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Abstract

:

Within the framework of the EUROfusion research and development activities, the Water-Cooled Lithium Lead (WCLL) Breeding Blanket (BB) is one of the two candidates to be chosen as the driver blanket for the European DEMO nuclear fusion reactor. Hence, an intense research work is currently ongoing throughout the EU to develop a robust conceptual design able to fulfil the design requirements selected at the end of the DEMO pre-conceptual design phase. In this work, the thermo-mechanical analysis and the design update of the top cap (TC) region of the DEMO WCLL Central Out-board Blanket (COB) segment is presented. The scope of the work is to find a design solution of the WCLL COB TC region able to fulfil the design requirements, prescribed by the reference RCC-MRx code, under the selected nominal and accidental steady state loading scenarios. The activity herein presented moved from the WCLL COB reference design, purposely modified in compliance with the adopted thermal and mechanical requirements in order to attain a robust TC region geometric layout. In the end, a geometric configuration called “TC region-mod++” was determined, foreseeing a TC able to safely withstand both nominal and accidental loads. Nevertheless, some criticalities still hold in the internal stiffening plates and, therefore, further and finer analysis are necessary to fully match the goal. In any case, it was also found that the proposed approach for the design update is promising and worthy to be further pursued. The work was performed following a theoretical–numerical approach based on the finite element method (FEM) and adopting the quoted Ansys commercial FEM code.
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1. Introduction


The production of electricity from D-T nuclear fusion reactions is one of the biggest endeavors faced by the international scientific community. In this regard, the design of the DEMO reactor will surely represent an important milestone. To this end, in the EU, the EUROfusion consortium was created. Within the framework of the EUROfusion research activities [1] aimed at obtaining a robust conceptual design for the European DEMO reactor, the development of the breeding blanket (BB) system plays a crucial role [2,3]. Indeed, the BB is the key component of a large size fusion reactor, as it is devoted to produce T, ensuring plant self-sustenance, and to convey the fusion energy toward its final conversion into electricity. In this regard, the Water-Cooled Lithium Lead (WCLL) BB is one of the two candidate concepts currently poised to be chosen, at the end of the present conceptual design phase, as the driver blanket for the EU DEMO conceptual design. To this purpose, an intense research campaign is ongoing throughout the EU in order to increase the level of maturity of the WCLL BB, with respect to the design solutions presented at the end of the pre-conceptual design gate review [4,5].



Hence, in this work, the thermo-mechanical analysis of the top cap (TC) region of the DEMO Water-Cooled Lithium Lead Central Outboard Blanket (COB) segment is presented. The scope of the work is to attain a geometric layout of the TC region of the WCLL COB segment able to fulfil as many design requirements as possible, so as to put the basis for future and more detailed investigations. Indeed, from the thermal standpoint, the temperature predicted within the Eurofer steel domain (namely within the structural material) should not exceed the suggested limit value of 550 °C, whereas, from the mechanical point of view, the structural design criteria prescribed by the reference RCC-MRx code [6] must be fulfilled in all the loading scenarios investigated. In this work, the thermo-mechanical performance of the TC region is assessed under the normal operation (NO) steady-state loading scenario, representing the operational conditions of the WCLL BB COB segment, and the over-pressurization (OP) steady-state accidental scenario, representing the most conservative load combinations that can be derived from an in-box loss of coolant accident (in-box LOCA).



Thus, starting from the WCLL COB reference design geometric layout [7,8] and following the “design by analysis” approach, a design update is performed in order to develop a geometric configuration for the TC region able to fulfill the above said design requirements. In particular, the first part of the design update is exclusively aimed at attaining a geometric configuration of the TC region able to fulfil the thermal requirement. Such a configuration, called “TC region-mod”, is assessed from the mechanical point of view too, and, since the structural design criteria is not totally fulfilled, a further design update is performed in compliance with the prescribed RCC-MRx design criteria.



The whole research activity is performed following a theoretical–numerical approach based on the finite element method (FEM) and adopting the quoted Ansys commercial FEM code. The obtained results are herein presented and critically discussed, highlighting the open issues and paving the way for the follow up of this research line.




2. Thermal Analysis and Design Improvement of the WCLL COB Segment TC Region


In order to attain a reliable design of the WCLL COB segment TC region, first of all, the reference geometric configuration is assessed in order to improve its thermal performance. In fact, a geometric configuration allowing the fulfilment of the DEMO BB thermal requirement, limiting the maximum Eurofer temperature within structural components to 550 °C, has to be developed. To this purpose, a campaign of thermal analyses is launched, starting from the reference WCLL COB segment geometric configuration and considering the steady-state nominal loading scenario.



