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Within the framework of EUROfusion R&D activities a research campaign has been performed at CEA-Saclay,
in close collaboration with the University of Palermo, in order to investigate thermal and thermomechanical
performances of the “Optimized Conservative” concept of DEMO Helium-Cooled Lithium Lead breeding blanket
(HCLL). Attention has been paid to the HCLL outboard equatorial module (OEM) when subjected to the steady
state nominal loading scenario. To this purpose three simplified 3D models, characterized by an increasing level of
detail, have been set-up taking into account, firstly, a single radial-toroidal slice, then a basic module geometric
unity composed by two adjacent slices and adding, lastly, the peripheral poloidal region. This latter 3D model has
allowed the assessment of the Caps potential influence on the module thermal and thermomechanical behaviour.
For each investigated 3D model, thermal and thermomechanical analyses have been performed and a stress
linearization procedure has been carried out in order to verify the fulfilment of the criteria prescribed by the RCC-
MRx 2015 code. The study has been performed adopting a numerical approach, based on the Finite Element
Method (FEM), and adopting the Siemens NX v. 10.0 software in order to discretize the geometric domain,
whereas thermal and thermomechanical calculations have been carried out using the Cast3M 2015 FEM code.

The obtained results, herewith reported and critically discussed, allow predicting a good thermal and
mechanical behaviour of the “Optimized Conservative” concept of DEMO HCLL OEM, even if some small
modifications to the module cooling scheme should be performed in order to avoid the insurgence of hotspots
where temperature is slightly above the Eurofer limit temperature (550 °C). This will entail, from the mechanical
point of view, a reduction of the secondary stress amount which is the main responsible of the failure in RCC-MRXx

criteria verification within First Wall-Side Wall bend region.

Keywords: DEMO, HCLL, breeding blanket, thermomechanics, FEM analysis

1. Introduction

Within the framework of EUROfusion activities,
CEA Saclay is in charge of developing the design of the
Helium-Cooled Lithium Lead breeding blanket (HCLL)
of DEMO nuclear fusion reactor.

In this context a fruitful collaboration has taken place
with University of Palermo, as this latter has been
involved, long time now, in the studies regarding the
ITER Test Blanket Module (TBM) based on HCCL
concept [1].

The work described in this paper, developed within
the above said collaboration, has been aimed at the
investigation of the thermal and thermomechanical
performances of the HCLL Outboard Equatorial Module
(OEM) under the envisaged nominal steady state loading
conditions, paying also attention to the automation of the
analysis procedure. In particular, the study has been
aimed at the verification of the fulfilling of the set of
thermomechanical requirements, in accordance with
RCC-MRx code [2], prescribed for HCLL design.

A theoretical-numerical approach, based on the Finite
Element Method (FEM), has been followed and the
qualified Cast3M 2015 and Siemens NX v. 10.0 FEM
codes [3,4] have been adopted in the study.

2. HCLL *“Optimized Conservative” concept

Within the framework of HCLL design activities [5],
3 different concepts (Optimized Conservative, Advanced
[6,7], Advanced-Plus [8]) have been assessed. All the
concepts use Eurofer steel as structural material, Helium
at the pressure of 8 MPa as coolant and the eutectic alloy
Pb-15.7Li enriched at 90% in 6Li as breeder, neutron
multiplier and tritium carrier.

In this paper, attention has been focused on the
“Optimized Conservative” concept, which is consistent
with the TBM approach [9] and is considered as backup
solution for DEMO HCLL [5].

In this concept (Fig. 1), the First Wall (FW) is the
component directly exposed to plasma radiation. Its
thickness is 25 mm plus 2 mm of tungsten coating,
whereas cooling is ensured by means of internal
channels. The Side Walls (SWS5s) are the continuation of
the FW towards the back of the module.

Two actively cooled plates, named Caps, close the
module on the top and on the bottom. On the back-
region, the 30 mm-thick Back Plate (BP) ensures the
connection, mainly by the Tie Rods, of the module to the
Back Supporting Structure (BSS). The combination of
FW, SWs, Caps and BP is called Module Box (MB).
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Fig. 1. Optimized Conservative HCLL OEM-externals.

As regards the internals (Fig. 2), a grid of 14 mm-
thick radial-toroidal and radial-poloidal actively cooled
plates, named horizontal and vertical Stiffening Plates
(hSPs and vSPs) respectively, is mainly devoted to stiff
the MB removing the nuclear heat power deposited into
the breeder zone.

It has to be highlighted that MB plus SPs grid form a
so called “beer box” structure, generating 80 Breeder
Units (BUs) inside the module. Each one includes the
breeder, the proper portion of SPs together with two 6.5
mm-thick Cooling Plates (CPs), devoted to improve the
heat power removal.

