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Abstract

There is no doubt about the interest of achieving as fast as possible the capability to build and
operate high performance reactors that finally allow fusion competing in the electricity market.
An advanced breeding blanket based on the Dual Coolant Lithium Lead concept with single
module segment architecture, designed for the European DEMO, is certainly aligned with such
objective. This work describes some recent outcomes of the efforts carried out in the framework
of the Prospective R&D Work Package in EUROfusion to develop this line. The evolution of the
design has been guided by strategies aimed to achieve an equilibrium between tritium breeding
& shielding requirements and mechanical integrity. To enhance the thermodynamic cycle
efficiency and reduce the recirculation power by minimizing pressure losses in both the
breeding zone and the first wall have been complementary guidelines. Specific models have
been created to characterize phenomena like heat transfer and tritium permeation in the breeder
channels. The experimental activities, which in general have produced promising results, have
consisted in the characterization of different ceramic materials (carbides and oxides) in terms of
functional properties at high temperature (as-received and irradiated/implanted samples) and
compatibility with PbLi.
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1. Introduction

As one of the most critical systems in a fusion reactor, the
Breeding Blanket (BB) must fulfill essential functions, among
which ensuring tritium self-sufficiency and extracting most of
the fusion power stand out. At the same time, it shall observe
ambitious requirements in terms of availability and thermody-
namic cycle/electric efficiency if fusion intends to succeed as
an attractive option in the electricity pool. Such requirements
define what we could call an advanced BB.

Through a comprehensive analysis of different alternatives
in terms of breeder, coolant, functional materials and circuits
topology, a novel conceptual design of an advanced BB with
Single Module Segment architecture (SMS) for the European
DEMO reactor was proposed in [1, 2].

The following sections summarize recent activities devoted
to improve the tritium breeding and shielding capability of
the BB segments, as well as consolidating the supporting
scheme, optimizing the First Wall (FW) cooling system, mod-
eling tritium transport in the breeder channels and modeling
magnetohydrodynamics (MHDs) phenomena (heat transfer in
magnetoconvective flows and relationship between wall shear
stress and corrosion rates). The results of R&D in materials
are also reported in this work.

2. Main characteristics

The current design solution employs the eutectic alloy of Pb
and Li as breeder, shielding, neutron multiplier and tritium car-
rier. PbLi is self-cooled by flowing at relatively high velocity
(a few cm s™!), which gives rise to the need of electrically
insulating the walls of the liquid metal circuit to minimize
the pressure drop due to the coupling between the magnetic
and velocity fields in such conductive fluid. This is solved
by enclosing the PbLi circuit inside a box made of an elec-
trically resistive and chemically compatible ceramic material.
This approach also involves the benefit of reducing the electro-
magnetic loads transmitted to the structure and making tritium
permeation towards the exterior of the box almost negligible.

The box is protected and supported by a EUROFER steel
case which includes a helium-cooled FW panel, with a layer
of tungsten as plasma facing material. Both components are
separated by a gap that absorbs the differential expansion of
ceramic and steel at the normal operation temperature. The
gap, filled with an inert gas, also provides thermal insula-
tion between them to allow reaching high temperatures in the
breeding zone while keeping the limit of 550 °C imposed
by creep phenomena in EUROFER [3]. Therefore, the design
shares some of the fundamental features of the classical Dual
Coolant Lithium Lead (DCLL) BB concept [4], although dif-
fers in the lack of Flow Channel Inserts (FCI) and the fact that
helium is essentially committed to cool the FW and not the
internal plates.

2.1. PbLi circuits

Inside the ceramic box, PbLi follows a simple path in poloidal
direction (figure 1). The 3D flow features, whose MHD effects

Outlet
pipes

Inlet =
pipes

Figure 1. Radial-poloidal section view of the outboard central
segment. PbLi paths indicated by red arrows.

cannot be completely mitigated by insulating the surrounding
walls, are practically limited to the inlet and outlet regions
(flow expansion/contraction and turns around the transitions
between the breeding zone and the inlet/outlet pipes). The
space is divided into six front and six rear channels with quad-
rilateral cross-section (figure 2). The rear and front channels
are respectively fed by two independent pipes. This way the
mass flow rate of both circuits can be adapted to the different
nuclear heating values to keep the same outlet temperature.
The inlet pipes are located at the bottom of the segment,
so that there is ascending flow in parallel in every channel.
This minimizes the risk of reversed flows due to buoyancy
forces, since forced flow is buoyancy-assisted, and the prob-
lems linked to nucleation and growing of helium bubbles,
since these tend to rise [5] and can be transported by advec-
tion and extracted by the liquid metal flow. Besides, radial
thermal gradients are minimized and displacements are basic-
ally produced in poloidal direction. Since the vacuum vessel-
BB attachment system can provide higher freedom to expand
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Figure 2. Radial-toroidal section view of the outboard central
segment.

Table 1. PbLi average velocity (cm s~!) in the poloidal ducts. OBL
stands for outboard lateral segment.

OBC OBL 1B
Front channels 49 4.7 3.6
Rear channels 1.0 1.0 0.7

in poloidal direction, this arrangement of the PbLi circuits is
also favorable to reduce thermal stresses.