2.1. The TC Region Reference Design Configuration


The reference geometric layout of the DEMO WCLL COB segment [4] is considered to assess its upper region, housing the TC, as depicted in Figure 1. The segment box (SB), namely the side walls (SWs) (first wall (FW) complex plus the back-plates and manifolds), the internal stiffening plates (SPs), the TC, the back-supporting structure (BSS) and the attachments, devoted to connecting the BB to the vessel, are made of Eurofer steel, whereas a 2 mm thick tungsten layer covers the FW straight and bend regions. In particular, a TC that is 25 mm thick equipped with 7 cooling channels with a square (7 × 7 mm) cross section is initially considered. Specifically, six TC cooling channels follow a pure toroidal path, whereas one follows the radial–toroidal–radial path as well as the SB cooling channels (Figure 1) as was already done in [9] for the previous DEMO WCLL COB reference geometric configuration. Regarding the breeding zone cooling system, 16 double-walled tubes (DWTs) derived from the v06a DWTs geometric layout [10] are assumed for this reference configuration. Details on the assessed geometric configuration can be found in Figure 1.



2.1.1. The TC Region FEM Model


In order to assess the thermal behavior of the TC region reference geometric configuration, a realistic 3D FEM model is set up. In particular, it reproduces the WCLL COB upper slice, housing the TC, plus two adjacent parallel slices (Figure 2). Hence, the model includes the TC together with the proper portions of the 2 mm thick tungsten layer, the SB, the horizontal and vertical stiffening plates (SPsh and SPsv), the BSS and, finally, the foreseen DWTs conceived according to the v06a layout. As to the latter, 22 DWTs per slice are included in the adjacent parallel slices, whereas 16 tubes are included in the slice housing the TC. Moreover, the PbLi breeder is modeled too, as shown in Figure 2. Lastly, the cooling water flow domain is not directly modeled, in order to speed up calculations and allow to investigate a wide range of configurations. Nevertheless, its effect is properly taken into account by means of a specific boundary condition aimed at the simulation of its convective heat power removal.



A spatial discretization grid composed by ~5.9 M nodes connected in ~4.6 M tetrahedral and hexahedral linear elements is set up for the thermal analysis. Details of the mesh are shown in Figure 2. The mesh features adopted for this study (element type and average size, meshing methods, element growth rates) are inherited from previous studies developed in this field, and they are able to ensure a very good compromise between accuracy of the results and computational burden saving.



Then, the following loads and boundary conditions are applied to assess the thermal performance of the TC region under the WCLL BB normal operation steady-state scenario, according to the provisions of the WCLL BB load specifications [11]:




	
Non-uniform heat flux on the tungsten armor plasma-facing surface, characterized by a maximum value ΦFW equal to 0.24 MW/m2 [12] on the straight FW decreasing to 0 by a cosine law on the bend tungsten surfaces according to the formula










Φ(θ) = ΦFW · cos (θ)








where the θ angle is defined so as to be equal to 0° at the FW straight–bend interface and 90 ° at the end of the FW bend (Figure 2).



	
Non-uniform nuclear 3D power density, given by the heat power deposited within the structural and breeder materials by neutrons and gammas, drawn from [13].



	
Non-uniform decay 3D heat power density, given by the heat power deposited by the gamma decay of activated nuclei, drawn from [14].



	
Convective heat transfer between water and cooling channels/DWTs, simulated by a simplified approach foreseeing a unique bulk temperature for each channel (Tbulk) and convective heat transfer coefficients (HTCs) initially calculated using the Dittus–Boelter correlation and determined by means of a proper iterative procedure [15]. As an example, the imposed Tbulk and the HTCs calculated at the end of the iterative procedure for the thermal analysis of the reference TC region are 311.5 °C and 31407 W/(m2 °C) for TC and FW-SWs channels, 307 °C and 17420 W/(m2 °C) for the 1st round of DWTs, and 323.5 °C and 27257 W/(m2 °C) for the 2nd round (i.e., the recirculation groups) of DTWs.



	
Imposed temperature to the water manifolds regions, equal to 311.5 °C, corresponding to the average temperature between the water inlet and outlet.






The temperature-dependent material properties available in [16,17,18] are implemented in the FEM model for the considered materials, namely Eurofer, PbLi and tungsten, respectively.




2.1.2. Thermal Analysis and Results


The performed steady-state thermal analysis of the reference TC region configuration under the nominal loading conditions allows predicting its thermal behavior, highlighting the criticalities for the design improvement (Figure 3).



In particular, as it can be observed in Figure 3, wide regions of the SPs experience a temperature higher than the suggested limit of 550 °C. Moreover, also within the TC a non-negligible region achieves a temperature close to the limit, whereas good thermal behavior is predicted for the SWs-FW region. In particular, the maximum temperature values predicted for FW-SWs, TC and SPs are equal to 486.1, 531.5 and 609.8 °C respectively. As for SPs, such a high temperature is calculated for the SPsv, whereas the maximum temperature achieved within SPsh is equal to 591.8 °C.