Finally, between BUs and BP, a set of vertical plates
has the main function to close the breeder zone and
provide the Manifolds (MFs) for helium and breeder
feeding.
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Fig. 2. Optimized Conservative HCLL OEM-internals.

In particular, MF 1 and MF 2 are devoted to house
the helium during its flow in sequence among the
actively-cooled components whereas MF 3 has the
function to distribute the breeder inside the BUs (Fig. 3).
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Fig. 3. Helium flow scheme.

3. The FEM models

In order to investigate thermal and thermomechanical
performances of the “Optimized Conservative” DEMO
HCLL OEM, paying also attention to analysis procedure
automation, three successive FEM models (Model 1,
Model 2 and Model 3) have been set-up. For all of them,
cooling helium has been properly modelled, as well as
the breeder.

As to material properties, they have been considered
to depend uniquely by temperature [10].

3.1 The geometric models and spatial discretization
Model 1

In order to automate the analysis procedure, a
simplified 3D model, reproducing a half radial-toroidal
central slice of the HCLL OEM, has been set-up (Fig. 4).
It includes the proper portion of FW-SW, tungsten layer,
SPs, CPs, MFs plates, BP and Tie Rods together with
corresponding breeder and helium.

It has to be noted that, due the odd number of FW-
SW cooling channels crossed by helium in counter-
current (Fig. 4), this model does not represent the basic
geometric entity on which the HCLL design is based.
Nevertheless, it has been set-up in order to automate the
analysis procedure as it ensures reliable results to be
obtained in a short time.

Model 2

In order to assess thermal and thermomechanical
performances of the HCLL OEM, a model reproducing
two adjacent half radial-toroidal central slices has been
set-up (Fig. 4).

This model represents the basic geometric entity of
HCLL as poloidal symmetry in the helium flow within
FW-SW can be observed.



Model 3

Finally, in order to assess the thermal and
thermomechanical behaviour of the peripheral region of
the HCLL OEM, a half-slice housing a Cap has been
added to Model 2, so to obtain Model 3 (Fig. 4). It is to
be noted that FW of the peripheral slice is equipped with
only 7 cooling channels.

Model 2

Model 3
Fig. 4. Geometric layout of the models set-up.

A 3D tetrahedral mesh has been set-up for each
model (Table 1). Linear elements have been used for
thermal calculations, whereas quadratic ones have been
adopted for thermomechanical analyses, where breeder
and helium have not been considered as their effect has
been simulated by imposing a proper pressure load.

Table 1. Mesh features summary.

Model Th. analysis  T.M. analysis
Node Elem Node Elem

1 202k  1.1M 12M 656k

2 418k 19M 25M 14M

3 611k 27M 37M 2.1M

3.2 Thermal loads and boundary conditions

In order to investigate the thermal behaviour of the
HCLL OEM under the DEMO steady state nominal
scenario, a proper set of loads and boundary conditions
has been adopted.

As to heat flux radiated from plasma, its nominal

value (0.5 MW/m?) has been imposed on the FW straight
section, whereas a decreasing value down to 0, according
a cosine law, has been assumed for the bend region. The
radially non-uniform volumetric density of nuclear heat
power deposited within steel and Pb-Li by neutrons and
gammas, are taken from [11].

Regarding the simulation of forced convective heat
transfer occurring between helium and channels, the
Gnielinski correlation [12] has been adopted for the heat
transfer coefficients calculation. An inlet temperature of
300 °C has been imposed to helium entering from SW
side (Fig. 4) whereas, as to the coolant which approaches
the model from the FW central section (red arrows in
Fig. 4), an inlet temperature equal to the average
temperature of helium exiting from the same section has
been imposed. Moreover, as helium exiting the FW-SW
is mixed with the helium filling MF 2, the inlet
temperature of helium entering SPs has been calculated
as MF 2 mixing temperature.

As to Model 3, this temperature has been imposed
also to helium entering Cap (Fig. 3). Similarly, helium
exiting SPs (and Cap in Model 3) is collected inside MF
1. Hence, CPs inlet temperature has been imposed to be
equal to MF 1 mixing temperature.

Finally, only for Model 2, a thermal coupling
condition has been imposed between model lower and
upper surfaces in order to simulate model periodicity.

3.3 Mechanical loads and boundary conditions

In order to investigate the thermomechanical
behaviour of the HCLL OEM under the DEMO steady
state nominal scenario, a proper set of loads and
boundary conditions has been adopted.

The pertinent thermal field resulting of the thermal
calculation has been imposed, in the thermomechanical
calculations in order to take into account the non-
uniform thermal deformation field.

As to internal pressure, a load of 8 MPa has been
imposed onto all helium wetted surfaces, whereas
pressure exerted by breeder on the module internals has
been neglected.

