermo-mechanical behaviour of these 
regions in detail, assuming at the borders the mechanical action of the rest of the structure. The 
assessment has been performed in compliance with the RCC-MRx code, adopting the set of criteria on 
the basis of the nature of the considered loading scenario. The obtained results showed a promising 
structural behaviour of the segment and highlighted the necessity to revise the attachment system 
layout, which originates excessive deformation leading to the prediction of high stress. 
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1. Introduction 

Within the framework of the research activities concerning the EU-DEMO Breeding Blanket (BB) 
[1], promoted by the EUROfusion consortium, the University of Palermo is involved in the design of 
the Water-Cooled Lead Lithium (WCLL) BB, in close cooperation with ENEA. The in-depth 
investigation of the structural behaviour of an entire BB segment under different loading scenarios and 
the evaluation of its performances in view of the design requirements is pivotal for the design of the 
whole DEMO reactor. To this purpose, the detailed structural behaviour of the WCLL Left Outboard 
Blanket (LOB) segment, under nominal and accidental loading scenarios, has been assessed and 
reported in this paper. 

Modelling and investigating such complex component, as the entire segment, is quite challenging. 
Therefore, assumptions are usually taken and alternative strategies, such as the removal of certain 
structural details, are adopted to allow the best compromise in between results accuracy, modelling 
effort and computational burden. On the one hand, this approach allows to speed-up the calculations 
and to reduce the computational burden so to obtain a complete structural response of the entire 
segment; on the other hand, it does not allow to know the detailed behaviour of certain regions of 
particular interest. Hence, with the aim of studying in detail the structural performances of the WCLL 
LOB segment, a two-phase analysis approach has been followed. 

In a first phase [2], the overall structural behaviour of the entire WCLL LOB segment was 
investigated in order to obtain the global response of the whole component under the prescribed 
loading conditions. To this end, some geometric details (such as the internal tubes, the baffle plates 
and the segment box cooling channels) were not included into the model, in order to significantly 
reduce the modelling effort, and a rough mesh has been developed so to minimize the computational 
burden allowing to speed-up the calculations. 

Afterwards, as reported in the present work, the sub-modelling technique has been adopted in order 
to perform in-depth investigations of the structural performances of some regions. To this goal, local 
models of the regions of interest have been developed, properly including all the structural details not 
considered in the previous global analysis and generating a fine mesh in order to improve the results 
reliability. Then, the displacement filed calculated in the global analysis in correspondence of the local 
models’ borders has been properly mapped and applied, for each considered loading scenario, so to 
realistically reproduce the mechanical action of the not-modelled segment’s portions onto the local 
models representative of the regions of interest. 

Thus, on the basis of the thermo-mechanical analysis of the entire WCLL LOB segment [2], three 
different poloidal regions have been selected and analysed in detail. In particular, the central region 
and the two so-called “transition regions”, i.e. where the vertical Stiffening Plates (SPs) number change 
from three to five, have been investigated. 

As already done for the global analysis, three different steady state loading scenarios have been 
considered: the Normal Operation (NO) scenario, representing the operational condition the segment 
undergoes in the flat-top plasma state, the Over-Pressurization (OP) scenario, representing a 
conservative load combination derived from an in-box LOCA accident, and the Upper Vertical 
Displacement Event (UVDE) scenario, a steady state scenario derived from a plasma disruption 



considering the Electro-Magnetic (EM) loads at the most critical time step.  
The structural behaviour of the assessed local regions has been evaluated in view of the RCC-MRx 

structural design criteria [3], verifying the fulfilment of the Level A (for NO scenario), Level C (for 
UVDE scenario) and Level D (for OP scenario) rules. The study has been carried out following a 
theoretical-numerical approach based on the Finite Element Method (FEM) and adopting the 
commercial FEM code Abaqus v. 6.14 [4]. After a brief description of the WCLL LOB segment 
geometric layout (Section 2), the 3D FEM models set-up are depicted in the following Section 3 
focussing on the applied loads and boundary conditions representing the considered loading scenarios. 
Then the obtained results are reported and critically commented in Section 4, leaving the conclusion 
to the final section. 