2.2. The First Update of the TC Region Design


In order to improve the thermal performances of the TC region, a set of design modifications is proposed and assessed. For the sake of brevity, the whole set of intermediate analysis is not here reported. However, an up-to-date geometric layout of the DEMO WCLL COB segment TC region, called from now onward the “TC region-mod” to distinguish it from the reference design configuration, is set up.



2.2.1. The “TC Region-Mod” Geometric Configuration


The TC region-mod geometric configuration (Figure 4) represents the update of the TC region reference geometric layout. It is obtained by introducing the following:




	
The v06b geometric layout [10] for the DWTs in all the slices composing the model.



	
A further TC toroidal cooling channel, through the region where the highest temperatures were predicted in the reference configuration.



	
22 DWTs in the slice housing the TC too (namely 6 DTWs more than the reference configuration), properly re-arranged (along radial, toroidal and poloidal directions) in order to minimize their distances from the SPs, allowing the improvement of the cooling performance.



	
A spatial re-arrangement (along radial, toroidal and poloidal directions) of the DWTs in the slice adjacent to the TC region in order to improve the SPsh cooling.








Hence, a new 3D FEM model is set up, adopting a mesh with the same features of those described in the previous section. The same set of loads and boundary conditions is used to assess the thermal behavior of the “TC region-mod” configuration under steady-state nominal conditions.




2.2.2. Thermal Analysis and Results


The performed steady-state thermal analysis of the “TC region-mod” configuration under the nominal loading conditions allows predicting its thermal behavior. In particular, as shown in Figure 5, the modifications brought about allow significantly reducing the temperature in the most critical regions of the reference configuration, reaching a TC maximum temperature equal to 492 °C. Moreover, as shown in Figure 6, practically all of the SPs domain experiences temperatures lower than the suggested limit of 550 °C (maximum temperature within SPsv of 540.9 °C), except for extremely localized regions within SPsh, circled in red in Figure 6. In this regard, the lower hotspot may be due to the fact that it is very close to the domain boundaries, where an adiabatic boundary condition is assumed. Moreover, as for the upper hotspot, a finer modeling approach (simulating the cooling water domain and applying a more efficient heat removal model) may further improve the thermal response in this tiny region. In any case, since it is a very localized hotspot, the obtained results can be considered acceptable, and the “TC region-mod” configuration can be assessed also from the structural point of view.






3. Thermo-Mechanical Analysis and Further Design Improvement of the WCLL COB Segment TC Region


Once a TC region geometric configuration able to fulfil the thermal design criterion on the Eurofer maximum temperature is found, its structural performance under the nominal and reference accidental loading conditions are investigated. In particular, the thermo-mechanical behavior of the TC region layout against the over-pressurization (OP) loading scenario, conservatively representing the loading conditions due to an in-box loss of coolant accident, is assessed and firstly presented, as it represents the design basis accident for the DEMO BB [15]. Then, if necessary, the obtained results under nominal conditions (normal operation, NO, scenario) are shown as well to demonstrate the soundness of the proposed design solution in the two main loading scenarios foreseen for the DEMO BB. An isotropic behavior is assumed for the structural materials, and linear–elastic analysis is performed.



Regardless of the scenario, the following set of loads and boundary conditions is applied, with the proper differences in the numerical values due to the considered scenario:




	
Design pressure onto the water-wetted surfaces, equal to 17.825 MPa, given by the coolant nominal pressure increased by a factor of 1.15 [15].



	
Design pressure onto the breeder-wetted surfaces, equal to 0.575 MPa (namely the breeder operational pressure times 1.15) in the NO scenario, whereas the water design pressure (17.825 MPa) is assumed to be acting onto breeder-wetted surfaces in the case of the OP scenario.



	
Dead weight of structure and breeder, imposed assuming a purposely calculated Eurofer equivalent density (as a function of temperature) to take into account the weight of the breeder, not directly simulated in the mechanical analysis.



	
Ferromagnetic forces spatial distribution, due to the ferromagnetic nature of the Eurofer steel [19,20].



	
Displacement field applied to the model lower surface, obtained from the analysis of the thermo-mechanical behavior of the whole WCLL COB segment [21], in order to simulate the effect of the rest of the COB segment on the investigated region. In particular, depending on the scenario, the appropriate displacement field is extracted from the corresponding COB analysis and applied to the present model. As an example, the displacement field applied for NO analysis is shown in Figure 7.








