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Abstract: The water-cooled lead lithium breeding blanket (WCLL BB) is one of two BB candidate
concepts to be chosen as the driver blanket of the EU-DEMO fusion reactor. Research activities
carried out in the past decade, under the umbrella of the EUROfusion consortium, have allowed a
quite advanced reactor architecture to be achieved. Moreover, significant efforts have been made
in order to develop the WCLL BB pre-conceptual design following a holistic approach, identifying
interfaces between components and systems while respecting a system engineering approach. This
paper reports a description of the current WCLL BB architecture, focusing on the latest modifications
in the BB reference layout aimed at evolving the design from its pre-conceptual version into a robust
conceptual layout. In particular, the main rationale behind design choices and the BB’s overall
performances are highlighted. The present paper also gives an overview of the integration between
the BB and the different in-vessel systems interacting with it. In particular, interfaces with the tritium
extraction and removal (TER) system and the primary heat transfer system (PHTS) are described.
Attention is also paid to auxiliary systems devoted to heat the plasma, such as electron cyclotron
heating (ECH). Indeed, the integration of this system in the BB will strongly impact the segment
design since it envisages the introduction of significant cut-outs in the BB layout. A preliminary CAD
model of the central outboard blanket (COB) segment housing the ECH cut-out has been set up and
is reported in this paper. The chosen modeling strategy, adopted loads and boundary conditions, as
well as obtained results, are reported in the paper and critically discussed.

Keywords: DEMO; WCLL; breeding blanket; integration

1. Introduction

In the roadmap to the realization of fusion energy [1], a central role is played by the
breeding blanket (BB), a key component involved in at least three out of eight missions
present in the roadmap itself. Indeed, tritium self-sufficiency, handling high heat fluxes to
shield key components and recovering the thermal energy produced by fusion reactions
are the three main duties of the BB. In order to reach this goal, since 2014, a significant
effort has been undertaken towards the design of this system, with the achievement of a BB
pre-conceptual design (PCD) at the end of the Framework Programme 8 (FP8) or Horizon
2020 Programme [2].
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Among the different BB concepts assessed during the PCD phase, the water-cooled
lead lithium (WCLL) and the helium-cooled pebble bed (HCPB) are the two BB concepts
that have been selected for further studies in the conceptual design phase. The final goal is
to select one of them as the “driver” blanket of the DEMO plant [2].

Both BB concepts share a considerable number of features, such as the interfaces with
the vacuum vessel (VV), the remote maintenance (RM) system and the structural material,
which is the reduced activation ferritic martensitic (RAFM) steel EUROFER. On the other
hand, they significantly differ on the coolant, breeder and neutron multiplier materials.

The WCLL BB [3] adopts water at high pressure (15.5 MPa) and high temperature
(295–328 ◦C) as a coolant medium, while the role of the PbLi eutectic liquid metal alloy is to
multiply neutrons (Pb) and breed tritium (Li). To this end, the lithium present in the WCLL
is enriched at 90% in 6Li. Moreover, PbLi flowing through the blanket also plays the role of
tritium carrier towards the Tritium Extraction and Removal (TER) system placed outside
the VV and the bioshield.

Although the WCLL BB design has reached a quite advanced and consolidated stage,
some issues remain to be solved. Indeed, a critical analysis of the work completed during
FP8 was carried out by a panel of external experts [2], which identified a list of risks to be
faced and mitigated. Among them, those concerning the low BB reliability and neutronic
performance (low tritium breeding ratio—TBR), as well as those relevant to the coolant
distribution should be mitigated by improving the design.

A general description of the WCLL BB architecture and its main neutronic, thermal–
hydraulic, MHD and thermo-mechanical performances are reported in this paper, as well
as some studies relevant to the BB integration in the VV.

2. WCLL BB Layout and Performances

The architecture of the WCLL BB has not significantly changed in the past few years [2–4],
maintaining some cornerstones such as the adoption of the single module segment approach,
two independent cooling circuits for the first wall (FW) and breeding zone (BZ), as well as the
double-walled tubes (DWTs) for the cooling of the BZ.

A generic segment is composed of a C-shaped FW cooled by means of square channels
and coated with a 2 mm tungsten armor, a complex of plates to stiffen the BZ (stiffening
plates—SP), a system of manifolds for water and PbLi distribution and a back-supporting
structure (BSS) to mainly sustain dead and electro-magnetic (EM) loads to which the
blanket is subjected (Figure 1). Bundles of DWTs are in charge of removing the heat
power deposited in the BZ. The internal structure of a WCLL BB segment may be thought
of as the repetition in the poloidal direction of similar elementary units, also known as
“slices”. Concerning the manifold system, it can be divided into three main blocks. The first
regards the PbLi manifold, positioned just behind the BZ and constituted by an alternance
of rectangular ducts. They represent the PbLi inlet and outlet manifolds, feeding and
collecting the liquid breeder to the different elementary units. The second, located just
behind the former, is the BZ water manifold. It is constituted by an inlet manifold (IM)
at the center of the slice feeding the 14 external DWTs, two recirculation manifolds (REC)
located near the side walls collecting the water of external DWTs and feeding the eight
central ones, and two outlet manifolds (OM) routing water to the outlet pipe. Finally, there
are the FW manifolds, located next to the side walls and constituted by rectangular ducts
developing themselves through the whole poloidal length of the segment. An overall view
is depicted in Figure 2. A more detailed description of a generic WCLL BB segment can be
found in [3].