2. The WCLL LOB segment 

The EU-DEMO BB is subdivided into 16 toroidal sectors of 22.5° in toroidal direction, each one 
composed by 5 BB segments (Figure 1): two in the Inboard side, Right and Left Inboard Blanket (RIB 
and LIB), and three in the Outboard side, Left, Central and Right Outboard Blanket (LOB, COB and 
ROB). Looking at the lateral Outboard segments, they differ from the Central one by the asymmetric 
Side Walls (SWs), which close laterally the segment. Instead, the two inboard segments are designed 
according to a symmetric layout. 

The DEMO WCLL BB architecture is based on the Single Module Segmentation, foreseeing only 
two Caps closing the segment in the top and bottom part, and a single toroidal-radial elementary cell, 
or Breeder Unit, identified by two horizontal SPs, repeats approximately 100 times along the entire 
poloidal length of the segment, from one cap to another. 

The geometric layout of the WCLL LOB segment, assessed in the present work, is depicted in 
Figure 2. The external steel structure of each segment is composed of a First Wall-Side Wall (FW-SW) 
region, named Segment Box (SB), in which 7x7 m2 square cooling channels are located, covered by 
2mm-thick of Tungsten, coloured in orange in Figure 2. At the back, the structure is closed by a Back 
Supporting Structure (BSS) which is connected to the Vacuum Vessel (VV) by means of an attachment 
system (in grey in Figure 2). Internally, the structure is reinforced thanks to toroidal-radial and 
poloidal-radial SPs, namely horizontal (SPh) and vertical (SPv), which are 10 and 12 mm thick, 
respectively. The PbLi flows inside the box, throughout the SPs, in the so-called Breeder Zone (BZ), 
actively cooled by bundles of cooling tubes, Double Walled Tubes (DWTs), differently distributed 
along all the poloidal length of the segment. Subcooled water, at the operational pressure of 15.5 MPa 
and an inlet/outlet temperature equal to 285/328 °C, flows inside both DWTs and SB cooling channels. 
A Back Plate (BP) separates the BZ from the PbLi and water manifolds regions, located at the rear of 
the segment. The selected structural material for the WCLL BB concept is Eurofer97 RAFM steel (in 
green in Figure 2). 

The SB is actively cooled by means of cooling channels. Regarding their layout, 4 channels per 
elementary slice are foreseen along the LOB entire poloidal length with the exception of the lower 
region, near to the bottom cap, where 6 channels per slice are necessary to cope with the plasma thermal 
flux [5]. 



 

Figure 1. EU-DEMO WCLL BB sector architecture. 

 

Figure 2. Overview of the WCLL LOB segment. 
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In the first phase of the analysis [2], a proper DWTs layout for the WCLL LOB central region 
(Figure 3) has been obtained, starting from the reference COB DWTs configuration. In particular, the 
LOB DWTs spatial arrangement and layout has been obtained by means of a parametric campaign of 
analysis, adapting the reference DWTs configuration to the LOB asymmetric shape in order to ensure 
that the maximum temperature within the structure stays below the 550 °C. Then, the 3D thermal field 
arising within the central region has been calculated and spread to the whole segment thanks to a 
purposely set-up analytical procedure [6]. In the end, the global structural assessment of the whole 
segment has been performed to put the basis for the work reported in this paper. 

 

Figure 3. WCLL LOB DWTs layout in the central region. 