3.1. “TC Region-Mod” Thermo-Mechanical Analysis and Results


Once proved that the “TC region-mod” geometric configuration fulfils the design requirement on the Eurofer maximum temperature under nominal conditions, thermo-mechanical analysis under NO and OP steady-state loading scenarios is performed. The obtained results are processed in order to perform a stress linearization procedure for the verification of the corresponding RCC-MRx Level A and Level D criteria. To this purpose, a proper set of paths (i.e., stress lines) is selected on the basis of the analysis of the von Mises equivalent stress spatial distributions, which allows putting the focus on the most stressed regions. In particular, as the OP loading scenario represents the design basis accident, the first assessment is done looking at the results obtained under this accidental loading scenario. Hence, in Figure 8, Figure 9 and Figure 10, the von Mises equivalent stress field calculated within TC, FW-SWs and SPs domains under OP loading conditions are depicted, respectively, with the indication of the path locations.



It has to be observed that, as for SPs, the paths are oriented through the plate thickness for both horizontal (toroidal–radial—TR) and vertical (polodial–radial—PR) SPs. Looking at the von Mises equivalent stress spatial distributions, it can be observed that some hotspots (i.e., isolated red stains in the distributions) are visible, mainly originated by the action of ferromagnetic forces which are applied as concentrated forces in the model. Hence, in close proximity to these stains, no significant evaluation in terms of RCC-MRx code application is possible. Moreover, it can be clearly observed that most of the assessed domain experiences von Mises stress values lower than 500 MPa, which is usually an index of promising structural behavior. The worst situation seems to be predicted for the SPsv in the TC slice, since values greater than 500 MPa are calculated in a large volume. Once the proper paths are selected, a stress linearization procedure is performed in order to compare the equivalent stress values to the stress limits prescribed by the RCC-MRx code, using the Level D criteria, as the OP scenario represents an accidental condition. In particular, four criteria are taken into account for the structural evaluation: immediate excessive deformation (IED, Pm/Sm), immediate plastic instability (IPI, (Pm + Pb)/(Keff × Sm)), immediate plastic flow localization (IPFL, (Pm + Qm)/Sem) and immediate fracture due to exhaustion of ductility (IF, (Pm + Pb + Q + F)/Set). While the first two criteria only consider the primary stresses (membrane, Pm, and bending, Pb), the others take into account also secondary stresses (membrane, Qm, and total, Q) and peak stress (F) occurring along the analyzed path. For each criterion, the stress limit values (Sm, Sem, Set, depending on the considered criterion) are calculated, for the service level D, to which the OP loading scenario relates, in accordance with the structural material and the average path temperature.



The obtained results are summarized within Table 1, Table 2 and Table 3 regarding criteria verification for paths located within the TC, FW-SWs and SPs respectively. In these tables, the ratios between the equivalent stress intensities and the corresponding stress limits are reported, as prescribed by the code. Hence, values greater than 1.0 (highlighted in red, when they arise) mean that the criterion is not fulfilled in that path. Moreover, values very close to the critical one (>0.9) are reported in orange to indicate the stress level closeness to the limit.



Concerning TC, the failures in the criteria verification are due to both primary and secondary stress. This means that a design review of the TC is needed, both in terms of geometry (i.e., thickness) and a cooling scheme to reduce the internal thermal gradients responsible for the secondary stress. Instead, very good behavior is carried out for the FW-SWs complex, suggesting its soundness under OP conditions. Lastly, a particularly critical situation is predicted for the SPs, especially for the SPsv (namely the PR ones) which are not able to withstand OP loading conditions both in terms of primary and secondary stress. Hence, these results suggest that a general review should be performed for the architecture of the whole TC slice.



Since the results obtained have shown that the prescribed RCC-MRx Level D criteria are not fulfilled, results in NO are not here reported for the sake of brevity. Additionally, under NO loading conditions, some paths do not verify criteria, especially within TC and SPs. Hence, an additional set of design modifications is necessary to improve the TC region thermo-mechanical performance.




3.2. The Second Update of the TC Region Design


In order to attain a geometric configuration able to withstand the thermo-mechanical loads in compliance with the RCC-MRx criteria, the “TC region-mod+” geometric layout is conceived. Its thermal and thermo-mechanical performance is assessed under both NO and OP steady-state loading scenarios, comparing the results with the pertinent design criteria and requirements.



3.2.1. “TC Region-Mod+” Geometric Configuration


The “TC region-mod+” geometric configuration is derived from the previous “TC region-mod” layout, increasing the TC thickness from 25 mm to 40 mm, as well as enlarging the FW-SWs thickness in the slice housing the TC to 40 mm. In addition, the eight TC cooling channels are moved so as to be placed in the middle of the TC thickness, and their cross section is enlarged from 7 × 7 mm to 10 × 10 mm, as shown in Figure 11.




