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1. Introduction

The European High Power Laser Energy Research (HiPER) 
facility [1], dedicated to demonstrating laser driven fusion 
as a future energy source, is divided into two phases: HiPER 
engineering and HiPER reactor. This division foresees HiPER 
reactor conceived to be the power producing extension of the 
technologies developed during the HiPER engineering phase 
[2–6]. It would be a 150 ×MJ/shot 10 Hz inertial fusion energy 
(IFE) reactor based on direct drive ignition [7] and the dry wall 
concept [8, 9]. Once the ignition scheme and first wall (FW) 

concept are fixed, it is necessary to advance in the proposal of 
reaction chamber characteristics: tritium breeding blanket and 
vacuum vessel systems. On the basis of previous neutronics 
[10] and power cycle studies [11], a self cooled lead lithium 
(SCLL) with EUROFER structure as the breeding blanket was 
approved by the HiPER team for exploration [1, 12].

The large majority of lead-lithium eutectic (Pb–Li) blan-
kets have been designed for magnetic fusion energy (MFE) 
reactors, where Pb–Li is in direct contact with electric con-
ductors (steel) under a high magnetic field. Under these con-
ditions, large velocities of Pb–Li produce high pressure drops 
that cause high mechanical stress [13]. Consequently, in MFE, 
the fast flowing Pb–Li inside the blanket requires aggressive 
technological solutions, mainly based on the use of SiC. In 
increasing order of technological complexity, previous MFE 
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Pb–Li blanket concepts were: water cooled lead lithium 
(WCLL) [14], helium cooled lead lithium (HCLL) [15], dual 
coolant lead lithium (DCLL) [16] and self cooled lead lithium 
(SCLL) [17].

The development roadmap for Pb–Li breeders in MFE, 
relying on the development of SiC and SiC f /SiC as structural 
material, has been naturally translated into the inertial confine-
ment fusion (ICF) concepts, as considered in the high average 
power laser (HAPL) reactor, using the DCLL approach [18]. 
However, since there are no large magnetic fields in the reac-
tion chamber of ICF reactors, Pb–Li may flow with no a 
priori velocity limitation, with no need of SiC or any other 
electrical insulator. This brings the possibility of exploring 
SCLL schemes using EUROFER as the structural material. 
In a EUROFER-based SCLL blanket, with no flow channel 
inserts or SiC components, the temperature operation window 
for Pb–Li could be equivalent to that of WCLL or HCLL blan-
kets: 350 °C–500 °C. This scheme, only viable for ICF reac-
tors, presents two evident advantages: (i) it does not require 
complex hollowed blanket walls for heat exchange inside the 
reaction chamber, and (ii) EUROFER is a much more mature 
material than SiC, implying a technological risk comparable 
to that of the WCLL or HCLL MFE blankets, considered 
to be short-term technologies. Furthermore, there is a final 
advantage of the SCLL scheme over the rest: the high Pb–Li 
velocity leads to very low concentrations and partial pressures 
of tritium and other gaseous radioactive threatening isotopes 
(e.g. 210Po and 203Hg), with evident safety advantages [10]. In 
summary, the EUROFER-based SCLL blanket is simpler than 
WCLL and HCLL blankets in terms of constructability and 
design, and presents safety advantages, while all of them show 
comparable technological risks.

Despite the above, there is in fact a process likely lim-
iting the Pb–Li velocity inside the EUROFER-based SCLL 
blanket: the corrosive behavior of Pb–Li in contact with 
EUROFER, which depends on its temperature and velocity. 
This issue has been characterised before in laboratory experi-
ments [17, 19, 20], and it is still under study. However, as 
MFE DCLL and SCLL blankets considered SiC–hot Pb–Li 
interfaces, instead of EUROFER–hot Pb–Li interfaces, there 
is not currently a quantification of the corrosion challenge 
for a specific EUROFER-based SCLL design. This situation, 
which represents a knowledge gap of a design driver and a 
source of uncertainties for the viability of the EUROFER-
based SCLL blanket concept, constitutes the main subject of 
the paper. If the risk associated with the corrosion challenge is 
found to be low, assumable, or even reducible with re-design 
or short-term materials, EUROFER-based SCLL would be a 
strong candidate for HiPER reactor or any other ICF reactor 
in the short-term scale.

