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A B S T R A C T

The Water-Cooled Lead Lithium (WCLL) and the Helium-Cooled Pebble Bed (HCPB) Breeding Blanket (BB)
concepts are the two candidates currently poised to be chosen as the driver blanket for the EU DEMO reactor.
Nevertheless, new variants are emerging with the aim of overtaking the potential showstoppers arisen during
the WCLL and HCPB BB pre-conceptual design phase. Then, an intense campaign of exploratory studies has
been launched in EU to investigate the potential performances of such alternative concepts. Among them, the
Water-Cooled Lead-Ceramic Breeder (WLCB) BB concept is one of the most promising. It has been conceived
as a trade-off (i.e. an hybrid concept) between WCLL and HCPB BB concepts, trying to take and integrating the
best features of both. Since in the reference WCLL geometric layout the Top Cap (TC) region was identified
as particularly critical from thermal and mechanical standpoints, so requiring specific design studies, also in
the WLCB conceptual design activities a dedicated campaign of analysis has been necessary to preliminarily
size the TC region components. Hence, in this paper, the preliminary thermo-mechanical assessment of the
TC region of the WLCB BB alternative concept is presented. First, an initial geometric layout has been set-up
on the basis of the main features of the reference WCLL BB TC region. Then, thermal analysis under nominal
conditions has been performed and the results have shown that modifications were necessary to ensure the
compliance with the thermal requirements of the structural material. Finally, once obtained an acceptable
geometric layout, mechanical analyses were carried out in order to verify the fulfilment of the RCC-MRx
structural design criteria, also considering an off-normal load case. The results showed that this variant is
very promising in terms of structural behaviour, whereas further design iterations are necessary to lower the
temperature of the breeder zone.
1. Introduction

The Water-Cooled Lead Lithium (WCLL) and the Helium-Cooled
Pebble Bed (HCPB) Breeding Blanket (BB) concepts are the two can-
didates currently poised to be chosen as the driver blanket for the EU
DEMO reactor. Nevertheless, new variants are emerging with the aim
of overtaking the potential showstoppers arisen during the WCLL and
HCPB BB pre-conceptual design phase [1]. In this context, the Water-
Cooled Lead-Ceramic Breeder (WLCB) BB concept is one of the most
promising [2]. It has been conceived as a trade-off (i.e. an hybrid
concept) between WCLL and HCPB BB concepts, trying to take and
integrate the best features of both. Considering that in the geometric
layout of the reference WCLL, the Top Cap (TC) region was identified
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as particularly critical from a thermal and mechanical point of view [3],
a structural analysis campaign was carried out on the same area of the
WLCB Central Outboard Blanket (COB) in order to define its prelimi-
nary design. Hence, in this work, the adopted methodology, the models
set-up and the results obtained are reported and critically discussed,
paving the way for future and more detailed assessments.

2. The WLCB top cap geometric configuration

The WLCB BB concept foresees water as coolant, with a pressure
of 15.5 MPa and an inlet–outlet temperature equal to 285–325 C, and
pebble beds of Advanced Ceramic Breeder (ACB) as breeder crossed by
gaseous helium as purge gas. In addition, molten lead acts as neutron
vailable online 30 January 2024
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Fig. 1. WLCB BZR cooling system qualitative scheme.

Fig. 2. WLCB TC ver. 0.

multiplier, as described in [2]. A WLCB COB segment can be subdivided
into a certain number of Breeder Zone Region (BZR), as shown in Fig. 1,
distributed along its poloidal length.

Two plates close the segment at the top and bottom regions, the
caps. Each BZR is constituted by an external steel structure made in
Eurofer named Segment Box (SB), which is composed by First Wall
(FW), covered with 2 mm of Tungsten, and Side Wall (SW). In the FW-
SW region, square cooling channels are located. The SB is internally
reinforced by means of some Cooling Stiffeners (CSs), namely poloidal–
radial plates equipped with square cooling channels aimed at cooling
the breeding zone, and additional poloidal–toroidal stiffening plates to
withstand an in-box LOCA. A set of tubes, aimed at housing the ACB
and the purge gas, are located between the CSs, immersed in the molten
lead.