Another distinction from other high-temperature DCLL
designs is the PbLi inlet temperature, commonly set in the
range 350 °C—480 °C [4, 6]. The thermal range selected here
(Tinter = 300 °C; Touer = 700 °C) would allow obtaining a
significant value of Carnot’s cycle efficiency (60.2%), which
is reduced to a still remarkable value of 57.5% when consid-
ering the contribution of helium. They have been calculated
from the following expression:

Tavgsink

Tavg PoLi >

ne=1- <a+(1—a)
Tange

Tavg PbLi

where « is the fraction of power extracted by PbLi (0.67) and
T,y are the respective average absolute temperatures of PbLi
(573-973 K), He (573-682 K) and the sink of the power con-
version cycle (298-303 K).

Simultaneously, the large difference between outlet and
inlet temperature allows constraining the magnitude of the
flow rate (~1.5 m3 s~! for the whole reactor). The result-
ing PbLi average velocities in the poloidal ducts are displayed
in table 1. The combination of both circumstances (high out-
let temperature and low mass flow rate) is also favorable to
improve the recovery of tritium dissolved in the liquid metal,
as well as to reduce the corrosion-erosion rate.
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Figure 3. Magnetic flux density at the equatorial level along the
radial direction for different configurations of the breeding zone
regarding the content of ferromagnetic material in an IB segment.
The minor deviations produced in some parts of the profile are
caused by small differences in the mesh resolution.

Undoubtedly, the reduced amount of ferromagnetic mater-
ial, ~25% smaller than in an analogous design with a coated
advanced steel [7], has several advantages from the structural
point of view. It implies lower weight and lower steady state
magnetic forces due to magnetization. Figure 3 shows the
magnetic flux density obtained at the equatorial level along
the radial direction for different configurations of the breed-
ing zone regarding the content of ferromagnetic material. It
has been obtained from magnetostatic 3D Finite Element (FE)
analyses (22.5° sector) carried out in ANSYS APDL, using
elements based on the edge-flux formulation. The blue curve
represents the magnetic field profile produced by a current
density in the Toroidal Field (TF) coils that originates 4.89 T
at the major radius (8.938 m) [8] in the absence of ferromag-
netic material. The green curve represents the effect of includ-
ing just one inboard (IB) blanket segment with the EUROFER
envelope, whereas the red one corresponds to a hypothetical
design variant in which the internal ceramic walls that define
the PbLi circuits are substituted by EUROFER. In these cases,
non-linear B-H curves have been employed [9]. As can be
seen in the detail plot, the magnetization of the surrounding
EUROFER plates increases the magnetic field ~3% in the
region of the IB front channels. It is a modest difference that
practically has no effect on the MHD phenomena. Apart from
that, it has been verified from this model that it would be pos-
sible to provide an effective magnetic shielding to the breeder
channels by covering them with a material with very high relat-
ive magnetic permeability, conveniently separated from PbLi,
but such measure is unfeasible from different points of view
(e.g. magnetization forces).

It is also worth to mention that this specific configuration,
with insulating walls and gap, can help to reduce forces due
to eddy currents induced during plasma events, although this
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Figure 4. Pressure gradient in the front PbLi channels of the IB
segments for a range of wall electrical conductivity (taken at
representative T ~ 550 °C—650 °C) and three values of wall
thickness.

must be confirmed by specific electromagnetic transient ana-
lyses. In any case, the electrical insulation provided by the
ceramic box is enough to make pumping in the PbLi loops
viable. Figure 4 shows an estimation of the pressure gradient
with fully-developed flow in the front PbLi channels of the IB
segments, considering a range of wall electrical conductivity
and three values of the ceramic wall thickness. The left side
of the plot has been obtained using a correlation for perfectly-
insulated walls proposed by Shercliff [10]:

0 [Pa}—BZU !
P | T Ha— 0,852 VHa— 1

Ha:Boa g
Vo

where By is the external magnetic field, Uy is the PbLi aver-
age velocity, o is the PbLi electrical conductivity, 7 is the PbLi
dynamic viscosity and 2a & 2b are the dimensions of the chan-
nel cross-section (a is parallel to the magnetic field). The PbLi
properties have been taken from [11].

The right side of the plot has been evaluated through a cor-
relation for non-perfectly conducting walls recommended by
Miyazaki et al [12]:

o.p Pa ~ B[, i
—_— = g——
m T r £+,

Owly

Cu=

ga

where o, and 7, are respectively the electrical conductivity
and thickness of the walls.

Ceramic box
rear wall side

EUROFER back
wall side

Figure 5. Roller (top) and hinged (bottom) supports.

There is a transition region between 103 and 10> Sm~!,
approximately, where such correlations are hardly applicable.
As can be appreciated, the pressure gradient expected with
ceramic walls is low, several orders of magnitude lower than
the one calculated with EUROFER and far below the hori-
zontal grey line which indicates the pressure gradient that
would lead to a total pressure drop of 2 bar along the IB cir-
cuit length (around 13 m). It must be noted here that this is
only referred to fully-developed flow along the poloidal chan-
nels, and no other contributions to MHD pressure drop (e.g.
flow expansions and contractions, turns and fringing magnetic
field) have been considered. Nevertheless, 2 bar is quite con-
servative as pressure drop limit for an IB segment. It must be
underlined that even with a total pressure drop of 10 bar in the
PbL.i loop, the pumping power for the whole reactor would be
<20 MW.

2.2. Supporting scheme

One of the most critical aspects of this design is the mechan-
ical interface between the ceramic box and the steel envelope,
since it must provide support for the box, transfer the electro-
magnetic loads produced inside PbLi by plasma events, and
absorb the differential thermal expansion of both components.
These functions are accomplished by the combination of a
hinged support, located above the inlet pipes, and a roller sup-
port, situated at the Center of Gravity (COG) of the segment
-approximately at the equatorial level- (figure 5), which cre-
ate an isostatic supporting condition. The coupled Degrees of
Freedom (DOF) between the ceramic box and the EUROFER
back wall are depicted in figure 6.
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Figure 6. Coupled degrees of freedom between the ceramic box
and the EUROFER back wall provided by each support.