In this work, in order to investigate in detail the structural behaviour of the central region and of the 
two (upper and lower) transition regions, the corresponding geometric layouts have been extracted 
from the geometric model of the whole WCLL LOB segment, and the SB channels have been inserted. 
In particular, given their location, the three assessed regions are characterised by 4 SB cooling channels 
per elementary slice (Figure 4). Hence, the 3 geometric models encompass the proper portions of 
tungsten layer, of SB, of SPs, of BSS and of BP and manifolds. The breeder and the coolant have not 
been directly included into the model, since their mechanical action has been considered imposing 
proper pressure loads onto the water and PbLi wetted surfaces, as explained in the following. In 
particular, the transition regions are those regions where the number of vertical stiffeners changes from 
3 to 5 (as to the upper region) and from 5 to 3 (as to the lower region). Due to the SB shape, these two 
regions are not equidistant from the central one, along the poloidal coordinate. Hence, it is necessary 
to study both since no poloidal symmetry can be assumed in this respect. 
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Figure 4. Location of the central and of the two transition regions in the LOB segment. 

3. The FEM models 

With the aim of performing the detailed structural analysis of the three WCLL LOB regions of 
interest under the selected NO, OP and UVDE steady state loading scenarios, the corresponding 3D 
FEM models have been set-up starting from the geometric configurations depicted in the previous 
section. First, a mesh has been generated for each of the geometric configurations taken into account 
and then the sets of loading and boundary conditions have been properly applied in order to reproduce 
the considered loading scenarios. 

3.1. The mesh 

As fa as the mesh is concerned, each spatial discretization grid is composed of a mix of linear 
hexahedral and tetrahedral elements. The mesh features, in terms of node and element numbers, are 
reported in Table 1. Comparing the mesh set-up for the central region of the entire LOB segment (i.e. 

 



the mesh of the global model) and that of the local model reproducing in detail the same region, it can 
be observed that the latter is much finer (Figure 5) than the former. This allows a more accurate 
prediction of the mechanical behaviour of the region, as well as a good accuracy in the results of the 
stress linearization procedure since the components thicknesses are discretized with a considerable 
number of elements. 

Table 1. Mesh features. 

 Central region 
Upper transition 

region 
Lower transition 

region 

Nodes 1’335’790 2’515’242 2’615’380 

Elements 1’144’640 7’549’782 7’888’391 

 

Figure 5. Mesh details in the central region of LOB global model and sub-model. 

3.2. Loads and boundary conditions 

The thermo-mechanical performances of the three selected regions of the WCLL LOB segment 
have been studied under three steady state loading scenarios, NO, OP and UVDE. The NO scenario 
considers the load combination arising under the nominal operating condition (i.e. in the flat top plasma 
state) and it is classified under the service level A in the RCC-MRx structural design loads. The OP 
loading scenario, instead, considers a severe accidental scenario, due to an in-box LOCA entailing the 
pressurization of the whole box, classified as Level D. Lastly, the UVDE ones refers to an off-normal 
event reproducing an uncontrolled vertical plasma disruption, being classified as Level C. In this 
regard, the most critical time step of the UVDE transient event has been selected, considering the 
corresponding spatial distribution of the electro-magnetic loads. 



The following kinds of loads and boundary conditions, featured with more details in Table 2, have 
been generally considered for the three assessed scenarios: 
• non-uniform thermal deformation field; 
• pressure loads; 
• gravity load; 
• electro-magnetic loads; 
• mechanical restraints. 

The 3D non-uniform temperature spatial distribution already obtained in the first phase of the study 
[2] and used to investigate the overall structural performances of the whole WCLL LOB segment, has 
been applied to the three assessed regions. In particular, in Figure 6, the thermal field applied to the 
three local models is depicted as super-imposed to the whole LOB segment’s temperature spatial 
distribution. 

 

Figure 6. Thermal field applied to the sub-models superimposed to the global model. 

As prescribed by the BB Load Specifications [7], the design pressure has been applied onto the 
water-wetted and the breeder-wetted surfaces, to take into account the mechanical action of the coolant 
and of the breeder, even in the NO scenario. It corresponds to the fluid nominal pressure (15.5 MPa 
for water, 0.5 MPa for breeder) increased by a factor of 1.15. Hence, for all the three assessed scenario, 
a pressure of 17.825 MPa has been considered for the water-wetted surfaces, namely the SB cooling 
channels and the water manifolds. With regard to the breeder zone (i. e. the SB internals) and PbLi 
manifolds, in NO and UVDE scenario a pressure value of 0.575 MPa has been considered. Instead, 
since the OP scenario represents a severe load combination derived from a leakage of coolant and the 
complete pressurization of the SB, a pressure of 17.825 MPa has been assumed for the breeder-wetted 
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surfaces too. 
Moreover, the gravitational load has been applied to the three assessed regions. Since neither the 

water nor the PbLi have been included into the FEM models, in order to take into account their 
contribute in terms of weight force, a set of temperature-dependent equivalent density values has been 
calculated and imposed to the Eurofer structural material according to the formula: 