Although a quite advanced design has been reached, in order to cope with temperature
limitations (e.g., the suggestion to not exceed 550 ◦C in EUROFER components), it was
necessary to modify the DWT and FW layout in some regions of the BB segment [5]. This
was mainly due to the non-uniform distribution of both the FW heat flux coming from the
plasma [6] and the volumetric nuclear heating due the interactions between neutrons and
both structural and breeding materials [7]. The twofold outcome of this modification was
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the increase in the number of FW channels per slice in the lower region of the Outboard
Blanket (OB) segments from four to six, and the increase in DWT number from 22 [8] to 24
in the central part of the outboard blanket. A similar work was carried out for the inboard
blanket (IB). The drawback of this change in the layout is the increase in water content in
the WCLL BB, which may have a negative impact on the TBR.
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2.1. Neutronic Performances

The neutronic analyses of the WCLL breeding blanket are aimed at the evaluation
of the nuclear performances of the blanket’s present design, both in terms of tritium self-
sufficiency and shielding capabilities, providing guidelines for further optimization of the
breeding blanket structure and its future development. Three-dimensional coupled neutron
and gamma transport simulations have been performed according to the guidelines on
neutronic studies [9,10] by means of the MCNP5v1.6 Monte Carlo code [11] complemented
with the Joint Evaluated Fusion File JEFF 3.3 nuclear data libraries [12]. The analyses have
been performed using a fully heterogeneous MCNP model of the BB/manifold system
developed on the basis of the DEMO 1 2017 MCNP reference configuration, representing a
11.25◦ toroidal sector of the tokamak [13], provided with reflective boundary surfaces on
the planes that delimit the geometry, in order to simulate the whole 360◦ tokamak extension.
The plasma parameters that define the neutron source enclosed in the model (1998 MW
fusion power, neutron yield: 7.095 · 1020 n/s) are shown in Table 1.
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Table 1. Main parameters of DEMO baseline configuration.

Parameter Value

N◦ of toroidal field coils 16
Major radius (m) 8.938
Minor radius (m) 2.883
Aspect ratio 3.1
Plasma elongation 1.65
Plasma triangularity 0.33
Fusion power 1998
Average neutron wall loading (MW/m2) 1.04
Net electric power 500

The MCNP modeling approach adopted to achieve the generation of a detailed WCLL
DEMO geometry relies on the same technique used in past analyses [7]. The EU DEMO
1 2017 baseline model has been segmented into sectors to host specific “universes” in-
cluding the inboard/outboard main components: armor, FW and side walls with water
channels, caps, breeding units (BU), BSS and manifolds. In particular, the area dedicated
to the BZ, which is characterized by a complex layout for the cooling pipes, has been
represented through the replication of the inboard and outboard equatorial BUs along the
toroidal/poloidal direction by means of proper roto-translation matrixes applied to the
original geometry.

The CAD models of the WCLL BB subcomponents have been pre-processed and
simplified by means of the 3D modeling software Ansys SpaceClaim 2019 [14] in order to
generate geometries suitable for neutronics analyses. Successively, the conversion into the
equivalent MCNP representation of treated files has been carried out by means of the CAD-
to-MCNP interface tool embedded in the SuperMC code [15]. The WCLL DEMO MCNP
model is shown in Figure 3; the variation of the radial extension of the inboard/outboard
modules in the poloidal direction has been handled keeping the distance between the FW
and the innermost BB cooling channels fixed.
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The MCNP model of the DEMO reactor integrating the WCLL BB has been employed
to perform dedicated studies aimed at verifying its nuclear performances in terms of tritium
generation and shielding effectiveness in protecting the toroidal field coils (TFC) of the
machine. The simulations have been performed using standard MCNP cell-based (F4, F6,
F1, F2 tallies) and mesh tallies (FMESH tally) with a poloidal extension that cover a single
equatorial inboard and outboard BU; the tally definition is complemented with proper
multipliers to calculate the needed nuclear responses.

The WCLL BB shielding performances are evaluated by means of the assessment of
the neutron flux, nuclear heating density, dpa and He production in steel components along
the inboard and outboard mid-plane. Figure 4 shows the inboard and outboard radial
profiles of the total (in blue) and fast (E > 100 keV, in red) neutron flux from the FW up to
the TFC.
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The total neutron flux at the inboard and outboard W armor is 6.4 · 1014 n/cm2/s
and 4.65 · 1014 n/cm2/s, respectively. Inboard, the blanket/manifold system ensures a
reduction of more than two orders of magnitude to the inner vacuum vessel (VV) region,
and the neutron flux further decreases by three orders of magnitude across the VV, being
5.2 · 108 n/cm2/s (total), and 3.8 · 108 n/cm2/s (fast) on the TFC. Consequently, the
WCLL BB shielding capability ensures that the 109 n/cm2/s design limit (dotted red line
in Figure 4) for the fast neutron flux on the TFC is fulfilled. In the outboard sector, a three
orders of magnitude attenuation of the neutron flux across the blanket/manifold system is
provided. The adequate shielding performances of the WCLL BB are also confirmed by
the very low values of dpa and He appm predicted within the VV. Indeed, a damage of
about 0.03 dpa and helium production of 0.38 appm are predicted for the VV. Both values
are well below the limits, equal to 2.75 dpa and 1 appm, respectively.

The radial profiles of the nuclear heating density evaluated in EUROFER and PbLi
(BB) and SS316L (VV and TFC) for both inboard blanket (IB) and outboard blanket (OB) seg-
ments are shown in Figure 5. The highest values computed for the inboard are 23.12 W/cm3

on the W armor and 7.5 W/cm3 on EUROFER in the FW and 0.026 W/cm3 on the
VV inner shell SS316L. The maximum heat load density deposited onto the magnet is
4.7 · 10−6 W/cm3; thus, the BB system guarantees sufficient protection of the TFC (design
limit: 5 · 10−5 W/cm3). As far as the outboard is concerned, the nuclear heating density on
the W armor reaches 27 W/cm3, while it decreases up to 9.45 W/cm3 and 3.2 · 10-2 W/cm3,
respectively, on the FW EUROFER and SS316L VV inner shell.

The assessment of the total tritium breeding ratio (TBR) aimed at the verification of
the tritium self-sufficiency for the WCLL DEMO reactor has been carried out for each
subcomponent of the BB that contributes to the tritium generation (i.e., breeding zones
enclosed in BU and PbLi manifolds), considering the contribution due to neutron capture
reactions occurring on 6Li and 7Li isotopes. The obtained total TBR for the present WCLL
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DEMO design is 1.14, a value slightly lower than the design target for tritium self-sufficiency
(1.15 [16]). With respect to the 2020 WCLL BB layout [7], the amount of water in both the
inboard and outboard segments of the BB is increased, resulting in a reduced effective
volume for the breeder. Moreover, the present concept also presents a slight increase in
the outboard FW water content. The water has a double effect: it moderates the neutrons,
enhancing the probability that they could interact with the lithium nuclei (i.e., the neutron
absorption cross-section on lithium increases with the reduction in the incident neutron
energy), but it also drastically inhibits the neutron streaming in the innermost breeding
blanket segments. Considering these issues, a further optimization of the BZ performance
in terms of tritium generation has to be taken into account in order to achieve the required
TBR design target.
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2.2. Thermal–Hydraulic Performances

Different global and local analyses have been carried out to investigate the thermal–
hydraulic behavior of the WCLL BB.