With the aim of studying the TC region, located in the BZR1, a
proper geometric model has been created. To this purpose, starting
from the provided BZR3 region geometric layout, a portion encompass-
ing 30 FW-SW cooling channels has been cut and properly moved to the
same position as in the reference WCLL TC region [4]. Then, SB, CSs,
manifolds and tubes have been extruded in order to place the TC plate
perpendicular to X axis, as the reference position, in order to obtain a
first attempt geometric layout called TC ver.0, showed in Fig. 2.

In this preliminary version, the TC, with a thickness of 40 mm, is
full and no cooling system is foreseen. The adjacent BZR, with a 25 mm
thick FW, is equipped with 7 × 7 mm square channels. Instead, as to the
CSs, 140 channels of 10 × 7 mm are foreseen. In Fig. 3 a detail of the
TC ver.0 internals is reported. In particular, 227 tubes with a thickness
of 13 mm, filled with ACB, are located among the 10 CSs, and a 20 mm
thick stiffening plate is present too. It has to be noted that no purge gas
collectors and manifolds have been considered at this stage.

3. The adopted methodology

The design of the WLCB TC region has been performed following a
‘‘design by analysis’’ approach. In particular, in a first phase, TC ver.0
2

Fig. 3. WLCB TC ver. 0 internals.

Fig. 4. Heat flux onto Tungsten layer.

Fig. 5. Volumetric heat power density on Eurofer.

has been assessed from the thermal point of view. Then, some design
modifications have been implemented in two different steps in order to
finally obtain a geometric configuration able to withstand the thermal
requirement (i.e. maximum temperature in the Eurofer steel lower
than 550 C) under the nominal loading conditions. Afterwards, such
configuration, called TC ver.2, has been investigated from the structural
point of view under selected (normal and off-normal) loading scenarios,
in order to check the fulfilment of the RCC-MRx design criteria.

4. Assessment of the boundary conditions for the thermal analy-
ses

This section reports the evaluation of the loads and boundary con-
ditions implemented in all the thermal analyses carried out.

4.1. Heat flux

A non-uniform value of heat flux coming from plasma has been
imposed onto the Tungsten surface. A value of 0.24 MW/m2 has been
applied onto the straight Tungsten surface, whereas a cosine-dependent
law decreasing to 0 has been assumed to the bend ones (Fig. 4).

4.2. Power density

With the aim of taking into account the deposited nuclear power
density, a non-uniform spatial distribution of heat power volumetric
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Fig. 6. Volumetric heat power density on lead and ACB.

Fig. 7. Coolant flow path within CSs and SB channels.

density has been applied to the components, differentiating properly for
tungsten, Eurofer, Pb and ACB [5]. Since the provided power density
3D spatial distributions have been calculated for the equatorial WLCB
region, the corresponding values at the BZR1 region have been obtained
by scaling the provided distributions with the ratio of the corresponding
neutron wall loading average values, as done for the design analysis of
the reference WCLL TC [3]. In Figs. 5 and 6 the so obtained power
density spatial distributions are reported.

4.3. Convective conditions

A forced convective heat transfer condition between coolant and
water-wetted surfaces has been imposed. In this regard, in order to
reproduce the coolant flow, the ‘‘thermal fluids’’ approach, available
in the Ansys Steady-State Thermal module, has been adopted. This
allows representing the fluid flowing within each channel by means
of a 1-D body. Then, it is discretized and coupled to the nodes of the
channel surfaces by means of a convective boundary condition. In order
to properly impose the load, the user has to provide the Mass Flow
Rate (MFR), the Heat Transfer Coefficient (HTC) and the inlet bulk
temperature. As a result, the bulk temperature profile along the thermal
fluid is obtained and used in the calculation.

In order to retrieve the input data, the WLCB COB segment has to
be evaluated from a design point of view. In this regard, as reported in
Fig. 1, and in [2], it has to be noted that, differently from the reference
WCLL BB, in this case only one hydraulic loop is responsible for the
segment cooling.