3.2.2. “TC Region-Mod+” Thermo-Mechanical Analysis and Results


Once the “TC region-mod+” configuration is set up, a pertinent 3D FEM model is developed, and its thermal performance under the nominal loading conditions are assessed. The thermal results, here not reported for the sake of brevity, are qualitatively analogous to those obtained for the “TC region-mod” configuration, indicating a substantial fulfilment of the requirement on the suggested temperature limit. In particular, the maximum temperature predicted within FW is equal to 531.6 °C, which is higher than the previous cases (because of the FW thickness increase in the TC slice) but below the limit. As for TC, a maximum temperature of 472 °C is predicted, whereas no significant variations can be observed in the SPs temperature spatial distribution.



Therefore, thermo-mechanical analysis under NO and OP steady state loading scenarios is performed, and the verification of the RCC-MRx Level A and Level D criteria is performed on the same set of paths set up for the “TC region-mod” configuration. The 3D von Mises equivalent stress field calculated for the OP scenario is reported in Figure 12. Comparing these results with those shown obtained for the “TC region-mod” configuration, the improvement of the thermo-mechanical performance of the TC is clearly visible. In particular, almost all the TC geometric domain experiences von Mises stress values lower than 500 MPa.



Then, in Table 4, Table 5 and Table 6, the results of the RCC-MRx Level D criteria verification are reported. As it can be observed, the considered criteria are completely fulfilled within the TC and FW-SWs domains, whereas there are still paths not satisfying them within the SPs, even with a reduced margin in comparison with the “TC region-mod” configuration. This means that the adopted geometric modifications allow significantly improving the TC structural performance, as well as having a certain impact on the SPs.



The predicted outcomes have shown a significant improvement of the TC region structural performance in terms of RCC-MRx criteria fulfilment both in OP and NO scenarios. Since the Level D criteria are not globally satisfied, the results obtained in NO are not reported for the sake of brevity, and an additional set of design improvements is brought about in order to intervene on the most critical regions highlighted by the performed analyses.





3.3. The Third Update of the TC Region Design


In order to attain a geometric configuration able to safely withstand the thermo-mechanical loads in compliance with the RCC-MRx criteria, the “TC region-mod++” geometric layout is conceived. Its thermal and thermo-mechanical performance is assessed under both NO and OP steady-state loading scenarios, comparing the results with the pertinent design criteria and requirements.



3.3.1. “TC Region-Mod++” Geometric Configuration


The “TC region-mod++” geometric configuration is derived from the previous “TC region-mod+” layout, increasing the FW thickness, in the slice adjacent to the TC region, from 25 to 32.5 mm. The latter modification is necessary to progressively reduce the thickness difference between FWs of the poloidally adjacent slides, providing the first SPh with more robust support to withstand the loads applied within the slice housing the TC. Moreover, the SPsv thickness in the slice housing the TC is increased from the nominal value of 12 mm to 14 mm, as shown in Figure 13.




3.3.2. “TC Region-Mod++” Thermo-Mechanical Analysis and Results


Once the “TC region-mod++” configuration is set up, its thermal performance under the nominal loading conditions is assessed. The thermal results, here not reported for the sake of brevity, still indicate a substantial fulfilment of the requirement on the suggested temperature limit. No significant variation in the maximum temperatures is obtained.



Therefore, thermo-mechanical analysis under NO and OP steady-state loading scenarios is performed, and the verification of the RCC-MRx Level A and Level D criteria is carried out on the same set of paths considered so far.



The obtained 3D spatial distributions of the von Mises equivalent stress field under the OP scenario are reported in Figure 14. Comparing these results with those shown obtained for the ”TC region-mod+” configuration, a sensible improvement of the SPs thermo-mechanical performance can be observed.



Moreover, in Table 7, Table 8 and Table 9, the results of the RCC-MRx Level D criteria verification are reported. It can be seen that TC and FW-SWs fully match the criteria, whereas for SPs, some criteria are not satisfied along some paths, even with a narrow margin and better global performance than the previous configurations. Then, looking at Table 10, Table 11 and Table 12, it can be observed that the RCC-MRx Level A criteria, namely those related to the NO scenario results, are totally fulfilled within TC, FW-SWs and SPsv. Nevertheless, criticalities are still present in SPsh, where some paths do not verify the criterion against the IPI and that against the IPFL. These results seem to suggest the necessity of further updating the TC region design, increasing also the thickness of the horizontal SP. Such a design modification is not addressed in the present work, and it could be matter of a follow-up research activity. In any case, the proposed “TC region-mod++” geometric configuration is robust enough to be integrated in the first version of the WCLL COB conceptual design. Indeed, the design solutions found for the TC and the FW-SWs allow fulfilling, for these components, all the design requirements both in the case of nominal and accidental configurations. Moreover, a promising solution is found also for the SPs, even if their design will affect the overall segment geometric configuration; for this reason, it should be further investigated in the next phases. Lastly, the soundness against accidental electro-magnetic loads must be proved in the following design iterations, but at the moment, the found geometric layout can be considered worthy to be integrated in the segment’s geometric layout.