As far as the assessment of the water manifold behavior is concerned, a global analysis
adopting a hybrid modeling approach was performed on the BZ one [3,17]. The DWT
assembly of each half BU (11 pipes [8]) was replaced by two equivalent porous pipes (EPPs)
modeled using an equivalent porous model specifically developed to mimic the hydraulic
behavior of DWTs. The first pipe connects IM to the REC manifold, while the second one
connects the REC to the OM. Then, the thermal–hydraulic behavior of the whole manifold
was studied adopting the STAR-CCM+ code.

A steady-state thermal–hydraulic simulation has been performed, applying the neu-
tronic nuclear heating deposited in the BZ (§2.1) to the EPP water domain. The poloidal
variation in the heat generation in the different OB regions [7] has been accounted for, and
the final driver in the EPP for the thermal simulation is shown in Figure 6. As far as the
manifold region is concerned, the non-negligible heat generation in the EUROFER and
water is directly given as a volumetric heat source to the water within the manifolds. In the
simulations, the thermophysical properties of water are taken as constant in pressure and
temperature, in view of the small temperature variation expected for the coolant. RANS
equations are used to account for water turbulent conditions, and the k-ω SST turbulence
model is used, including the Γ-transition option to allow capturing the transition to laminar
flow that could occur at low values of flow rates (REC manifold, beginning of the OM and
end of the IM).

The flow imbalance among the breeding units was already reported in [3]; in Figure 7a,
the flow distribution along the manifolds is rather reported, showing the expected decrease
and increase in the IM and OM, respectively, and a small net flow along the REC.
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The corresponding bulk temperature distribution computed along the manifolds is
reported in Figure 7b. The temperature of the IM is nearly constant and equal to the inlet
temperature of the water, which is 295 ◦C. Only in the upper centimeters of the manifold,
the temperature in the IM rises by ~15 ◦C due to the absence of DWTs, which creates a
stagnant water zone. In the OM, temperature increases almost linearly in the central part
of the manifold, between s = 2 m and s = 12 m. In the bottom part, s < 2 m, the temperature
of water is higher because of the low mass flow rate in OM (Figure 7a); in the upper part,
s > 12 m, the mixing temperature along the OM decreases slightly, and then it exits at
an outlet temperature of 328 ◦C. The most peculiar behavior of the temperature in the
manifolds is observed in REC. Here, the temperature of water increases considerably and
overcomes the OM temperature in the central part of the manifold. This effect can be
explained as a combination of the heat generation inside the REC, where a poor net flow
is present, and the hot water entering the REC from the EPPs is exposed to high heating
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(Figure 6). Overall, it is anticipated that the bulk fluid temperature remains everywhere
below 335 ◦C. Note that this kind of hybrid model is not suited to localize hot spots at the
wall since no conjugate heat transfer problem is solved.

The imbalance of the mass flow rate distribution and consequently of the temperature
one, suggest that orifices or layout modifications are necessary for the manifold system to
allow a correct mass flow distribution and cooling capability.

In addition to results on the BZ manifold behavior, neutronic results also highlighted
the necessity of a WCLL BB revision to enhance the TBR. To this end, a new DWT layout has
been investigated. It consists of six couples of helical-shaped DWTs, each one positioned
between two vertical stiffening plates or between the side wall and a vertical stiffening
plate (Figure 8). The rationale behind this design is a reduction in water in the BZ region
(more TBR), a better cooling capacity and a simpler flow distribution (no recirculation).
As in the C-shaped configuration, all the tubes have an internal diameter of 8 mm and an
external diameter of 13.5 mm.
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Figure 8. Helical-shaped DWT layout in the COB segment.

Each couple of tubes consists of two slightly different DWTs. DWT-1 (on the left
in Figure 9) includes a pair of straight inlet–outlet pipes of the same length extending
in the radial direction. The helicoidal part of the pipe, positioned closer to the FW, is
made of 10 bends and 9 straight sections, for a total of 2.5 windings. The tube is designed
such that part of the first and last windings are located on the same radial–toroidal plane
(i.e., horizontal). This is to maximize the DWT surface closer to the radial–toroidal stiffening
plates to be uniformly cooled. Concerning DWT-2 (on the right in Figure 9), it is composed
by straight radial inlet–outlet pipes of the same length and a helicoidal part made of
10 bends and 4 straight sections, for a total of 2.5 windings.
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Figure 9. DWT-1 (left) and DWT-2 (right) layout.

Each couple of DWTs is located in a slot of the segment such that the tubes are
equidistant between two consecutive radial–poloidal and radial–toroidal stiffening plates.
The distance of the DTWs from the FW has been optimized with CFD calculation with the
aim of reducing the hotspots. The main characteristic data concerning helicoidal DWTs are
reported in Table 2.

In order to evaluate the effectiveness of this DWT layout, a CFD simulation of an
equatorial slice of the COB segment equipped with the helical-shaped DWTs was carried
out. The Ansys-CFX code was used and the k-ω Shear Stress Transport turbulence model
was adopted. A fine mesh was created by imposing a value of y+ = 1 to the inflation
control near the walls for the resolution of the viscous sub-layer in all the fluid domains
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(i.e., water flowing into FW channels and DWTs). A steady-state calculation reproducing
the plasma flat-top conditions was performed. A heat flux value of 0.32 MW/m2 was
imposed onto the FW plasma-facing surface [6], while the nuclear heating calculated in [7]
was considered for water, EUROFER and PbLi. A water inlet temperature of 295 ◦C was
considered. The total mass flow rate flowing within DWTs was adjusted to obtain an
average output temperature of 328 ◦C. As in previous studies [8,18], the PbLi breeder was
conservatively treated as a solid, neglecting buoyancy and mixing phenomena that could
enhance the cooling capability of the BZ.