3. The ceramic material

The search of candidate ceramic materials with suitable ther-
mophysical, chemical and mechanical properties has been
focused on those with neutron activation responses (in partic-
ular decay heat, contact dose rate and specific activity) equal
or better than EUROFER, for which reason a thorough radi-
ological characterization and classification of 16 compositions
was initially made [1, 13]. Among the preliminarily selec-
ted, several metal carbides (e.g. TiC), excepting SiC, have
been completely discarded after testing due to: (1) the elec-
trical conductivity at relevant temperatures have shown values
above 100 S m~!; and (2) their stability has been seriously
affected by the dissolution of the solid phases by melted PbL.i.
However, ceramic oxides have shown optimum microstructure
and properties when subjected to radiation and the action of
liquid metal.

Thus, most of the R&D activities have been concentrated in
silicon carbide and several oxides: alumina (Al,O3), zirconia
(4-10 mole% Y,03-stabilized ZrO,), silica (SiO,) and spinel
(MgAl,0O4). They comprise:

(a) Testing of as-received commercial ceramics under repres-
entative operating conditions.

(b) Testing of electron-irradiated and ion-implanted commer-
cial ceramics under representative operating conditions.

(c) Development of ceramic-steel connections.
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Figure 7. Electrical conductivity of MgAl,O4 immersed in PbLi as
a function of temperature. The red curve has been obtained using a
two-electrode arrangement with gold electrodes on both sides of the
sample. The blue curve has been obtained using a gold electrode on
one side and a PbLi electrode on the other.

The testing of as-received commercial ceramics has con-
sisted in measuring the electrical conductivity at high temper-
ature, with or without immersion in PbLi, as well as assessing
the mechanical behavior inside static PbLi and the chemical
compatibility with flowing PbLi under a strong magnetic field.
For example, a minor electrical degradation has been observed
in Al,O3 samples by monitoring their electrical conductiv-
ity under polarization (400 V) and thermal cycles between
200 °C and 430 °C [14]. Besides, the surface conductivity val-
ues measured at high temperature in MgAl,O4 (figure 7) and
Si0; are well below the limit values suggested by figure 4.

It has been found that the surface microstructure of Al,O3
is slightly altered after 1000 h inside static PbLi at 550 °C.
The grain boundary phase of the first 10-15 pm is partially
lost, which provokes the penetration of Li. A degradation rate
of 88 1zm y~! has been calculated. In the case of ZrO,, a small
surface degradation has been detected, but it is not comparable
to Al,Os3. The spinel samples have been attacked by the liquid
metal, provoking a selective removal of Al from the surface
and an enrichment in Mg by diffusion from the bulk. It has
been estimated a degradation rate of 66 yum y~!.

Additionally, Al,O3; and Si-infiltrated SiC samples have
been tested after being immersed in flowing PbLi at 550 °C
during 500 h, under a transverse magnetic field of 5 T. The
results have shown a very good compatibility with PbLi. Only
an area enriched in Ni and completely depleted in Si in the
Si-SiC composite has been observed [15].

There is also a right preservation of mechanical proper-
ties as nanoindentation hardness, Young’s modulus or flexural
strength at high temperature (e.g. flexural strength of Al,O3
samples at 650 °C is ~10% lower than that of samples at
room temperature [16]), with non-pronounced impact of PbLi
wetting.

As mentioned, some samples have been subjected to accel-
erated ion implantation (He+ beam, H4 beam or sequential
co-implantation by He+ and H+ beams). It has been observed
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Figure 8. Surface electrical conductivity of Al,O3 samples
(as-received and implanted) as a function of temperature.

that the volume electrical conductivity of ZrO, increases up to
alimit of 107* S m~! when it is irradiated with electron beam
up to 4 MGy. Nonetheless, it is worth to underscore the lower
increase of the electrical conductivity at high temperature of
ion-implanted samples with respect to as-received (figure 8),
due to trapping or blocking of charge carriers in the generated
gas cavities [17], whereas the studied mechanical properties
of such samples remain similar [18]. In Al,O3 ion-implanted
samples, the formation of LiAlO, in the layer affected by PbLi
has been noticed, with a slight influence of implantation on
the attack kinetics [19]. The next campaign will be focused
on ZrO,, Si0; and MgAl,O4. Furthermore, due to the good
behavior of ion-implanted samples, an irradiation campaign
with heavy and light ions (D and He) has started in order to
simulate neutron-like damage and transmutation by-products.

Finally, considering the need of developing ceramic-steel
connections, Al,O3 tubes have been successfully joined to
steel flanges by brazing, using Ag and Cu-based filler metals.
They have been subjected to thermal shock and high temperat-
ure during several hours. Both the microstructure and hardness
values (indentation) have remained stable in the vicinity of the
joints.