4. Results Comparison and Discussion


In order to further discuss the trend of the obtained results and confirming that the followed design update strategy is leading to the definition of a sound design for the TC region of the WCLL COB segment, the following Figure 15 and Figure 16, showing a compact view of the design criteria verification carried out in for the “TC region-mod”, “TC region-mod+” and “TC region-mod++” configurations, are reported. In particular, attention is paid to the criteria against the IED (Pm/Sm), the IPI ((Pm + Pb)/Keff × Sm) and the IPFL ((Pm + Qm)/Sem) since they are not totally fulfilled within SPs in both NO and OP analyses.



Looking at the pictures, it can be noted that, for a given criterion and for a given path, the ratio obtained from the “TC region-mod++” analysis is lower than, or, at maximum, equal to, the analogous value obtained from “TC region-mod” analysis. This simple observation allows demonstrating that the followed design improvement strategy is promising, and it is worthy to be pursued as a follow up of the research activity herein presented.




5. Conclusions


Within the framework of EUROfusion activities, an intense research campaign is ongoing to attain a robust design for the WCLL COB segment. In this context, the TC region is being designed so as to allow the fulfilment of the thermal and mechanical design requirements. Starting from the reference geometric configuration, several iterations have been performed to improve the thermal and structural performances of the TC region, investigating its response under the NO and OP steady state loading scenarios and comparing the obtained results with the design requirements and the reference RCC-MRx structural design criteria. The found “TC region-mod++” configuration is equipped with a TC and a FW-SWs complex able to fully withstand the prescribed requirements, whereas the SPs grid needs to be further revised and improved. To this end, the method followed and described in this paper seems to be the most appropriate to attain a sound design solution also for SPs. Further analysis of additional design modifications and more refined modeling assumptions are necessary to continue this activity. In any case, the found design solution for the TC region can be considered a design improvement to be integrated in the first version of the geometric layout of the WCLL COB segment developed in the frame of the DEMO conceptual design phase. Hence, the results here presented represent a milestone in the development of the WCLL BB conceptual design. On the basis of the found geometric configuration, further design iterations could prove the soundness of the “TC region mod++” geometric configuration against accidental electro-magnetic loads, as well as further refining the design so as to allow the design criteria fulfilment also within SPs.
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Figure 1. The top cap region reference geometric configuration. 






Figure 1. The top cap region reference geometric configuration.
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Figure 2. The 3D FEM model of the TC region plus adjacent slices—details of the mesh. 
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Figure 3. TC reference configuration—temperature spatial distribution within Eurofer. 
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Figure 4. The top cap region-mod geometric configuration. 
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Figure 5. TC region-mod configuration—temperature spatial distribution within Eurofer. 
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Figure 6. Temperature overtaking 550 °C within SPs domain. 
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Figure 7. Displacement field applied onto the model lower surface in NO analysis. 
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Figure 8. OP von Mises equivalent stress field and path locations within TC domain. 
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Figure 9. OP von Mises equivalent stress field and path locations within FW-SWs domain. 
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Figure 10. OP von Mises equivalent stress field and path locations within SPs domain. 
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Figure 11. The “TC region-mod+” geometric configuration. 
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Figure 12. OP von Mises equivalent stress fields within the “TC region-mod+” geometric configuration. 
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Figure 13. The “TC region-mod++” geometric configuration. 
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Figure 14. OP von Mises equivalent stress fields within the “TC region-mod++” geometric configuration. 
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Figure 15. Trends of Level A criteria verification for SPs. 
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Figure 16. Trends of Level D criteria verification for SPs. 
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Table 1. RCC-MRx Level D criteria verification within TC domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	TC_1. a
	0.269
	0.876
	0.307
	0.246



	TC_1. b
	1.013
	0.859
	1.047
	0.333



	TC_1. c
	0.504
	0.644
	0.285
	0.203



	TC_2. a
	0.261
	0.985
	0.278
	0.179



	TC_2. b
	0.987
	0.859
	1.011
	0.336



	TC_2. c
	0.478
	0.630
	0.226
	0.192
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Table 2. RCC-MRx Level D criteria verification within FW-SWs domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	FW_1. a
	0.309
	0.340
	0.040
	0.097