As a consequence, the coolant enters through the system’s inlet
manifold at 285 C (𝑇 𝐶𝑆𝑠

𝑖𝑛 |𝑇𝑂𝑇 ). Then it flows inside the CSs in co-current
and mixes exiting in a dedicated manifold reaching a certain mean
temperature that has to be evaluated (𝑇

𝐶𝑆𝑠
𝑜𝑢𝑡 ). Finally, it goes inside

the FW-SW channels in counter-current and exits in the system’s outlet
manifold at 325 C (𝑇 𝑆𝐵

𝑜𝑢𝑡 |𝑇𝐴𝑅𝐺𝐸𝑇 ). Since the water enters the CSs from
the bottom of the BZR1 (Fig. 1), its temperature entering the portion
of the CSs reproduced in the model (𝑇 𝐶𝑆𝑠

𝑖𝑛 |𝑇𝐶 , Fig. 7) is also unknown.
Hence, the following procedure has been purposely conceived with

the aim of determining all the unknown (MFR per channel, HTC,
𝑇 𝐶𝑆𝑠

| and 𝑇
𝐶𝑆𝑠

) necessary to properly characterize the model from
3

𝑖𝑛 𝑇𝐶 𝑜𝑢𝑡
Fig. 8. Detail of the convective condition calculation.

the thermal-hydraulic standpoint, allowing the imposition of the above
said forced convective heat transfer condition and of further thermal
boundary conditions within the manifolds. The procedure starts con-
sidering that, in analogy to the other WCLL BB variants, one can be
assumed that the WLCB COB segment is divided into 5 BZRs. Hence,
once known the pitch between the SB channels and the total length of
the segment, it can be assumed that each BZR houses 212 SB channels
(𝑛𝑆𝐵𝑡𝑜𝑡 ). Considering that the model of the TC region encompasses 30 SB
channels (𝑛𝑆𝐵𝑇𝐶 ), it is possible deducing that the Not Modelled (NM)
BZR1 portion (namely the BZR1 region between the yellow lines in
Fig. 8) houses 212 - 30, i.e. 182, cooling channels (𝑛𝑆𝐵𝑁𝑀 ).

At this point, to evaluate the CSs water inlet temperature in the
modelled TC region, the thermal power exchanged in the NM part of
BZR must be estimated. To this purpose, if one considers a Slice (S) of
the NM portion (Fig. 8) housing 30 SB channels, one can obtain the
volumetric ratio between NM and S regions (𝑉𝑁𝑀∕𝑉𝑆 ), which is equal
to 182∕30 ≈ 6. Therefore, a dedicated steady-state thermal analysis of
the above mentioned Slice has been performed with the same power
density and heat flux already shown but with ‘‘dummy’’ convective
conditions, in order to evaluate the heat power removed by the coolant
(𝑄̇𝑆 = 𝑄̇𝑆𝐵

𝑆 + 𝑄̇𝐶𝑆𝑠
𝑆 ) in the SB and CSs channels of the Slice. This

value must be equal to the power deposited because of the steady state
conditions. Hence, once obtained 𝑄̇𝑆 , the total BZR1 power 𝑄̇0

𝑡𝑜𝑡 can be
evaluated as:

𝑄̇0
𝑡𝑜𝑡 = 𝑄̇𝑆

𝑉𝑁𝑀 + 𝑉𝑇𝐶
𝑉𝑆

= 𝑄̇𝑆

(

6 +
𝑉𝑇𝐶
𝑉𝑆

)

(1)

Then, the total power exchanged in the NM part, 𝑄̇𝑁𝑀 , can be
calculated along with the SB and CSs fractions:

𝑄̇𝑁𝑀 = 𝑄̇𝑆
𝑉𝑁𝑀
𝑉𝑆

(2)

𝑄̇𝑆𝐵
𝑁𝑀 = 𝑄̇𝑆𝐵

𝑆
𝑉𝑁𝑀
𝑉𝑆

(3)

𝑄̇𝐶𝑆𝑠
𝑁𝑀 = 𝑄̇𝑁𝑀 − 𝑄̇𝑆𝐵

𝑁𝑀 (4)

Thus, the total BZR1 mass flow rate 𝑚̇0
𝑡𝑜𝑡 and the inlet temperature

of the CSs in the modelled TC region are obtained as:

̇ 0𝑡𝑜𝑡 =
𝑄̇0

𝑡𝑜𝑡

𝑐𝑝(𝑇 𝑆𝐵
𝑜𝑢𝑡 |𝑇𝐴𝑅𝐺𝐸𝑇 − 𝑇 𝐶𝑆𝑠

𝑖𝑛 |𝑇𝑂𝑇 )
(5)

𝑇 𝐶𝑆𝑠
𝑖𝑛 |𝑇𝐶 = 𝑇 𝐶𝑆𝑠

𝑖𝑛 |𝑇𝑂𝑇 +
𝑄̇𝐶𝑆𝑠

𝑁𝑀
0

(6)

𝑐𝑝𝑚̇𝑡𝑜𝑡
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Fig. 9. Detail of the imposed temperature on the manifolds.

From 𝑚̇0
𝑡𝑜𝑡, it is possible to obtain the flow rate per SB channel 𝑚̇0

𝑆𝐵
and per CS channel 𝑚̇0

𝐶𝑆𝑠:

̇ 0𝑆𝐵 =
𝑚̇0
𝑡𝑜𝑡

𝑛𝑆𝐵𝑡𝑜𝑡
(7)

̇ 0𝐶𝑆𝑠 =
𝑚̇0
𝑡𝑜𝑡

𝑛𝐶𝑆𝑠 (8)

Finally, the HTC values can be found using the Nusselt number,
derived from Gnielinski correlation [6]:

𝐻𝑇𝐶0
𝑆𝐵 =

𝑁𝑢0𝑆𝐵𝐾

𝐷𝑆𝐵
ℎ

(9)

𝐻𝑇𝐶0
𝐶𝑆𝑠 =

𝑁𝑢0𝐶𝑆𝑠𝐾

𝐷𝑆𝐵
ℎ

(10)

Once obtained the flow rates, the HTCs and the inlet temperature
of the CSs, the thermal analysis of the TC region can be performed and
the power exchanged in SB and CSs can be obtained so that:

𝑄̇1
𝑆𝐵 + 𝑄̇1

𝐶𝑆𝑠 + 𝑄̇𝑁𝑀 = 𝑄̇1
𝑡𝑜𝑡 (11)

At this point, 𝑄̇1
𝑡𝑜𝑡 can be compared with 𝑄̇0

𝑡𝑜𝑡. The described pro-
cedure is iterated until 𝑄̇𝑛+1

𝑡𝑜𝑡 ≈ 𝑄̇𝑛
𝑡𝑜𝑡. Moreover, it is also necessary,

for every iteration, to check if the weighted average (𝑇
𝑆𝐵
𝑜𝑢𝑡|𝑡𝑜𝑡) between

the average temperature of the coolant exiting the TC SB (𝑇
𝑆𝐵
𝑜𝑢𝑡|𝑇𝐶 ),

obtained from the thermal analysis, and the average temperature of
the coolant exiting the NM SB (𝑇

𝑆𝐵
𝑜𝑢𝑡|𝑁𝑀 ) converge to the design value

of 325 C. In this regard, 𝑇
𝑆𝐵
𝑜𝑢𝑡|𝑁𝑀 and 𝑇

𝑆𝐵
𝑜𝑢𝑡|𝑡𝑜𝑡 are obtained as following:

𝑇
𝑆𝐵
𝑜𝑢𝑡|𝑁𝑀 = 𝑇

𝐶𝑆𝑠
𝑜𝑢𝑡 +

𝑄̇𝑆𝐵
𝑁𝑀

𝑐𝑝𝑚̇𝑆𝐵𝑛𝑆𝐵𝑁𝑀

(12)

𝑇
𝑆𝐵
𝑜𝑢𝑡|𝑡𝑜𝑡 =

𝑛𝑆𝐵𝑇𝐶𝑇
𝑆𝐵
𝑜𝑢𝑡|𝑇𝐶 + 𝑛𝑆𝐵𝑁𝑀𝑇

𝑆𝐵
𝑜𝑢𝑡|𝑁𝑀

𝑛𝑆𝐵𝑡𝑜𝑡
(13)

4.4. Manifolds

Regarding the manifolds, Dirichlet conditions has been imposed on
the selected water-wetted surfaces (Fig. 9), in particular:

∙ temperature of the inlet manifolds set to 285 C;
∙ temperature of the outlet manifolds set to 325 C;
∙ temperature of the mixing manifold set to 𝑇

𝐶𝑆𝑠
𝑜𝑢𝑡 .