𝜌𝜌𝑒𝑒𝑒𝑒(𝑇𝑇) =
∑ 𝜌𝜌𝑖𝑖(𝑇𝑇) ∙ 𝑉𝑉𝑖𝑖𝑖𝑖

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡
 

where ρi (T) is the temperature-dependent density of the i-th material (steel, water or breeder) and 
Vi / Vtot is its volumetric fraction within the structure. Instead, as to the tungsten, its temperature-
dependent density has been used. 

The 3D spatial distribution of the electro-magnetic forces has been applied to the structures in all 
the assessed steady state loading scenarios. In particular, during the NO and OP loading scenarios, only 
the 3D spatial distribution of the ferromagnetic forces has been considered since they arise because of 
the ferromagnetic nature of the Eurofer steel. In addition, during the UVDE scenario, both the 
ferromagnetic and Lorentz’s forces must be considered. The UVDE is a transient event, but in order 
to perform structural analysis the most critical time step of the EM loads has been selected by looking 
and the time behaviour of the force and moment components reported in Figure 7, where it is clearly 
visible that the maximum component is the radial one. For the LOB segment the time steps 
corresponding to the maximum of the radial force and moment are coincident and equal to 11.594 s. 
Hence, the Lorentz’s forces at this timestep have been considered and applied to the three assessed 
regions [8]. The 3D spatial distributions of the EM loads have been included into the FEM models by 
means of a purposely developed computational procedure, as already done in [2]. 

 

Figure 7. Force and moment time behaviour during a UVDE [8]. 

Finally, the displacement field obtained from the structural analysis of the global model (namely 
the displacement field predicted for the LOB segment) has been mapped and imposed onto the upper 
and lower boundary surfaces of each sub-model, thanks to the application of the sub-modelling 
technique. In particular, for each loading scenario, the 3D spatial distribution of the displacement along 
x, y and z directions is mapped and applied to the nodes lying onto the upper and lower border surfaces 
of the three local models. In such a way, it is possible to consider the mechanical action of the entire 
segment on the assessed local region in all the loading scenarios simulated. 

t = 11.594 s t = 11.594 s 



Table 2. Summary of the applied loads and boundary conditions. 

Scenario 
Thermal 

loads 
Gravity loads EM loads 

Pressure loads 
[MPa] 

Mechanical 
restraints 

NO 

3D thermal 
field 

Temperature-
dependent 

Eurofer 
equivalent 

density 

Ferromagnetic 
loads 

Pwater = 17.825 
PPbLi = 0.575 

LOB segment 
displacement 

field in NO onto 
top and bottom 

surfaces 

OP 
Pwater = 17.825 
PPbLi = 17.825 

LOB segment 
displacement 

field in OP onto 
top and bottom 

surfaces 

UVDE 

Ferromagnetic 
loads 

+ 
Lorentz forces 

Pwater = 17.825 
PPbLi = 0.575 

LOB segment 
displacement 

field in UVDE 
onto top and 

bottom surfaces 

4. Results 

Steady state analyses have been launched to investigate in detail the thermo-mechanical 
performances of each of the three regions of interest of the WCLL LOB segment under the three 
considered loading scenarios. In Figure 8, Figure 9 and Figure 10, the Von Mises equivalent stress field 
obtained from the three sub-model analyses is reported, superimposed to the analogous field obtained 
from the analysis of the entire LOB segment (taken from [2]), under the NO, OP and UVDE scenario 
respectively. In this way, it can be noticed that a good continuity is obtained in the 3D stress distribution, 
thanks to the application of the sub-modelling technique, between the results obtained in the local 
analysis and the global results obtained in [2]. Moreover, as the local sub-models are equipped with 
SB channels, a more detailed response can be predicted there. As already seen in global analysis, the 
central region experiences the highest stress as it is the most deformed region, as well as the lower 
transition region because of their closeness. Instead, regarding the upper transition region, lower stress 
is predicted since it experiences lower deformation. 