	FW_1. b
	0.884
	0.632
	0.706
	0.222



	FW_1. c
	0.414
	0.590
	0.207
	0.251



	FW_1. d
	0.791
	0.571
	0.619
	0.205



	FW_1. e
	0.386
	0.445
	0.217
	0.150



	FW_2. a
	0.476
	0.858
	0.322
	0.180



	FW_2. b
	0.181
	0.234
	0.516
	0.185



	FW_2. c
	0.698
	0.642
	0.430
	0.121
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Table 3. RCC-MRx Level D criteria verification within SPs domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	SP_PR_1.1
	1.243
	0.911
	0.958
	0.149



	SP_PR_1.2
	1.230
	0.871
	1.045
	0.195



	SP_PR_2.1
	1.277
	0.887
	0.988
	0.146



	SP_PR_2.2
	1.258
	0.844
	1.052
	0.178



	SP_PR_3.1
	1.855
	1.246
	1.252
	0.209



	SP_PR_3.2
	1.247
	0.838
	0.752
	0.143



	SP_PR_3.3
	0.764
	0.517
	0.981
	0.268



	SP_TR_1.1
	0.682
	0.505
	0.997
	0.162



	SP_TR_1.2
	0.612
	0.433
	0.888
	0.158



	SP_TR_1.3
	0.699
	0.482
	0.800
	0.230



	SP_TR_1.4
	0.527
	1.069
	0.248
	0.095



	SP_TR_1.5
	0.519
	0.878
	0.227
	0.115



	SP_TR_1.6
	0.667
	0.544
	1.149
	0.295



	SP_TR_2.1
	0.586
	0.394
	1.045
	0.187



	SP_TR_2.2
	0.629
	0.431
	0.854
	0.154



	SP_TR_2.3
	0.584
	0.391
	0.675
	0.194



	SP_TR_2.4
	0.873
	0.611
	1.251
	0.281
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Table 4. RCC-MRx Level D criteria verification within TC domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	TC_1. a
	0.212
	0.467
	0.251
	0.160



	TC_1. b
	0.537
	0.435
	0.633
	0.268



	TC_1.c
	0.181
	0.249
	0.110
	0.155



	TC_2. a
	0.206
	0.482
	0.241
	0.124



	TC_2. b
	0.501
	0.433
	0.597
	0.234



	TC_2.c
	0.230
	0.268
	0.118
	0.142
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Table 5. RCC-MRx Level D criteria verification within FW-SWs domain.






Table 5. RCC-MRx Level D criteria verification within FW-SWs domain.





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





	FW_1. a
	0.354
	0.297
	0.043
	0.090



	FW_1. b
	0.788
	0.576
	0.664
	0.227



	FW_1.c
	0.538
	0.622
	0.171
	0.256



	FW_1. d
	0.772
	0.566
	0.622
	0.219



	FW_1. e
	0.436
	0.461
	0.181
	0.146



	FW_2. a
	0.304
	0.595
	0.272
	0.175



	FW_2. b
	0.195
	0.219
	0.579
	0.197



	FW_2.c
	0.458
	0.500
	0.356
	0.147
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Table 6. RCC-MRx Level D criteria verification within SPs domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	SP_PR_1.1
	1.126
	0.847
	0.864
	0.139



	SP_PR_1.2
	1.219
	0.888
	1.078
	0.226



	SP_PR_2.1
	1.251
	0.847
	0.945
	0.139



	SP_PR_2.2
	1.356
	0.921
	1.149
	0.204



	SP_PR_3.1
	1.398
	0.938
	1.030
	0.173



	SP_PR_3.2
	1.560
	1.042
	1.085
	0.219



	SP_PR_3.3
	0.790
	0.534
	0.999
	0.267



	SP_TR_1.1
	0.526
	0.385
	0.846
	0.156



	SP_TR_1.2
	0.480
	0.347
	0.809
	0.159



	SP_TR_1.3
	0.611
	0.418
	0.705
	0.203



	SP_TR_1.4
	0.416
	0.978
	0.259
	0.101



	SP_TR_1.5
	0.444
	0.855
	0.209
	0.115



	SP_TR_1.6
	0.521
	0.419
	0.947
	0.251



	SP_TR_2.1
	0.588
	0.399
	1.077
	0.192



	SP_TR_2.2
	0.630
	0.433
	0.866
	0.150



	SP_TR_2.3
	0.626
	0.419
	0.720
	0.208



	SP_TR_2.4
	0.830
	0.593
	1.243
	0.276
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Table 7. RCC-MRx Level D criteria verification within TC domain.






Table 7. RCC-MRx Level D criteria verification within TC domain.