In particular, the last condition was implemented through the use
of python scripts.
4

Fig. 10. TC ver.0 thermal field within CSs.

Fig. 11. TC ver.0 thermal field within SB and TC plate.

Fig. 12. WLCB TC ver.1 details.

5. WLCB top cap thermal analyses results

Once the boundary conditions have been properly assessed,
temperature-dependent properties [7–10] of the materials considered
were implemented. From this point, the actual design-by-analysis pro-
cedure begins, starting with the generation of the TC ver.0 Finite
Element Method (FEM) model, reproducing Eurofer structural material,
Tungsten, water, ACB and the Pb pool. Then, TC ver.0 thermal analysis
has been carried out. The results, reported in Figs. 10 and 11 have
shown that the thermal requirement has not been met yet. In fact,
both in the SB and in the CSs the maximum temperature in the Eurofer
structure is considerably higher than 550 C.

To overcome this issue, the TC ver.1 has been obtained by adding
8 FW channels within the FW-SW region with respect to the previous
model, near the TC plate, as depicted in Fig. 12.

A new FEM model has then been generated and the thermal analysis
has been carried out. The results, in terms of arising thermal field
are reported in Figs. 13 and 14, respectively showing the temperature
distribution within the SB, TC and CSs, highlight the need of further
revisions.

In fact, the temperature of the TC plate and of some regions of
the SB widely overcomes the limit of 550 C, underlining the necessity
of a dedicated cooling system. Instead, thanks to the adopted design
update, the temperature of the stiffeners stays well below the prescribed
limit.
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Fig. 13. TC ver.1. Thermal field within SB and TC plate.

Fig. 14. TC ver.1. Thermal field within CSs.

Fig. 15. WLCB TC ver.2 details.

Fig. 16. TC ver.2. Thermal field within SB and Top Cap plate.

On the basis of the results previously obtained, a square channel,
with a ‘‘U-shape’’ has been implemented to the model, as reported in
Fig. 15, to adequately refrigerate the upper region, resulting in the TC
ver.2.

After the generation of the new FEM model, the thermal analysis
has been performed and the thermal fields arising within SB, TC, CSs
and ACB tubes are reported in Figs. 16 and 17.

The considered further update allows reducing the temperature of
the TC region below the prescribed limit for the structural material.
Instead, paying attention to the ACB tubes, the temperature far exceeds
the limit, reaching a maximum value of ≈860 C, due to the lack
of refrigeration. This behaviour highlights the necessity of a deep
design review of that region, possibly taking into account the option of
substituting the tubes with other kinds of components. Anyway, since
5

Fig. 17. TC ver.2. Thermal field within CSs and ACB tubes.

Table 1
Cambiare.

Data TC ver.0 TC ver.1 TC ver.2

SB channels 30 38 38
TC channels 0 0 1
Nodes × 106 2.2 2.9 3.2
Elements × 106 4 6.2 6.9

𝑚̇𝑆𝐵 [kg/s] 0.130 0.127 0.127
𝑚̇𝐶𝑆𝑠 [kg/s] 0.197 0.199 0.200
𝐻𝑇𝐶𝑆𝐵 [kW/(m2 C)] 29.98 29.4 29.3
𝐻𝑇𝐶𝐶𝑆𝑠 [kW/(m2 C)] 30.4 30.7 30.8
𝑇 𝐶𝑆𝑠
𝑖𝑛 |𝑇𝐶 [C] 303.2 303 303

𝑇
𝐶𝑆𝑠
𝑜𝑢𝑡 [C] 308 307.4 307.3

𝑇
𝑆𝐵
𝑜𝑢𝑡 |𝑇𝐶 [C] 324.7 323.4 323.3

𝑇
𝑆𝐵
𝑜𝑢𝑡 |𝑁𝑀 [C] 325.9 325.8 325.7

the ACB tubes have no structural role, the structural analysis of the TC
ver.2 has been performed, not including them in the simulation. The
characteristics of the FEM models used, the converged convective con-
ditions and the main results of the analyses performed are summarized
in Table 1.