4. The double-wall challenge

The double wall (ceramic + gap + steel) plays a key role from
the points of view of operation and safety (plasma-facing com-
ponent, containment, electrical insulation, corrosion and per-
meation barrier). Nevertheless, its whole thickness supposes a
challenge to fulfill the required Tritium Breeding Ratio (TBR),
currently established in 1.15 within the EUROfusion DEMO
Programme [20]. The ceramic box has no structural function,
but it must withstand its own weight and electromagnetic and
pressure loads, so the balance between tritium production and
mechanical strength is delicate. It is necessary a trade-off,
which can be attained from the coordination of neutron trans-
port analyses (MCNP5 [21]) and mechanical integrity ana-
lyses (ANSYS APDL). Because of dealing with brittle materi-
als, the ceramic box integrity assessment follows an approach

based on the Weibull probability distribution, which can be
obtained from statistics of fracture mechanics [22]. The prob-
ability of failure is given by the following expression:

where m is the Weibull modulus-depending exclusively on the
size frequency density of cracks in a specimen-, og is the
characteristic strength for a reference volume V, and o, is
an equivalent stress calculated according to the Principle of
Independent Action (PIA) [22]:

ge = (o7 + oy +at)/"

where o1, 0, and o3 are the principal stresses, if they are pos-
itive (otherwise, a null value is adopted).

The 3D FE analyses have been focused on the Outboard
Central Segment (OBC). They use multi-layer (ceramic box)
and single layer (steel envelope) linear shell elements. The
connection between both components is achieved by means
of two pairs of duplicated extra nodes, located at the sup-
ports’ axles (each on the ceramic or steel sides of the roller
and the hinged supports), which are linked through a set of 6
flexible/stiff springs (one for each DOF) in order to impose
the desired restrictions. In particular, stiff springs have been
assigned to all DOFs except rotation about the y-axis (for both
supports) and vertical relative displacement (for the roller sup-
port only). Finally, the extra nodes are joined to sets of nodes
which belong to the ceramic or steel walls by force-distributed
elements. As boundary conditions, the displacement of the
nodes of the top and bottom steel walls has been fully con-
strained. Such conditions are not realistic, but they have been
assumed here to compare the results with previous analyses.

The effects of pressure, solid materials’ own weight and
thermal loads have been studied. Only hydrostatic pressure has
been preliminarily considered, due to the lack of a detailed
assessment of the pressure drop along the whole PbLi loops.
Nevertheless, it is possible to estimate it with a certain degree
of confidence. A major contribution is produced in the inlet
and outlet manifolds. By addressing this characteristic prob-
lem of DCLL designs, Rhodes er al [23] proposed a correlation
of the 3D MHD pressure drop in non-conducting ducts featur-
ing a sudden expansion in an inertial-electromagnetic regime.
The current Ha (1.3 - 10%), Re (1.7 - 10°) and N (~10°) are
out of the ranges studied in that work (1000 < Ha < 6570,
1918.44 < N < 863298 and 50 < Re < 2500). Applying
this correlation to the front channels of the present problem,
a pressure drop in the inlet manifold -that should be similar
to the outlet one- of 0.43 bar is obtained. Chen et al [24] cal-
culated the 3D MHD pressure drop in a reduced-scale DCLL
module with electrically insulated walls, using conditions (Ha,
Re) more similar to the current ones, although with a higher
expansion ratio (~6 vs 4.45). They determined a pressure
drop of 1.23 and 1.16 bar in the inlet and outlet manifolds,
respectively. Therefore, from these references, it is reasonable
to assume a pressure drop of ~2 bar in the whole segment.
Apart, assuming fully-developed flow in the poloidal channels,
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the pressure gradient with ZrO, walls would be of the order
of 102 Pa m~!, which would involve an almost insignificant
contribution to the total segment pressure drop. Regarding the
ex-vessel loop, a rough estimation of major and minor losses
gives a value of 2 bar. Summing up the different contributions,
a total value of 4 bar is obtained. The maximum value of the
hydrostatic pressure is ~13 bar. In consequence, despite the
significance of the hydrodynamic pressure (including MHD),
studying the effect of the hydrostatic pressure is relevant to
evaluate the feasibility of keeping the mechanical integrity of
the ceramic box.

In the evolution of the design towards the trade-off between
the neutronic and mechanical objectives, different cases have
been evaluated, whose characteristics and results are described
in the following subsections.

4.1. Case 1: initial sizing of the ceramic box

The initial sizing of the walls, gap and PbLi channels (v1.0)
has set the external ceramic walls thickness in 25 mm and the
gap thickness in 10 mm. SiC has been used as material for
the neutron transport analysis. Pure compositions have been
used in every analysis reported in this work. However, after
the first neutron transport analysis with SiC, ZrO, has been
the reference material for the mechanical analysis, in both
this and the rest of cases, due to its superior strength. The
temperature-independent mechanical properties of EUROFER
and ZrO; (density, Young’s modulus and Poisson’s ratio) have
been respectively taken from [25] and [26]. The values of
09, Vo and m have been taken from [27]. Two loading cases
have been studied: (1) increase of temperature from Ty, tO
T operation; and (2) combination of internal PbLi pressure and
own weight.

The mechanical integrity analysis has shown a very good
response of the isostatic supporting system to thermal loads,
with peak stresses as low as a few MPa (figure 9). It has also
demonstrated an adequate performance under PbLi hydro-
static pressure (up to ~13 bar) and own weight (figure 10).
It must be noted that a probability of failure lower than 10~°
is considered as evaluation criterion. Just a few elements loc-
alized at the intersection of the toroidal stiffening wall and the
lateral walls -near the 90° turn after the inlet- are close to such
limit (figure 11). This is a critical position because the exerted
pressure is among the highest and the distance between the
toroidal wall and the front and bottom walls is long. In fact,
the deformation of the lateral walls along the toroidal axis is
maximum in this area.