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





	TC_1.a
	0.205
	0.454
	0.255
	0.156



	TC_1.b
	0.522
	0.424
	0.626
	0.267



	TC_1.c
	0.176
	0.244
	0.109
	0.153



	TC_2.a
	0.198
	0.471
	0.242
	0.122



	TC_2.b
	0.489
	0.421
	0.590
	0.234



	TC_2.c
	0.203
	0.253
	0.102
	0.139
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Table 8. RCC-MRx Level D criteria verification within FW-SWs domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	FW_1.a
	0.302
	0.260
	0.092
	0.091



	FW_1.b
	0.666
	0.489
	0.678
	0.236



	FW_1.c
	0.413
	0.459
	0.125
	0.240



	FW_1.d
	0.680
	0.500
	0.633
	0.226



	FW_1.e
	0.340
	0.377
	0.138
	0.142



	FW_2.a
	0.297
	0.588
	0.268
	0.157



	FW_2.b
	0.217
	0.205
	0.519
	0.177



	FW_2.c
	0.448
	0.508
	0.337
	0.128
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Table 9. RCC-MRx Level D criteria verification within SPs domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	SP_PR_1.1
	0.981
	0.744
	0.800
	0.130



	SP_PR_1.2
	0.941
	0.678
	0.914
	0.190



	SP_PR_2.1
	1.079
	0.753
	0.865
	0.132



	SP_PR_2.2
	1.027
	0.689
	0.956
	0.170



	SP_PR_3.1
	1.223
	0.815
	0.966
	0.164



	SP_PR_3.2
	1.020
	0.682
	0.750
	0.156



	SP_PR_3.3
	0.718
	0.485
	0.942
	0.256



	SP_TR_1.1
	0.532
	0.398
	0.825
	0.161



	SP_TR_1.2
	0.497
	0.346
	0.777
	0.151



	SP_TR_1.3
	0.578
	0.389
	0.691
	0.202



	SP_TR_1.4
	0.426
	0.971
	0.255
	0.102



	SP_TR_1.5
	0.444
	0.840
	0.239
	0.119



	SP_TR_1.6
	0.617
	0.494
	0.907
	0.229



	SP_TR_2.1
	0.559
	0.380
	1.022
	0.182



	SP_TR_2.2
	0.603
	0.413
	0.821
	0.142



	SP_TR_2.3
	0.569
	0.385
	0.680
	0.196



	SP_TR_2.4
	0.821
	0.580
	1.199
	0.268
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Table 10. RCC-MRx Level A criteria verification within TC domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	TC_1.a
	0.031
	0.042
	0.281
	0.109



	TC_1.b
	0.088
	0.103
	0.482
	0.239



	TC_1.c
	0.092
	0.103
	0.072
	0.165



	TC_2.a
	0.028
	0.052
	0.348
	0.105



	TC_2.b
	0.112
	0.120
	0.465
	0.216



	TC_2.c
	0.095
	0.113
	0.039
	0.150
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Table 11. RCC-MRx Level A criteria verification within FW-SWs domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	FW_1.a
	0.175
	0.156
	0.309
	0.167



	FW_1.b
	0.281
	0.193
	0.596
	0.213



	FW_1.c
	0.304
	0.378
	0.427
	0.328



	FW_1.d
	0.193
	0.148
	0.483
	0.190



	FW_1.e
	0.255
	0.197
	0.431
	0.176



	FW_2.a
	0.039
	0.048
	0.210
	0.140



	FW_2.b
	0.096
	0.069
	0.573
	0.168



	FW_2.c
	0.066
	0.062
	0.248
	0.133
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Table 12. RCC-MRx Level A criteria verification within SPs domain.
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	Path
	Pm/Sm
	(Pm + Pb)/(Keff × Sm)
	(Pm + Qm)/Sem
	(Pm + Pb + Q + F)/Set





	SP_PR_1.1
	0.434
	0.363
	0.817
	0.135



	SP_PR_1.2
	0.101
	0.099
	0.756
	0.151



	SP_PR_2.1
	0.426
	0.307
	0.824
	0.126



	SP_PR_2.2
	0.158
	0.120
	0.844
	0.148



	SP_PR_3.1
	0.277
	0.189
	0.606
	0.104



	SP_PR_3.2
	0.160
	0.113
	0.391
	0.077



	SP_PR_3.3
	0.188
	0.133
	0.900
	0.211



	SP_TR_1.1
	0.086
	0.115
	1.033
	0.200



	SP_TR_1.2
	0.109
	0.215
	0.997
	0.182



	SP_TR_1.3
	0.263
	0.208
	0.555
	0.139



	SP_TR_1.4
	0.159
	1.472
	0.709
	0.219



	SP_TR_1.5
	0.289
	1.375
	0.529
	0.187



	SP_TR_1.6
	0.577
	0.476
	1.233
	0.273



	SP_TR_2.1
	0.137
	0.113
	1.261
	0.223



	SP_TR_2.2
	0.164
	0.150
	1.036
	0.178



	SP_TR_2.3
	0.400
	0.278
	0.749
	0.181



	SP_TR_2.4
	0.237
	0.186
	1.356
	0.276
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