6. WLCB TC ver.2 thermo-mechanical analysis

A thermo-mechanical analysis of the WLCB TC ver.2 geometric
layout, aimed at investigating its structural behaviour in light of the
RCC-MRx design criteria [11] in case of significant irradiation, has been
performed. In particular, in analogy with what already done in the
WCLL reference analyses, two steady-state loading scenarios have been
investigated: the Normal Operation (NO) and the Over-Pressurization
(OP). The first is related to the nominal operative condition, the other,
conversely, to an off-normal condition derived from an in-box LOCA
event, causing the sudden pressurization of the SB due to a leak of
coolant.

6.1. The FEM model

The same FEM model used for the thermal analysis has been con-
sidered. In particular in Fig. 18 the details of the TC and SB mesh are
shown.

The Pb, ACB tubes, ACB and water have not been included but
their mechanical effect has been considered by means of proper loads.
To reproduce the two selected loading scenarios a set of loads and
boundary conditions has been considered. The non-uniform thermal
field calculated from the thermal analysis has been applied onto the
structure in order to consider the onset of thermal-induced (i.e. sec-
ondary) stress. Then, a pressure has been applied onto the water-wetted
and Pb-wetted surfaces, to simulate their presence inside the SB. In
particular, the design pressure value of 17.825 MPa has been assigned
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Fig. 18. Detail of the mechanical FEM model of TC ver.2.

Fig. 19. Mechanical restraints considered in TC ver.2.

to the water-wetted surfaces both for the NO and the OP loading
scenario [12]. On the other hand, with regard to the Pb, the design
pressure value of 0.575 MPa has been considered for the NO, whereas
the water pressure value (17.825 MPa) has been imposed for the OP
loading scenario in order to simulate the sudden pressurization of the
SB. Moreover, the gravitational load has been applied to the whole
structure. Since neither the Pb, nor ACB, nor ACB tubes nor water have
been modelled, a temperature-dependent Eurofer equivalent density
has been calculated and applied to the structure, to simulate their
weight, considering the corresponding material volumetric percentages.
Then, to simulate the presence of the attachment system onto the TC
region, displacements along the radial and toroidal directions of a local
coordinate system have been prevented to two groups of nodes, as
indicated in Fig. 19. Finally, the nodes corresponding to the bottom
surface of the model have been constrained along the local poloidal
direction to simulate the continuity of the segment [13,14].

6.2. Analysis and results

Steady-state structural analyses of the TC ver.2 have been per-
formed under the NO and OP loading scenarios, to investigate its
thermo-mechanical behaviour in view of the RCC-MRx criteria. The
two investigated scenarios are classified as Level A (NO) and Level
D (OP) of the structural design code. The results show that the most
critical area, in terms of stresses, is the FW region, both in NO and
in OP loading scenario. As an example, in Fig. 20 and in Fig. 21, the
Von Mises stress fields, within the SB, TC and CSs under the NO and
OP loading scenarios, are reported. As it can be observed, Von Mises
stress values lower than 400 MPa are predicted for the most of the
investigated domain. This result is quite encouraging in sight of the
verification of the RCC-MRx criteria.
6

Fig. 20. TC ver.2. Von Mises stress field within SB and TC plate under NO loading
scenario.

Fig. 21. TC ver.2. Von Mises stress field within CSs under OP loading scenario.

Fig. 22. Locations of the paths for SB and TC.

Fig. 23. Locations of the paths for CSs.

Therefore, a stress linearization procedure has been performed
along a selected set of paths, whose locations are indicated in Figs. 22
and 23. It has to be noted that, as to SB paths, a triplet of paths has been
created for each location, as shown in detail in Fig. 22. Then, in total,
25 paths belonging to SB, TC and CSs have been considered. Looking at
the code, four criteria have been selected against: Immediate Excessive
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Table 2
RCC-MRx structural criteria verification.