Conversely, the thickness of the double wall has led to
a TBR of 1.02, far from the target of 1.15. However, the
requirements concerning shielding functions (displacements
per atom, fluence and nuclear heating in the TF coils winding
pack and the vacuum vessel) [28] have been fulfilled.

4.2. Case 2: reduced wall and gap thickness

In order to improve tritium generation, the ceramic walls, gap
and PbLi channels have been re-sized (v2.0). The external wall
thickness has been reduced from 25 to 12.5 mm, the gap has

278094
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Figure 9. Equivalent stress (Pa) in the ceramic box due to thermal
loads. Case 1.

.250E+07

been reduced from 10 to 5 mm, and the radial size of the PbLi
front channels has been enlarged between 3 and 12%, depend-
ing on the kind of segment and the poloidal position.

As shown in figure 12, the re-sizing has resulted in a severe
decrease in reliability when the ceramic box is loaded with
PbLi hydrostatic pressure and its own weight. 3.38% of the
FE model elements have a probability of failure higher than
10°. A mixture of cases 1 and 2 -case 2 b- (v1.0 model with
v2.0 thickness) has been also analyzed to evaluate the respect-
ive contribution of the wall thickness and the PbLi channels
size. The results show that the first is by far the most import-
ant factor to globally increment the probability of failure.

Regarding the neutronic assessments, the obtained TBR
(1.144) is close to the target. The neutron transport analysis has
been repeated, successively replacing SiC by MgAl,Oy, SiO,
and ZrO, (table 2). In the case of ZrQO,, the TBR increased
to 1.17, a value with enough margin over the objective. With
respect to the shielding responses, the three compositions
fulfill the requirements, avoiding the TF coils quench. Only
spinel overreaches the limit of nuclear heating in the TF coil,
although a slight improvement in the shielding performance
could be enough to meet the requirements.

4.3. Case 3: the chance of the gap gas

The gas that fills the gap offers a way to help the ceramic box
withstanding the PbLi hydrostatic pressure without an undesir-
able increase of the wall thickness. This gas is meant to flow
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at low or moderate velocity in order to drag gaseous activa-
tion products and help to smooth hot spots. In comparison with
high-pressure gases, a low-pressure gas has lower density and
hence, lower heat removal capacity, but it produces lower pres-
sure drop and allows reducing the peak pressures generated
on the ceramic surface in case of an accidental break of one
of the FW He cooling channels [1]. With the aim of selecting

]
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Figure 12. Probability of failure in the bottom region. Case 2.

Table 2. TBR results with different compositions. Case 2.

TBR
SiC 1.144
MgAl,O4 1.14
Si0, 1.15
ZrO, 1.17
Velocity
15.0

Figure 13. Velocity streamlines in the gap (He, 5 mm gap
thickness, 5 m s ! inlet velocity, p = 3 bar and isothermal case).

the operational conditions of this gas, a set of CFD simula-
tions have been carried out in ANSYS FLUENT to evaluate
the pressure drop and pumping power necessary in the OBC
segment (figure 13). Different gases (He, N and Ar), pressures
(1 and 3 bar), inlet velocities (0.05, 1 and 10 m s~!) and gap
thicknesses (5 and 10 mm) have been assessed. The effect of
temperature (isothermal and non-isothermal cases) has been
also studied.

It has been found that the pressure losses and the pump-
ing power are relatively low. In the worst case, the pumping
power required for one segment is less than 4.5 kW, which
can be supplied by a conventional blower. He, whose density
and viscosity are the lowest, experiments the lowest pressure
drops. Additionally, considering a non-uniform temperature
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Figure 14. Cumulative frequency of elemental probability of failure
in cases 1, 2, 2b and 3.

involves an increase in pressure drop of ~70%. Finally, the
cooling ability of the gases at these conditions is not signific-
ant. Approximately 4 kW are extracted by He when an inlet
velocity of 1 m s~ is considered (around 40 kW with an inlet
velocity of 10 m s~!). These results indicate the possibility to
moderately increase the gas pressure, so that it can oppose the
PbLi hydrostatic pressure.

As can be perceived in figure 14 (orange vs. red curve),
the effect of the gas pressure on the reliability of the ceramic
box is not trivial, although insufficient for the tested level.
Furthermore, such pressure level could be hardly raised, since
it would mean increasing the load on the internal surface of a
EUROFER FW without a stiffening grid.

4.4. Case 4: auxiliary toroidal stiffening wall

The last case of this series has consisted in increasing the lat-
eral and back walls thickness from 12.5 to 22 mm, as well
as increasing the front wall thickness from 12.5 to 14 mm. In
addition, a new toroidal wall (12.5 mm thickness) has been
included to strengthen the wide span at the 90° turn in the
bottom region (figure 15). Such wall is not expected to have
a significant impact on the PbLi flow, although it must be
checked. This way, it is possible to stiff the largest unsuppor-
ted areas without interposing thick walls which penalize the
TBR. The positive mechanical effects are revealed in figure 16.
Excepting one specific point, a probability of failure <10~°
has been obtained in the whole number of elements. It must
be emphasized that this analysis does not include the hydro-
dynamic pressure, although the overall result is still acceptable
if an extra pressure of 4 bar is considered. In such case, only
0.8% of the total number of elements have a probability of
failure >10~%, which can be mitigated by minor measures.
From the neutronics point of view, this design provides a
TBR of 1.154 (with ZrO;), which fulfills the requirement. As
can be appreciated in figure 17, when comparing the tritium
generation gradient at the position of the auxiliary toroidal
wall and other surrounding positions, this wall has a minor

Figure 15. Detail of the auxiliary toroidal stiffening wall.
Radial-poloidal section view.
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Figure 16. Probability of failure in the bottom region. Case 4.

influence on the displacement of the local generation profile.
The shielding requirements are fulfilled as well.