Table 2. Helical-shaped DWTs characteristics.

Parameter DWT 1 DWT 2

N◦ of tubes in COB
elementary cell 6

Number of windings 2.5
Distance from FW 10.0 mm 46.0 mm
Total length (in BZ) 2506.1 mm 2353.6 mm
Toroidal dimension 226.5 mm 106.5 mm
Poloidal dimension 120.0 mm 117.5 mm
Radial inlet–outlet part 476.7 mm 440.7 mm
Curvature radius 46.5 mm
Helix inclination 4.95◦

Results obtained from the CFD calculation (Table 3) show that despite the high thermal
loads, the helical-shaped DWTs layout is guaranteed to keep the EUROFER temperature
below the limit of 550 ◦C. Indeed, the maximum EUROFER temperature is equal to 545.1 ◦C
and it is reached on a radial–toroidal stiffening plate, as shown in Figure 10. The main
results obtained from the calculation are given in Table 3.

Table 3. Main results with the new DWT layout.

Parameter Value Unit

FW water total mass flow rate 0.63 kg/s
BZ water total mass flow rate 0.21 kg/s
DWTs average outlet T 327.5 ◦C
FW average outlet T 328.7 ◦C
Max T in Plates 545.1 ◦C
Max T in FW 529.5 ◦C
Max T in Pb-Li 618.3 ◦C
Pressure drops in DWT-1 0.260 bar
Pressure drops in DWT-2 0.147 bar
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2.3. MHD Performances

A fork of RELAP5/mod3.3 (R5-MHD), a system thermal–hydraulic code, has been
developed to make possible a quick and reliable estimate of MHD pressure loss in the
WCLL BB and the PbLi loop [19,20]. To demonstrate its capability, R5-MHD was used in a
test case based on the WCLL test blanket module (TBM) geometry, where it demonstrated
adequate qualitative and quantitative accuracy compared with pressure drop estimates
made with direct numerical simulations [21]. Given its acceptable performances, R5-MHD
was applied to the simulation of the WCLL BB loop to update the total MHD pressure drop
estimate performed in 2018 and 2019 using semi-analytical methods [22,23].

The R5-MHD model is consistent with that described in [19,21]: all the system compo-
nents are nodalized with 1D elements and a slice technique is adopted to ensure consistency
in the definition of mesh height and hydrostatic pressure. The WCLL PbLi loop in R5-MHD
includes all regions with a significant magnetic field intensity (>100 mT), considering
both toroidal and poloidal components [24]. The PbLi is assumed to flow isothermally at
T = 600K with physical properties evaluated according to [25]. For IB and OB segments,
flow rates are taken as ΓOB = 16.38 kg/s and ΓIB = 5.34 kg/s [22].

The pressure (minus the hydrostatic component) profile for the hydraulic path corre-
sponding to the central channel in the equatorial cell of the OB model is shown in Figure 11,
and the contribution of each hydraulic section is detailed in Table 4 for both IB and OB. The
profile for IB is qualitatively similar. The connection between the manifold and the BZ is
assumed to consist of 1 cm × 1 cm square windows. Total pressure loss in OB and IB is
consistent with the previous estimate, from 23.5 to 25.8 bar, and confirms that a significant
contribution is given by the inlet (FP) and outlet (DP) pipes that connect the BB and tritium
extraction removal (TER) loop. Regarding OB, the spinal and bottom collectors are also
pressure drop-intensive and are the regions where the estimate is going to benefit the most
from dedicated CFD analyses.
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Figure 11. Pressure as a function of circuit length in OB loop. Hydraulic sections: feeding pipe (FP),
bottom collector (BC), inlet manifold (IN MAN), BZ, outlet manifold (OUT MAN), top collector (TC),
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Table 4. Pressure drop (in kPa) in OB and IB loop broken down by hydraulic section (cf., Figure 11 caption).

Area OB IB

This study Ref. [23] This study Ref. [23]
FP 581 613 1499 1557
BC 422 122 84 92
IN MAN 136 68 275 328
BZ 5 n/a 17 n/a
OUT MAN 148 190 275 122
TC 30 55 5 76
SC 718 444 null null
DP 303 429 428 260
TOT 2343 1921 2583 2435
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The flow rate distribution between the radial–poloidal cells is expected to be relatively
uniform due to the electromagnetic coupling, even if a discrepancy may exist between
the equatorial and terminal ones due to the manifold layout [26]. Figure 12 shows the
differential pressure between OB BZ cells, which is qualitatively consistent with [26], even
if coupling is currently not modeled in R5-MHD.
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Flow repartition is expected to reach up to 300% of the nominal flow (0.155 kg/s) for
the terminal ones and as low as 25% for the equatorial ones. These values must be intended
as indicative since they are going to be affected by coupling, even if the accurate agreement
in terms of overall pressure loss between our model and CFD calculations for the WCLL
TBM (see Ref. [21]) suggests that, at least for this configuration, no significant pressure
penalty should be expected. Regarding IB, flow repartition is even more skewed towards
the terminal ones, where it reaches up to 500% of the nominal value (0.056 kg/s) and 10%
for equatorial ones.

Dedicated CFD analyses have also been conducted to characterize the magnetocon-
vective regime in the OB equatorial elementary cell considering an idealized pipe layout
(straight toroidal tubes) [27]. Compared to previous studies [28,29], the present model
aimed to investigate the effect of a skewed magnetic field, more accurate FW thermal
boundary conditions and higher magnetic field intensity (≈4 T, Ha = 9159).

In addition to the intense and spatially varying volumetric heating [28], a surface
thermal load equal to 0.32 MW/m2 was imposed on the external face of the tungsten
layer (2 mm thick). Heat removal in the FW was simulated considering an imposed
convective boundary condition on the surface of the four square colling channels rather
than on the whole FW surface, which unduly magnifies the available heat sink [6,28]. The
computing resources and the related technical support used for this work were provided
by CRESCO/ENEAGRID High Performance Computing Infrastructure and its staff [30].