Thanks to the application of the sub-modelling technique, the SB region can be in-depth studied, 
unlike the global model analysis in which the structural response of this region cannot be analysed 
because of the cooling channels absence. Therefore, with the aim of checking the fulfilment of the 
RCC-MRx design criteria corresponding to the level of service A, C and D, a stress linearization 
procedure has been performed along some critical paths of the three sub-models. In particular, looking 
at the Von Mises equivalent stress distribution under all the assessed scenarios, some regions have been 
selected within the FW-SW region, nearby the cooling channels, and also within the vertical and 



horizontal SPs. The sets of paths selected within the three analysed regions are shows from Figure 11 
to Figure 15. It has to be observed that, regarding upper and lower transition regions, paths are selected 
at 4 different poloidal positions within FW. Whereas, within SPs, the paths have been selected carefully 
assessing the Von Mises spatial distribution. Lastly, it is important to highlight that those stress hot-
spots mainly due to the EM loads applied as concentrated forces in the models, have been not 
considered as recommended by the RCC-MRx code. 

 

Figure 8. Von Mises stress field under NO scenario on sub-models superimposed to the global model. 

 

Figure 9. Von Mises stress field under OP scenario on sub-models superimposed to the global model. 
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Figure 10. Von Mises stress field under UVDE scenario on sub-models superimposed to the global 
model. 

 

Figure 11. Selected paths within FW-SW and SPs in the central region. 
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Figure 12. Selected paths within FW-SW in the upper transition region. 

 

Figure 13. Selected paths within FW-SW in the lower transition region. 



 

Figure 14. Selected paths within SPs in the upper transition region. 

 

Figure 15. Selected paths within SPs in the lower transition region. 



Four RCC-MRx design criteria, each against a different damage mode (Immediate Excessive 
Deformation (IED), Immediate Plastic Instability (IPI), Immediate Plastic Flow Localization (IPFL) 
and Immediate Fracture due to exhaustion of ductility (IF)), have been selected to assess the thermo-
mechanical behaviour of the three analysed LOB regions under the load combinations relevant to the 
NO, OP and UVDE loading scenarios. The four criteria have been applied for the three service levels 
considering the pertinent stress limit. 

In Table 3 the selected RCC-MRx criteria, in terms of ratio between the equivalent stress value and 
the corresponding stress limits, are reported. Values of the ratios greater than 1 indicate that the 
criterion it is not fulfilled. 

Table 3. RCC-MRx design criteria. 

Damage mode Criterion 

Immediate Excessive Deformation 
(IED) 

𝑃𝑃𝑚𝑚
𝑆𝑆𝑚𝑚,𝐴𝐴−𝐶𝐶−𝐷𝐷

< 1 

Immediate Plastic Instability (IPI) 
𝑃𝑃𝑚𝑚 + 𝑃𝑃𝑏𝑏

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑆𝑆𝑚𝑚,𝐴𝐴−𝐶𝐶−𝐷𝐷
< 1 

Immediate Plastic Flow Localization 
(IPFL) 

𝑃𝑃𝑚𝑚 + 𝑄𝑄𝑚𝑚
𝑆𝑆𝑒𝑒𝑒𝑒,𝐴𝐴−𝐶𝐶−𝐷𝐷

< 1 

Immediate Fracture due to exhaustion 
of ductility (IF) 