4.5. Reflectors and shielding materials to enhance the TBR

It has been also studied how to enhance the TBR by inter-
posing a functional reflecting/shielding material between the
EUROFER back wall and the ceramic box [29]. Looking for a
material with a low neutron absorption cross section or a high
elastic scattering cross section, different options (e.g. TiHj,
ZrH,, YH, ¢, C, WC, B4C) have been evaluated. It has been
found that a C-based reflector can directly enhance the TBR
(+1.58%). Besides, metal hydrides, preferably ZrH; -that also
has a positive direct contribution to the TBR-, are useful to
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Figure 17. Tritium generation map for case 4. Radial-poloidal
section view.

reduce the shielding thickness in favor of the breeder one to
increase the tritium production without modifying the ceramic
box wall thickness.

5. Optimization of the FW cooling system

A substantial progress has been made in improving the
thermal-hydraulic performance of the FW cooling system
under steady state heat loads. The FW is cooled by a suc-
cession of square-section (12.5 x 12.5 mm?) U-shaped chan-
nels in counterflow (figures 15 and 18) distributed along the
poloidal direction by two long manifolds (figure 19). There
is also a small number of channels in charge of cooling the
top and bottom walls. Depending on the load specification, the
steady state heat flux on the tungsten surface due to charged
particles and radiation from the plasma can be very spatially-
heterogeneous [30] (figure 20). The employ of a uniform mass
flow rate adapted to the peak heat flux can lead to an oversizing
of the cooling system that would decrease the thermodynamic
cycle efficiency -helium extracts 1/3 of the total power depos-
ited in the BB- and increase the coolant recompression power.
For that reason, the TOMFLOW code has been developed and
validated against 3D FE analysis [31]. It started from the basic
strategy described in [1], based on the PLATOON code, and
has incorporated additional phenomena. TOMFLOW allows
a fast calculation of the minimum mass flow rate required in
each channel to ensure that the EUROFER structure is kept
at temperatures below 550 °C (figure 21). The results show a
substantial gain in the global He outlet temperature (418.5%)

Figure 18. Detail of the FW cooling channels (poloidal-radial
section view). The dimensions are indicated in mm. The blue-to-red
arrows display the He flow direction.

Figure 19. Scheme of manifolds (poloidal circulation) and
U-shaped cooling channels (radial-toroidal-radial circulation) at the
equatorial level. Two consecutive channels flowing in counterflow
are represented.

and a decrease in the total mass flow rate (—15.6%) in the OBC
segment with respect to a uniform mass flow rate equal to the
maximum demand.

However, that approach assumes that the channels are indi-
vidually fed, with an ideal control of mass flow rate. The
question is: if we consider the complete hydraulic networks,
including the manifolds and channels, is it possible to modify
the hydraulic resistance of each branch in a way that allows
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Figure 20. 3D steady-state heat flux map (W m~2) on the surface of
the OBC (left) and IB (right) FW at the end-of-flat equilibrium [30].
The OBC FW is partially covered by an equatorial limiter. To
consider the most general case, it has been assumed here that the
heat flux map in the limiter region would be symmetrical with
respect the central radial-poloidal plane.

reproducing the flow distribution obtained by TOMFLOW?
In order to answer that question, an optimization based on
Genetic Algorithms (GA) has been performed [32]. It is a
computationally expensive procedure, so the optimization has
been initially performed in a reduced model of 100 channels,
in order to validate the methodology prior to implementing it
in the whole geometry. In fact, the input has not been exactly
the prediction obtained from TOMFLOW (figure 21), but a
smooth curve adapted from it. As can be seen in figure 22, it
has been possible to find several suitable configurations based
on the combination of the variables that must be optimized.
These include the dimensions of manifolds and channels and
the surface roughness. The studied configurations approximate
very well the flow distribution calculated by TOMFLOW. The
best fit corresponds to the configuration with more variables.
Nevertheless, it is necessary to explore ways to enhance the
computational efficiency and accelerate the convergence of the
method. Future steps will involve the application of this meth-
odology to the whole model, incorporating local minor losses
and exploring solutions that allow a smoother variation of the
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Figure 21. Minimum mass flow rate needed for each channel in the
OBC segment.
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Figure 22. Comparison of the optimum mass flow rate
(TOMFLOW) and the distribution obtained by GA in different
cases.

hydraulic diameter along the manifolds length to improve the
component manufacturability.

6. Modeling tritium transport

In section 2, it is affirmed that tritium permeation through the
ceramic wall should be negligible because ceramic materials
like SiC, ZrO; or Al,O3 generally have low permeability to
H-isotopes. Nevertheless, this statement must be specified for
different conditions and should be redefined to include the
whole BB system. Using the simulation tool EcosimPro [33,
34], a system-level transient model of the blanket and the main
ancillary systems that compose the PbLi loop has been cre-
ated (figure 23). The model includes a blanket sector (1/16 of
the tokamak) connected to two different loops: one for the IB
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Figure 23. Process flow diagram of the BB tritium transport model.

segments and other for the OB segments. The segment sub-
model represents the PbLi channels, the ceramic walls and
the gas that fills the gap with the EUROFER envelope (argon
has been assumed here). The ancillary systems comprise a
Permeator Against Vacuum (PAV) as tritium extraction sys-
tem and a Steam Generator (SG). The different systems are
connected by pipes.