Figures 13 and 14 show the velocity and temperature distribution at Ha = 9159. In
broad agreement with the previous studies [27,28], no temperature fluctuations were
identified after 100–300 s of transient, and heat transfer was still dominated by conduction,
with Nusselt numbers from 1.1 to 1.2. The inclined magnetic field disrupts the large-scale
convection cells and promotes a more granular structure of cells, as shown in Figure 13.
This phenomenological change appears to have had a minor impact on the heat transfer
regime, which remained consistent with that from [28]. The maximum velocity, relative to
a value of 13.5 mm/s, is located in proximity of the baffle plate, where the MHD internal
layer develops. The more accurate boundary condition for the heat sink in the FW causes
an increase in the predicted temperature of about 90 K with respect to the ones computed
in [28], suggesting a narrower safety margin with EUROFER limit temperature compared
with previous calculations. The minimum and maximum values in Figure 14 are related to
342 ◦C and 467 ◦C, respectively.
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2.4. Thermo-Mechanical Performances

With the aim of evaluating the structural performances of the WCLL COB segment,
thermo-mechanical analyses under nominal and accidental loading scenarios were car-
ried out. In addition, local analyses aimed at investigating more in detail the structural
performances of some regions of interest were performed.

Thanks to a purposely set-up procedure [31], a realistic 3D thermal field was estimated
and applied to the whole COB segment [5] without performing the thermal analysis of the
whole segment, which would have implied a tremendous computational burden. Then, its
structural behavior was evaluated under different steady-state loading scenarios in view
of the RCC-MRx structural design code [32]. In particular, as reported in [5], the normal
operation (NO), over-pressurization (OP) and upper vertical displacement event (UVDE)
scenarios, classified in the RCC-MRx code as Level A (i.e., nominal), Level D (i.e., sever
accident) and Level C (i.e., off normal condition), respectively, were considered.

The results show that the COB segment experiences, in all the assessed scenarios,
a qualitatively similar displacement field, with an evident radial displacement in the
equatorial region (for example, in Figure 15, displacements under NO and OP scenarios are
reported), suggesting a revision of the attachment system. Moreover, a stress linearization
procedure performed in some critical regions of the internal stiffening plates (SPs) allowed
verifying the fulfilment of the pertinent sets of RCC-MRx rules. The results have shown that
the criterion considering the secondary stresses, namely that against the immediate plastic
flow localization, is largely not met especially in the equatorial region, mainly because of
the excessive thermal deformation.
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In a second phase, the sub-modeling technique was applied to locally assess in detail
the structural performances of some regions of interest. Thanks to this approach, it is
possible to assess the local thermo-mechanical behavior of some regions of the segment
imposing, as boundary conditions, the displacement field previously calculated in the
analysis of the whole segment in the considered loading scenario. Finally, applying the
sub-modeling technique, it is also possible to perform detailed structural analysis of the
segment box (SB), as the local model includes the cooling channels, not modeled in the
whole segment analysis to save computational resources. Therefore, 3D FEM models
reproducing the top (TC), central (CC) and bottom cells (BC) of the COB segment endowed
with the SB cooling channels, each consisting of a triplet of elementary cells located at
different poloidal heights, have been set up. Thermo-mechanical analyses under NO, OP
and UVDE scenarios have been performed, considering the corresponding set of loads and
boundary conditions.

The obtained results have allowed assessing in detail the stress locally arising within
the considered regions. As an example, the spatial distribution of the Von Mises equiv-
alent stress under the NO scenario is depicted in Figure 16. Here, the results obtained
from sub-modeling analysis are superimposed to those obtained from the analysis of the
whole segment, showing continuity in the spatial distribution, thereby demonstrating the
predictive power of the sub-modeling technique.
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The results, in terms of fulfilment of the RCC-MRx design criteria, show that within
the first wall-side wall (FW-SW) region, the equatorial part of the segment is still the most
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stressed, as already obtained in the global analysis. Therefore, these outcomes again suggest
a revision of the attachment system, in order to reduce the large displacements and the
high stress level occurring in that region. As an example, in Figure 17, the obtained results,
in terms of RCC-MRx design criteria verification, in the NO loading scenario within the
FW-SW region are reported.
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In addition, it can be observed that comparing the results of the RCC-MRx rules
verification obtained within SPs in the global model (GM) and sub-model (SM) analyses,
similar behavior can be observed. As an example, in Figure 18, the comparison in the NO
loading scenario for the central sub-model is reported. Therefore, since a similar behavior
is observed, this allows us to conclude that in the sub-modeling analysis, the attention and
the modeling effort can be focused on the FW-SWs region since the global analysis already
provides reliable results concerning the SPs domain.
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3. Integration

One of the main efforts carried out during the DEMO PCD phase has been the in-vessel
integration of the BB with the primary heat transfer system (PHTS) and TER. A combination
of requirements from RM, divertor and VV design, as well as space limitations, forced the
routing of all the coolant pipes through the upper port. The unique pipes routed through
the lower port are the PbLi feeding pipes.

Concerning the PbLi, an inlet and an outlet pipe per segment are foreseen. DN 200 pipes
are foreseen for OB segments, while DN 125 and DN 150 pipes are envisaged as inlet and outlet
tubes of IB segments, respectively. As far as the water coolant is concerned, it is distributed
to FW and BZ circuits by proper feeding pipes. FW water is routed to and collected from
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segments by DN 100 and DN 125 pipes for IB and OB segments, respectively. On the other
hand, BZ water is delivered and re-collected from segments by means of DN 100 and DN
200 pipes for IB and OB segments, respectively. A dedicated analysis is being carried out with
the aim of evaluating whether the present layout allows the draining of both water and PbLi
from the segments.

Moreover, other components such as heating systems and diagnostics need to be
integrated in the BB. To this end, a dedicated study on the integration of the electron
cyclotron is being carried out.

3.1. Electron Cyclotron Heating Integration

The integration of the electron cyclotron heating (ECH) system in the BB will strongly
impact the segment design [33]. In the current configuration, the ECH is assumed to be
positioned in the equatorial port of DEMO. Starting from this assumption, a preliminary
integration study has been conducted to evaluate the impact of the cut-outs needed for the
cone waves on the COB segment design.