Finally, in order to reproduce the connection to the
BSS, radial displacement has been prevented to nodes
lying on the BP external surface. Furthermore, poloidal
and toroidal symmetry conditions have been imposed to
nodes lying on the model boundary surfaces.

Moreover, in order to simulate the effect of the
thermal expansion of the rest of the module, a thick shell
has been supposed to be placed on the module top
surface in Model 1 and 2. To this purpose, thermal field
predicted on the model top surface has been projected on
the shell.

4. Analysis and results

Un-coupled thermal and thermomechanical steady
state analyses have been performed adopting the
described FEM models. The most representative results
are reported and critically discussed in the following.
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Moreover, thermal field arising within SPs and CPs
is shown in Figs. 7 and 8 respectively. It has to be noted Fig. 9. Model 3 - Breeder and tungsten thermal field.
that highest temperatures, around 550 °C, are predicted
within poorly cooled regions. Finally, thermal field
within breeder and tungsten is reported in Fig. 9. Regarding helium, the most significant outcomes are
reported in Table 2.



Table 2. Model 3 - Helium main outcomes.

FW SPs Cap CPs

Tain [°C] 300.0 406.6 465.2
Tavout [°C] 398.2 469.5 502.0
Uay [M/5] 578 374 225 446
hay [W/m?°C] 4542 3377 2144 4170
AP [MPa] 0.051 0.048 0.101

4.2 Thermomechanical results

Regarding thermomechanical results, a comparison
among FW deformed shapes ( isotropically amplified by
a factor 50 ) of the 3 models (Fig. 10), allows to show
the intense bending effect due to the thick shell imposed
in Model 1 and 2 to simulate the effect of thermal
expansion of the rest of the module.

Model 1
x50

Model 2
x50

Fig. 10. Comparison among FW deformed shapes.

The shell imposition at the model top boundaries
originates secondary stress within FW-SW top regions
up to 1.5 greater than the corresponding regions of
Model 3, causing the failure of RCC-MRXx corresponding
criteria.

Concerning Model 3 thermomechanical results, not
affected by the shell boundary condition since this model
includes the peripheral slice, the Von Mises stress field
arising within MB is reported in Fig. 11.

As it can be observed, a wide MB region experiences
Von Mises stress values lower than 500 MPa ( Fig. 11 a
) and, furthermore, outside FW-SW stress values are
lower than 310 MPa (Fig. 11 b, printed out with an
isotropic deformation amplification factor equal to 200 ).
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Fig. 11. Model 3 - MB Von Mises stress field.

Finally, a stress linearization procedure has been
performed along lines shown in Fig. 12, at A and B
toroidal heights, in order to verify the fulfilment of RCC-
MRXx structural design criteria prescribed for nominal
scenario, adopting the same methodology as for
Advanced HCLL concept [6] with up to date stress limits
[13]. Channels 1 and 5 of the lowest slice, together with
Model 3 central channel, namely the fourth of the second
central slice (Channel 13), and the central channel of the
peripheral slice (Channel 21) have been considered.
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Fig. 12. Location of the stress linearization lines.

Results show that RCC-MRx design criteria have
been fulfilled in all lines and channels of the toroidal
height A, except for line 4 in Channel 21 (Fig. 13) where
the two criteria involving secondary stress are not met.
Nevertheless, looking at the trend lines, this may be due
to a poor mesh in this region. As to the bend region (Fig.



13) of the FW-SW (B toroidal height), only criterion
against the risk of failure against immediate plastic flow
localization because of the loss of ductility due to
irradiation (P +Qm/Sem) is slightly above 1 (~1.1) for the
lines from 2 to 5, located in FW front thickness.
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Fig. 13. Model 3 - Stress linearization results.

5. Conclusion

The research campaign, carried out within the
framework of a close collaboration between CEA Saclay
and University of Palermo, has allowed of minimizing
the number of user-defined variables in the analysis
procedure. Moreover, obtained results show good
thermal and mechanical behaviour of the “Optimized
Conservative” DEMO HCLL concept. However high
temperature on the FW-Cap connection occurs and high
stress is calculated near to the bend region of the FW-
SW, where only RCC-MRXx criterion against immediate
plastic flow localization because of the loss of ductility

due to irradiation is slightly above the limit. Results
suggest that, firstly, a more accurate mesh independence
study is needed, adopting the FEM model in which the
Cap is taken into account (Model 3), in order to carefully
assess the influence on results of the spatial
discretization grade. Secondly, some modifications of
the module cooling scheme should be introduced in
order to improve its thermal performances and,
consequently, reduce the secondary stress amount, which
is the main responsible of the failure in RCC-MRx
criteria verification within FW-SW bend region.
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