The considered transport phenomena [33] are the
following:

(a) PbLi flow: it represents the evolution of H-isotopes con-
centration. It includes advection terms, a source term and
a permeation term.

(b) H-isotopes flux through materials: diffusion is governed
by Fick’s 1st law in function of the concentration gradient.
It includes a trapping model.

(c) Interfaces between materials: application of the Sieverts’
law at solid-solid and solid-liquid interfaces. In gas-solid
interfaces there is a permeation flux determined by recom-
bination and dissociation processes. This kind of boundary
condition is also assigned to the external faces of the pipes,
in order to consider permeation to the environment (room).

The materials considered in the model are PbLi, SiC
(ceramic walls), EUROFER (pipes), AISI 316 (SG) and vana-
dium (PAV membranes). Their respective tritium transport
properties have been taken from [35—42]. Tritium is generated
with a rate of 320.26 g d~! in pulses of 7200 s with a dwell
time of 600 s [43]. Different cases have been analyzed:

6.1. Case 0: ideal extraction

It has been assumed an extraction efficiency of 80% in the
PAV. Besides, the ceramic walls have been considered as non-
damaged. The results show that the tritium inventory is mainly
localized in the BB, although inventories in pipes and the SG
are also important. Permeation losses occur principally in the
SG (from PbLi to water). Permeation to the environment is
also significant, but it is practically null inside the BB (from
PbLi to Ar, figure 24), which absolutely agrees with the state-
ment that opens this section.
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1.2x107 -
S 1.0x10% 4 — — PbLito Ar (BB) case 0
=) ~ — PbLito water (SG) case 0
\q: — — PbLito room (pipes) case 0
% 8.0x10° + —— PbLi to Ar (BB) case 1
E —— PbLi to water (SG) case 1
o 8.0%10° —— PbLi to room (pipes) case 1
g 0x10
g i
© 4.0%x107 -
o
2010%H /4 T T e e e e e e
0.0
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Figure 24. Evolution of permeation rates from the different
subsystems. Cases 0 and 1.

6.2. Case 1: physical model of the PAV

The PAV submodel has been used instead of the ideal extrac-
tion efficiency. The calculated efficiency is different for each
PbLi loop and, in any case, lower than the ideal one (approx-
imately between 65 and 78%). Due to the high solubility of the
PAV membranes, the PAV submodel retains the largest invent-
ory in the system. As in case 0, the most important permeation
losses occur in the SG (figure 24).

6.3. Case 2: damage factor

This case considers enhanced permeability in the ceramic
material due to neutron damage. The effect of the dam-
age factor () is distributed among diffusivity and solubility
(factor n € [0, 1]),

n
deg =« D()

KSimg = o 'Kso

where D is the diffusivity and Ks is the Sieverts’ constant.

It has been found that the neutron damage has to increase
the mass transport properties of the ceramic seven orders of
magnitude (o = 107) to obtain a permeation rate of approxim-
ately 1 gd~! in the BB (from PbLi to Ar).

6.4. Cases 3/1 and 3/2: H» in water or Ar

These cases are focused on assessing the effects of co-
permeation and counter-permeation [44, 45]. The simulations
start from the conditions of case 2 (damaged ceramic wall).
The results of case 3/1 indicate that the tritium permeation rate
in the SG depends on the H, concentration in water (figure 25).
H, favors permeation by facilitating surface recombination.
However, the increase of H, concentration in PbLi (permeated
from water) enhances permeation to the environment but also
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facilitates tritium recovery in the PAV (figure 26). Indeed, for
a sufficiently high concentration of H, in water, the tritium
inventory in PbLi significantly decreases and counteracts the
co-permeation effect in the SG. A similar extraction enhance-
ment is observed when H, is added to Ar (case 3/2).

6.5. Case 4: trapping in the ceramic material

This case has been defined to assess the effect of consider-
ing trapping inside the SiC walls. According to [46-48], the
thermal desorption spectrum of SiC is compatible with 2 or 3
high-temperature and high-density traps. They correspond to
covalent bonds between tritium, carbon and silicon (C-Si-T,
C—C-T and Si—C-T [49]).

For undamaged walls, the diffusion of tritium through the
SiC bulk is so reduced that only a negligible amount of tritium
is trapped. In case of heavily damaged walls (o = 107), tritium
can penetrate into the walls in significant quantities, where it
is trapped in the high-temperature and high-density traps. In
this extreme case, the trapped inventory after 20 d of operation
would be more than 25% of the generated tritium. As expected,
permeation rates in the pseudo-steady state are not affected by
trapping phenomena.

In summary, the favorable situation under the reference
conditions can get complicated by the presence of damage in
the ceramic material (e.g. due to neutron irradiation), although
the damage has to be severe to observe a significant tritium per-
meation from PbLi to the gap gas. Besides, the addition of H,
to the SG water or the gas is revealed as an interesting resource
to reduce tritium permeation rates from PbLi by improving tri-
tium recovery.

7. MHD modeling activities

A 2D fully-developed flow code and a 1D fully-developed
flow Q2D model have been created and extensively exploited
to parametrically analyze heat transfer phenomena in buoyant
liquid metal MHD flows. The models have reproduced in a
simplified way one of the PbLi poloidal front channels of the
OBC segment, assuming perfectly insulated walls.