The design guidelines are represented by the cone waves of ECH that must reach the
in-vessel toroidal chamber of DEMO (Figure 19).
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Cut-outs have been introduced into the segment structure to allow for the passage of
these beams. The toroidal width of the segment impacted has been reduced in the area of
the ECH cone waves, and two different steps have been introduced in the segment structure
(Figure 20):

- The first one extends for 500 mm from the side wall and with a poloidal length of
about 4350 mm;

- The second one extends an additional 210 mm (710 in total from the side wall) with a
poloidal length of about 850 mm.

The size of the cuttings has been minimized, but the internal structural layout of the
BB segment has inevitably been affected. Indeed, the three main areas that compose the BB
slice have been modified: the water manifold zone, the PbLi manifold zone and the BZ.

The current BZ cooling water manifold reference configuration includes one input
manifold (Figure 20 yellow), two recirculation manifolds (Figure 20 blue) and two output
manifolds (Figure 20 green). As a result of the first step, one of the two recirculation
manifolds is trimmed, while the remaining ones are diverted and reduced. As a result of
the second step, the remaining manifolds are further diverted and reduced.

Consequently, the layout of the BZ water cooling channels (DWTs) will be modified
according to the new position of the water manifold. The first wall cooling water manifolds
(Figure 20 pink) are simply moved along the edges of the first wall following the cut-out profile.

The current slice reference configuration foresees six lithium lead manifolds. As a
result of the first step, they are reduced to four, and because of the second, they are reduced
to three (Figure 21).
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The holes on the backwall that allow the path of the PbLi in the poloidal direction
of the BZ will also be used to allow the transfer of the PbLi from the trimmed to the
untrimmed manifolds (Figure 22). Conversely, at the end of the cut-out, they will be used
to feed the manifolds that recur after the narrowing.
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In order to assess the integration of the WCLL BB with the ECH system from a
structural point of view, a preliminary analysis of the WCLL COB segment endowed with
ad hoc cut-outs was performed. To this end, the purposely developed geometric layout
was equipped with the reference attachment system, devoted to connecting the segment



Energies 2023, 16, 2069 17 of 27

to the vacuum vessel. As in the reference design [3], EUROFER steel was considered as
the structural material, assuming a 2 mm thick tungsten layer covering the FW. Then, a 3D
mesh composed of ~2.8 M nodes connected in ~5.1 M elements was set up.

Preliminary steady-state structural analysis was performed under the normal op-
eration (NO) and over-pressurization (OP) loading scenarios, only considering thermal,
mechanical and gravity loads. The obtained results were evaluated in view of the RCC-MRx
structural design code [32], adopting the pertinent set of design rules. Indeed, the NO
scenario represents the nominal operative conditions of the WCLL BB, being classified
as Level A in the RCC-MRx code, whereas the OP scenario is a conservative accidental
scenario consisting of the pressurization of the whole segment box because of a coolant
leakage, being classified as Level D.

Concerning the 3D thermal field, the reference one [5] was mapped to the considered
geometric layout, as shown in Figure 23.
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Figure 23. The imposed 3D thermal field.

Regarding pressure loads, in the NO scenario, the water and breeder design pres-
sure of 17.825 MPa and 0.575 MPa, respectively, have been assumed, whereas in the
OP scenario, the water design pressure has been imposed everywhere to assess the seg-
ment overall pressurization. Moreover, the gravity load has been imposed, applying a
temperature-dependent equivalent density to the steel domain in order to take into account
the masses of the breeder and the water, not directly modeled. Lastly, the attachment
mechanical action has been simulated imposing proper spring elements (partially visible in
Figures 23 and 24) whose equivalent stiffness values have been drawn from the reference
analysis [3].
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Figure 24. OP scenario—displacement (isotropically amplified by a factor 20) and Von Mises
stress fields.

The results in terms of displacement field, on a deformed shape superimposed to the
undeformed shape, and Von Mises equivalent stress field are depicted in Figure 24. For the
sake of brevity, only results referring to the OP scenario are shown. As it can be observed,
as in the reference configuration [5], the maximum displacement and stress are predicted
in the equatorial region, mainly because of the attachment layout.

In the end, a stress linearization procedure was carried out along purposely selected
paths, whose locations are shown in Figure 25. The fulfilment of the set of criteria relevant
to Level A and Level D, for the NO and OP scenarios, respectively, was checked. The
results obtained for the paths located in regions A, B and C, particularly where the cut-outs
are the most invasive in the segment, are reported in Figure 26.
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The results clearly show that the criterion against immediate plastic flow localization
(P + Q)m/Sem is the most critical in both the assessed scenarios. Criteria considering only
primary stress are widely satisfied in the NO scenario and satisfied with a reduced, yet
acceptable, margin in the OP loading scenario.

Lastly, in Figure 27, a comparison with the results of the (P + Q)m/Sem criterion
verification obtained in the reference WCLL COB structural analysis [5] is depicted. For
the sake of brevity, only results relevant to the NO scenario are reported since the same
conclusions are qualitatively obtained for OP. From the reported results, it can be observed
that the introduction of the cut-outs worsens the segment structural performances in the
regions A, B, C, D and E by ~40% at the most. Instead, looking at the same comparison
made for regions F and G, namely the regions far enough from the cut-outs, it is possible to
notice an improvement in the structural performances. This is due to the fact that, since
the equatorial region of the segment is less stiff than the reference design because of the
introduction of the cut-outs, the top and bottom regions can relax more at the expense
of the central one. This effect derives from the attachment system layout which prevents
a significant vertical expansion of the BB segments, compelling the structure to deform
toward the center.
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3.2. Process Fluid Integration

A preliminary procedure to drain the water coolant from a DEMO tokamak sector was
proposed and investigated using numerical tools. The focus was on the BZ system and
the COB segment, but the considered assumptions may be easily extended to other sector
segments and to the FW system.
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3.2.1. Assumptions

Various aspects are involved in defining a draining procedure consistent with the
DEMO reactor requirements and operative conditions. In this study, it is assumed that:

• Draining is executed during long-term maintenance (LTM) [34] or when a segment
substitution is needed.