Path - load scenario 𝑇𝑎𝑣𝑒 [C] 𝑃𝑚∕𝑆𝑚 (𝑃𝑚 + 𝑃𝑏)∕(𝑘𝑒𝑓𝑓 ⋅ 𝑆𝑚) (𝑃𝑚 +𝑄𝑚)∕𝑆𝑒𝑚 (𝑃𝑚 + 𝑃𝑏 +𝑄 + 𝐹 )∕(𝑆𝑒𝑡)

CSs 1 - NO 311 0.74 0.52 1.39 0.36
CSs 2 - NO 312 0.88 0.66 1.15 0.28
CSs 3 - NO 325 1.44 0.97 1.05 0.25
CSs 1 - OP 311 0.79 0.60 1.13 0.37
CSs 2 - OP 312 1.14 0.76 0.98 0.29
CSs 3 - OP 325 0.65 0.44 0.57 0.16
Deformation (IED) expressed by the rule 𝑃𝑚 < 𝑆𝑚, Immediate Plastic
Instability (IPI) expressed by the rule (𝑃𝑚+𝑃𝑏) < (𝑘𝑒𝑓𝑓 ⋅𝑆𝑚), Immediate
Plastic Flow Localization (IPFL) expressed by the rule (𝑃𝑚 +𝑄𝑚) < 𝑆𝑒𝑚
and Immediate Fracture due to exhaustion of ductility (IF) expressed
by the rule (𝑃𝑚 + 𝑃𝑏 +𝑄 + 𝐹 ) < 𝑆𝑒𝑡.

For the sake of brevity, the full set of results is not reported. The
considered criteria have been largely matched in both the scenarios
along the 21 paths belonging to SB as well as the TC region path. Also
the IPFL criterion, which is normally the most critical in the DEMO BB
design analysis, is widely fulfilled with ratios in between stress intensity
and stress limit never achieving 0.6. The only paths not fully verifying
the criteria are those located within the CSs, as reported in Table 2.
Here, the values in red indicate the not-matched criteria whereas the
values in orange mean that the criterion is met with a narrow margin
(between 0.8 and 1). This behaviour can be attributable to the small
thickness of the CSs collectors and it could be easily fixed by increasing
it.

7. Conclusions

The thermo-mechanical behaviour of the TC region of the WLCB
COB segment has been investigated in this paper. After a design by
analysis procedure, carried out looking at the thermal requirement on
the Eurofer maximum allowable temperature, the TC ver.2 configu-
ration has been achieved. The thermal analysis of that configuration
highlights the need to review the ACB tubes region, equipping them
a suitable refrigeration system or replacing them with another kind of
component, as the predicted temperature is considerably higher than
the prescribed limit of 550 C in a wide region. Beyond this exception,
the thermal requirement is largely met throughout the rest of the
structural material. Therefore, considering that the tubes do not play
any primary structural or safety role, a structural analysis of the TC
ver.2 configuration has been performed. The RCC-MRx criteria are
widely fulfilled in within the SB and the TC under both normal and off-
normal loading scenarios. Instead, the verification fails within the CSs
collectors, where the thickness needs to be increased. In conclusion, the
obtained results are very promising and they have shown the existence
of margins for further development of the WLCB concept, highlighting
some issues that might be easily overcome. Hence, the study herein
reported will pave the way for future and more refined analysis leading
to the definition of a sound conceptual design of the WLCB BB system
for DEMO.

List of acronyms

ACB Advanced Ceramic Breeder
BB Breeding Blanket
BZR Breeder Zone Region
COB Central Outboard Blanket
CS Cooling Stiffener
DEMO DEMOnstration Power Plant
EU European Union
FEM Finite Element Method
FW First Wall
HCPB Helium-Cooled Pebble Bed
HTC Heat Transfer Coefficient
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IF Immediate Fracture due to exhaustion of ductility
IED Immediate Excessive Deformation
IPI Immediate Plastic Instability
IPFL Immediate Plastic Flow Localization
MFR Mass Flow Rate
NM Not Modelled
NO Normal Operation
OP Over-Pressurization
SB Segment Box
SW Side Wall
TC Top Cap
WCLL Water-Cooled Lead Lithium
WLCB Water-Cooled Lead-Ceramic Breeder
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