The resolution of a high number of cases in HPC
Marconi has allowed obtaining different correlations of the
Nusselt number: with channel aspect ratio, wall conductance,
Grashof (Gr), Hartmann (Ha), Reynolds (Re) and the expo-
nent of the heat generation profile. The details are described
in [50].

Apart, taking advantage of the PbLi-compatibility exper-
iments with Al,O3 samples carried out in a forced circula-
tion loop, which are cited in section 3, it has been proposed
to numerically investigate the wall shear stress (7 = u-0u/0z,
where p is the PbLi dynamic viscosity and du/0z is the velo-
city gradient normal to the wall) at different flow velocities
(1-41 cm s~') with and without an applied magnetic field (0—
5 T). The objective has been to relate it back to the corrosion
level of the retrieved samples, since previous works have cor-
related this magnitude with the thinning rate in water pipes
[51]. ANSYS FLUENT has been used to model these experi-
ments, employing the magnetic induction method and the SST
k-w as turbulence model.

As schematically represented in figure 27, two rows of
samples are installed along the PbLi flow direction inside an
electrically conducting duct. The magnetic field is perpendic-
ular to the flow direction. Figure 27 also depicts a section of
the mesh (~2 M of hexahedral cells). The steel walls are rep-
resented by a thin-wall boundary condition.

A relatively wide range of Re (up to ~32000) and Ha (up
to ~1600) have been simulated to investigate the impact of
the flow regime on the wall shear stress. Figures 28 and 29
show the different velocity distribution obtained in the middle
ZX plane for the cases with B = 0 and B = 5 T, respectively.
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Figure 27. Geometry of the model. The mesh is shown on the right
side. The lines along which the wall shear stress is evaluated are
displayed in green (solid: outer side; dotted: inner side).
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Figure 28. Velocity map in the middle plane at B = 0 and an

average velocity of 41 cm s~ L.

Figure 30 exposes the average wall shear stress calculated in
the outer side line of figure 27 as a function of Re and Ha.
The graph clearly exhibits a greater dependence of this mag-
nitude with Re than with Ha for the range of values explored.
When both dimensionless numbers are combined into the
Stuart number or interaction parameter (N = Ha?/Re), the plot
of the wall shear stress against this number (figure 31) shows
a power law tendency. Translating the numerical findings into
the corrosion level of the Al,O3 samples, the analysis of such
samples should show 30%—-58% higher erosion in the surfaces
localized inside the 5 T magnetic field than the ones local-
ized outside, depending on the sample side (inner or outer,
respectively) in which the analysis is done. Nevertheless, the
microstructure has remained practically unaltered, independ-
ently of the sample position with respect to the magnetic field.
Therefore, this hypothesis could not be verified.

To conclude this section, it must be mentioned an ongoing
activity that looks for studying the flow distribution among
the parallel channels from the inlet pipes, which potentially
can have a significant impact on the design (e.g. need of flow
deflectors).
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Figure 29. Velocity map in the middle plane at B =5 T and an

average velocity of 41 cm s~ !
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Figure 31. Wall shear stress obtained in the outer side of the
samples wall in function of the Stuart number (N).

8. Conclusions

The proposed design of an advanced BB is based on an evol-
ution of the DCLL concept. In a summary of the advantages
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that have motivated its conception, it is worth noting the ones
derived from the integration of a ceramic breeding zone and
a protecting steel envelope that includes the FW. The elec-
trically resistive and chemically compatible ceramic mater-
ial allows minimizing the MHD pressure drop and corrosion-
erosion rate, and means lower weight and lower steady state
magnetic forces due to magnetization of the reduced activa-
tion ferromagnetic steel. Besides, it makes tritium permeation
towards the exterior of the box almost negligible. Such integ-
ration of the ceramic box and the steel envelope allows a sim-
ultaneous operation with two thermal levels and minimizing
the fraction of thermal power extracted by He, a compressible
fluid with larger needs in recirculating power than the self-
cooled breeder, PbLi. Precisely, the configuration of the PbLi
channels minimizes the risk of reversed flows due to buoy-
ancy forces and the problems linked to nucleation and grow-
ing of He bubbles. Furthermore, the broad temperature range
selected for these circuits (300 °C-700 °C) is favorable to
reduce the mass flow rate (better to minimize MHD and pump-
ing power) and still permits achieving a significant value of
Carnot’s cycle efficiency. The high outlet temperature of PbLi
is also beneficial to improve the recovery of tritium dissolved
in the liquid metal.

Among the drawbacks, the double-wall thickness supposes
a challenge for tritium self-sufficiency, although it has been
demonstrated that is possible to find solutions that satisfy tri-
tium production and shielding requirements and, at the same
time, safeguard the blanket mechanical integrity. The need
of developing ceramic-metallic connections for the interfaces
between the blanket and the ex-vessel pipes, which is already
an ongoing activity, is another difficulty. In general, manu-
facturing can be complex, because of the size of the ceramic
box and the need of ensuring homogeneous properties in the
whole volume. Like in the case of other BB concepts that pro-
pose analogous designs of the FW, this component faces crit-
ical obstacles in manufacturing (deposition of the W layer in a
large curved area and assembly of the steel parts while keeping
the specifications of the cooling channels).

The R&D activities have been focused on the characteriza-
tion of candidates for the ceramic material. So far, no serious
showstopper in terms of electrical conductivity and compatib-
ility with PbLi (in as-received or irradiated/implanted condi-
tions) of some commercial compositions has been found.
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