• Water is drained after PbLi to avoid freezing the lead lithium within the segment
(occurring at ≈235 ◦C [25]).

• Draining transient is represented by a single BB COB segment. Since no isolation
valves are foreseen on the collectors/distributors connecting the blanket sectors to
the PHTS, each blanket sector cannot be drained separately from the others as well as
independently from the rest of the PHTS circuit. For this activity, we focus on a single
BB segment in a given sector but, ideally, one should consider the BB as a whole.

• The BB segment is drained from the top using gas injection. Either gravity, installing
a correspondent pipeline at the component bottom, or gas injection can be used to
accomplish the objective. The former solution introduces a potential risk source
since draining pipe failure would start a severe LOCA sequence, and it is discarded.
Nitrogen is assumed as the injection gas.

• BB PHTS is assumed in hot standby mode at transient start, consistently with the LTM
assumption. The primary circuit is at an average temperature equal to the minimum
system temperature (295 ◦C [35]) and zero flow.

• Component gas must be injected with enough overpressure to remove water from the
blanket. The maximum gas pressure was preliminarily assumed to be equal to the BB
PHTSs nominal pressure (15.5 MPa [35]), since exceeding this parameter during an
operational procedure was considered not advisable for the system. The water loop
must be depressurized to ensure a sufficient differential pressure between gas and
water. The BB pressurizers can be used for this purpose. After disabling their nominal
pressure control function, described in [36], the depressurization of BZ/FW systems
can be accomplished by manually triggering the pilot-operated relief valve (PORV).
The pressure target value at the end of the depressurization phase was preliminarily
set to 10 MPa, nearly keeping the same subcooling margin characterizing the PHTS in
operating conditions [35].

• Gas temperature has been postulated as equal to the water temperature, Tgas = 295 ◦C. The
main reason is to keep the BB internals hot and prevent operation below the ductile/brittle
transition temperature due to neutron radiation. In the future, this parameter could be
optimized accounting for the power needed to heat the gas up to such a temperature level.

• Water must be driven to a system hosting a storage volume large enough to accommodate
all the PHTS inventory. The DEMO WCLL chemical volume control system (CVCS) has
been preliminarily identified as the receiving system. Given the large water inventory
to be drained (195.3 m3, for both IB and OB), a storage system must be designed and
integrated within the CVCS. The corresponding letdown path is connected to the cold
leg piping of the BB PHTS, downstream the main circulation pumps, and will be used
for the water/gas mixture discharging. Consequently, the gas injection pipeline must
be connected to the hot section of the PHTS (e.g., on the sector outlet feeding pipes). To
minimize CVCS requirements, we assume that the maximum draining flow is equal to
the nominal letdown flow, 0.5% of nominal PHTS flow.

It should be noted that in the present design iteration, no DEMO subsystem ex-
ists to supply the high-temperature/high-pressure nitrogen at the required flow rate for
BB draining.

Once the main assumptions were defined, two different models of the BZ circuit within
DEMO WCLL COB segment were developed using RELAP5/Mod3.3 system thermal–
hydraulic (STH) code [37] and OpenFOAM (OF) CFD code [38].
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3.2.2. Numerical Models

The BZ cooling system geometry and STH nodalization scheme are illustrated in
Figure 28. In the following, a synthetic description of both models is provided.
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Referring to the RELAP5/Mod3.3 input deck, the slice nodalization technique was
adopted. A vertical discretization of the overall blanket segment was performed based on
selected quotes. They were chosen considering the breeding cell elevations. The axial mesh
related to all the COB components (feeding pipes, manifolds, sector collector, DWTs) was
obtained respecting these reference fixed heights. As a result, the same mesh length (or
submultiple) was used for the vertical control volumes belonging to different nodalization
regions positioned at the same axial level. This technique improves the code modeling
capabilities. When adopted, fluid properties are evaluated at the same axial elevations for
all the nodalization regions, avoiding an error source in the simulation outcomes. Dedicated
pipe components were used to model each element along the fluid flow path: the inlet
feeding pipe, the spinal collector inlet section, the inlet/recirculation/outlet manifolds, the
spinal collector outlet section and the outlet feeding pipe. For what concerns DWTs, they
were simulated by using equivalent components. The tubes belonging to each breeding cell
were collapsed into two pipes, one representing arrays 1 and 2 and one modeling array 3
(see Figure 28). Such components are characterized by lumped parameters (flow area and
mass flow) to keep the correct hydraulic behavior. In the transient calculations, water and
gas initial thermodynamic conditions (pressure and temperature) and gas-injected flow
were all imposed as boundary conditions, according to the assumptions discussed above.
The gas inlet mass flow was calculated to compensate for the reference water volume flow
rate evacuated from the blanket (limited by the CVCS operational requirements).

CFD simulations were performed using the volume of fluid (VoF) interFoam multi-
phase solver available in the OF-9 distribution [38]. The water/nitrogen multiphase flow
was assumed to be incompressible, immiscible and isothermal at the specified conditions.
Problem geometry has been defined consistently with Figure 28. To reduce computational
cost, hydraulic connections between parallel channels in spinal collectors and distribution
manifolds were collapsed in fewer elements of the total equivalent cross-section as well as
DWTs which have been grouped in 10 sections, split following the same array hierarchy
represented in Figure 28, for which representative inclination, volume and radial length
have been maintained. A symmetry boundary condition is imposed on the radial–poloidal
midplane. A computational grid composed by unstructured tetrahedral elements for mani-
fold and collectors and mapped hexahedral elements for DWTs was used. A typical mesh
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is shown in Figure 29. Mesh sensitivity analysis was performed on prototypical geometries,
while grid-independent results were achieved with a resolution equal to an element count
of 550 × 103. Transient simulations were performed using second-order time and spatial
discretization schemes. At t = 0, the system was supposed to be filled with water and
at rest. At the inlet, a pure nitrogen volumetric flow rate was imposed, whereas a null
total pressure was enforced at the outlet. No-slip and null pressure gradient boundary
conditions were imposed on fluid/solid interfaces.
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3.2.3. Results and Discussion