𝑃𝑃𝑚𝑚 + 𝑃𝑃𝑏𝑏 + 𝑄𝑄 + 𝐹𝐹
𝑆𝑆𝑒𝑒𝑒𝑒,𝐴𝐴−𝐶𝐶−𝐷𝐷

< 1 

Looking at the stress linearization results of the central region (Figure 16), the vertical SPs appear 
to be particularly stressed. In particular, the path named “SPv2” do not fulfil the IPFL criterion, taking 
into account the secondary stress, in some case almost doubling the allowable stress value. Moreover, 
in the central region, also the path “SPv3” do not fulfil the same criterion. Globally, criteria are not 
totally satisfied along selected paths located due to the high deformation predicted in the central region. 
Moreover, in this region the three paths individuated within the FW and the path named “SW_AB” do 
not totally fulfil the IPFL criterion in all the assessed scenarios. 

Regarding the upper transition region (Figure 18 and Figure 19), all the paths individuated within 
the SB largely fulfill all the selected criteria. Instead, two paths within the vertical SPs (namely “SPv2”) 
do not totally fulfil the IPFL criterion during the NO and UVDE loading scenario. This is mainly due 
to the fact that the SB experiences, in this region, a moderate deformation. Instead, the vertical SPs, 
are influenced by the high deformation experienced in the central region. 

Lastly, in the lower transition region (Figure 20 and Figure 21), some paths do not fulfill the IPFL 
criterion, whereas all paths fulfil the other criteria. During the NO loading scenario, in fact, almost all 
the individuated paths do not fulfil the criterion or reach critical values (>0.8) of the ratio. A similar 
trend can be observed during the OP and the UVDE loading scenarios. This trend is due to the fact that 
the transition region at the bottom of the segment is globally affected by the large radial displacement 
occurring within its central region. 



 

Figure 16. RCC-MRx criteria verification within central region. 

 



 

Figure 17. RCC-MRx criteria verification in SB within upper transition region. 

 



 

Figure 18. RCC-MRx criteria verification in SPs within upper transition region. 

 



 

Figure 19. RCC-MRx criteria verification in SB within lower transition region. 

 



 

Figure 20. RCC-MRx criteria verification in SPs within lower transition region. 

 



It is important to highlight that comparing the results of the verification of the RCC-MRx design 
criteria along the same paths within the horizontal and vertical SPs when the stresses are evaluated in 
the global model [2] and in the three sub-models, the same trend can be observed. This behaviour 
allows concluding that a sufficiently reliable structural evaluation can be attained from the global 
model analysis within the SPs region, despite the coarser mesh. 

5. Conclusion 

Within the framework of the EUROfusion activities, a research campaign has been carried out in 
order to investigate the detailed thermo-mechanical performances of some critical regions of the 
DEMO WCLL LOB segment under different steady state loading scenarios. 

Thanks to the sub-modelling technique, allowing to take into account the structural behaviour of 
the entire structure, the thermo-mechanical performances of three regions of the WCLL LOB segment, 
namely the central one and two transition regions located in the upper and lower part of the segment, 
in which the vertical SPs change from three to five, have been investigated. In particular, the FW-SW 
region has been studied with a high level of detail by considering the proper cooling channels. The 
verification of the RCC-MRx criteria has allowed confirming the results obtained from the global 
analysis previously performed on the whole segment. 

The most critical region is still the central one, both within the SPs and the FW-SW region, where 
a remarkable radial deformation arises due to the geometric layout of the attachment system. In 
addition, the transition region at the bottom of the LOB segment, being close to the central one, is 
more stressed than the corresponding region in the upper part of the segment. Results have confirmed, 
as already emerged from the structural analysis of the whole segment, that the attachment system 
should be revised in order to reduce the deformation field arising within the structure, which is the 
main responsible of the excessive stress predicted within the vertical SPs. Due to the same reason, 
RCC-MRx criteria are not fulfilled in some regions of the FW-SW complex. 

Alternative strategies to mitigate the stress amount might be the increasing of the vertical SPs 
thickness and the reduction of the temperature in the structural components. Nevertheless, both the 
strategies could have negative impact under other standpoints (e.g. neutronics, balance of plant) so 
they should be carefully evaluated. 
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