The two models described were used to perform numerical simulations of the drain-
ing transient involving the COB segment. The main outcomes are collected in Table 5,
Figures 30 and 31. The liquid void fraction (α f ) was selected as a reference figure of merit
to discuss the simulation results. It clearly indicates the amount of segment volume still
filled with liquid water at the end of the transient (EoT). Looking at Table 5, what can be
observed is that there is accordance between the final liquid void fractions predicted at EoT
by both models. Most of the remaining water is located in the DWTs and the inlet/outlet
sections of the spinal collector (see Figures 30a and 31 referring to STH and CFD results,
respectively). The former is due to the downward orientation of the components belonging
to the breeding units situated in the upper part of the segment (above the equatorial plane).
The poloidal profile of the residual liquid void fraction within DWTs at EoT is shown in
Figure 30b, referring to the STH code. The correspondent distribution for CFD code can
be seen in Figure 31. It should be noted that even if the CFD model features a reduced
breeding unit number (only 10 DWT groups instead of 106), no significant loss of informa-
tion is expected since the poloidal positions selected to be simulated are equally spaced
along the poloidal coordinate and representative of the DWT vertical orientations. The
distributions reported in Figures 30b and 31 are in accordance. Regarding the inlet/outlet
sections of the spinal collector, the high liquid void fraction still present at EoT is due to
its upward orientation. It must be recalled that, due to the gas injection/water draining
chosen points, the fluid flow path within the COB segment during draining is reverted
with respect to normal operations. Thus, inlet/outlet sections of the spinal collector are
travelled upwards by a water/gas mixture, while inlet, outlet and distribution manifolds
are travelled downwards. Thus, the draining of the latter is helped by gravity while the
flush of the former is hampered.
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Table 5. DEMO WCLL COB segment draining calculation results.

Residual Liquid Void Fraction (αf,i) STH CFD

DWTs (αf,DWT) 0.31 0.39
Inlet Spinal Collector 0.83 -

Inlet Manifold 0.01 -
Distribution Manifold 0.01 -

Outlet Manifold 0.01 -
Outlet Spinal Collector 0.47 -
Total Manifold (αf,M) 0.21 0.29

Total COB Segment (αf) 0.21 0.29
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The last important simulation result is the residual fluid mass present in BZ COB seg-
ment cooling system at EoT. It can be calculated as mBZ = ρ f α f VBZ + ρg

(
1 − α f

)
VBZ, with

VBZ = 2.2652 m3, ρ f = 726.3 kg/m3, and ρg = 59.3 kg/m3. It follows that mBZ = 451.6 kg and
mBZ = 623.6 kg for STH and CFD, respectively. This parameter is the dominant contribution
of the cooling system to the blanket sector dead weight, whose maximum value is a strict
requirement coming from the remote handling system of the DEMO reactor. If necessary,
mBZ can be reduced by either allowing a higher draining flow rate at the CVCS (which will
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improve the gas lift performances and prevent coolant stagnation in the spinal collectors) or,
if this is not possible, by promoting evaporation through further coolant depressurization.

4. Conclusions

The conceptual design phase of DEMO started in 2021 under the umbrella of EUROfu-
sion and Horizon Europe activities. The WCLL BB layout achieved at the end of the PCD
phase is being modified to improve the BB performances and solve the existing issues.

To this end, the WCLL BB low TBR and reliability issues should benefit from the new
proposed DWT layout. Indeed, some additional advantages with respect to the former
C-shaped design should be underlined. First, the adoption of helical tubes implies a signif-
icant simplification of the BB layout. Indeed, it is easier to be manufactured/assembled,
since DWTs can be inserted after the structural components (stiffening plates) are placed.
Abandoning water recirculation allows an easier design of the water manifolds. Moreover,
the lower total number of tubes, and consequently of welds against the in-vessel LOCA,
should increase the reliability of the system. A total water volume reduction of 8.1% was
calculated in the BZ with respect to the 24-tube configuration. This might help to increase
the TBR. The manufacturability of DWTs with this configuration is being studied.

An effort was made to integrate the WCLL BB layout with the different in-vessel
systems. Connecting pipes with BB coolant PHTS and TER loops have been successfully
integrated within the design.

The design of a WCLL COB segment housing the cut-outs required by the ECH
system is currently ongoing. Preliminary thermo-mechanical analyses have shown that
the “modularity” of the current design allows integrating this system without a significant
degradation of its structural performances, at least under the assessed scenarios. Further
assessment accounting for EM loads will be performed.

Finally, dedicated simulations to analyze the draining of cooling water of the COB
BZ circuit was carried out adopting different methods. The results highlighted that a
fraction between 20% and 30% of the BZ water remains in the segment. The behavior
of the COB FW cooling system and of IB segments may be evaluated in the future if
deemed necessary to improve the accuracy of the BB dead weight estimate. The developed
calculation methodology is currently being applied to the calculation of the residual mass
fraction after the COB PbLi draining procedure.
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Abbreviations

BB breeding blanket
BC bottom cell
BSS back-supporting structure
BU breeding unit
BZ breeding zone
CC central cell
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CFD computational fluid dynamics
COB central outboard blanket
CVCS chemical volume control system
DP draining pipe
DWT double-walled tubes
ECH electron cyclotron heating
EM electro-magnetic
EoT end of the transient
EPP equivalent porous pipe
FEM finite element method
FP feeding pipe
FW first wall
GM global model
HCPB helium-cooled pebble bed
IB inboard blanket
IM inlet manifold
LOCA loss of coolant accident
LTM long term maintenance
MHD magneto hydro-dynamic
NO normal operation
OB outboard blanket
OF open foam
OM outlet manifold
OP over-pressurization
PCD pre-conceptual design
PHTS primary heat transfer system
PORV pilot operated relief valve
RAFM reduced activation ferritic martensitic
RANS Reynolds-averaged Navier–Stokes (equations)
REC recirculation manifold
RM remote maintenance
SB segment box
SM sub-model
SP stiffening plate
STH system thermal–hydraulic
SW side wall
TBM test blanket module
TBR tritium breeding ratio
TC top cell
TER tritium extraction and removal
TFC toroidal field coil
UVDE upper vertical displacement event
VV vacuum vessel
WCLL water-cooled lead lithium
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