Thus, for the initial EUROFER-based SCLL proposal for 
the HiPER reactor [1, 10–12], we study in this paper both the 
cooling performance and the corrosion issue. Cooling perfor-
mance is addressed in terms of maximum local temperatures 
(limited to 550 °C, EUROFER creep rupture temperature) and 
outlet Pb–Li mean temperature (desirable to be around 450 °C,  
for power cycle efficiency [11]). The corrosion issue is 
addressed in terms of maximum local corrosion rates, which 

is limited to 200 μm yr−1. To carry out this study, both com-
putational neutronics and thermo-fluid dynamics simulations 
are used to properly characterise the nuclear heat deposition 
and extraction.

1.1. Self cooled lead lithium blanket of HiPER

The SCLL breeding blanket (BB) configuration with a 15.7% 
of atomic content of lithium in eutectic, proposed in previous 
works for the initial design of the HiPER project, is adopted 
here [10]. Figure 1 shows the geometry of the blanket, which 
consists of 45° modules that account for the laser beams sym-
metry. Each module consists of a downflow inner channel, 
with inner and outer internal walls of radii Ri,1 = 6.51 m and 
Ri,2 = 6.59 m, and an upflow outer channel, with inner and 
outer internal walls of radii Ro,1 = 6.81 m and Ro,2 = 7.51 m. 
In each hemisphere of the blanket there are 24 laser beam  
penetration holes, uniformly distributed on three parallels 
of latitudes 69.77° (4 holes), 42.97° (8 holes) and 15.05°  

Figure 1. (a) Schematic representation of a 45° module of the 
breeding blanket, showing the first wall (colored green) and Pb–
15.7Li circulation through the inner and outer channels.  
(b) Spherical section of the blanket module and azimuthal 
coordinate, θ. (c) Meridian section of the blanket module and radii 
of the channel walls.
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(12 holes). The lower 2nd and 3rd sets of holes have azi-
muthal offset angles, with respect to the uppermost, of 23.36° 
and 29.83°, respectively. The height of the transition region 
between the downflow and upflow channels is 40 cm.

There were two reasons for this BB modular division. The 
first one is its compatibility with laser beams arrangement 
symmetry, which requires the construction of only two dif-
ferent and mirrored modules, which is a fabrication advantage. 
The second and most important reason is related to the heat 
deposition and removal. Most of the energy deposited in the 
BB comes from the neutrons released upon ignitions. The neu-
trons will deposit their energy mainly in the Pb–15.7Li. The 
nuclear heat deposition rate decays exponentially with depth, 
so that a large fraction of the nuclear heat will be deposited in 
the first centimeters of the BB. This is taken into account in 
the design by setting a thin cooling channel close to the neu-
trons source, and an outer thicker channel (see figure 1). The 
Pb–15.7Li velocity in the inner channel will be significantly 
higher than that in the outer channel, as demanded by the heat 
deposition profile. In addition, the fast flowing Pb–15.7Li in 
the inner channel will be colder, while the hot Pb–15.7Li in 
the outer channel will move slower. Thus, this modular divi-
sion is aimed at mitigating the corrosion issues by using a 
combination of a cold and fast flow through the inner channel 
and a hot and slow flow through the outer channel, avoiding 
the worst combination, from corrosion standpoint, of hot and 
fast Pb–15.7Li flow.

A design aspect that has to be defined affects the FW 
configuration. This component consists of a substrate and a 
coating. Normally, the FW substrate, which holds the coating, 
is made of EUROFER or other reduced activation ferritic/
martensitic (RAFM) steel. In the dry wall IFE scheme, the 
operating conditions of the FW materials are very demanding 
[8, 9], especially for the FW coating. Ions and x-rays, car-
rying approximately the 25% (375 MW) of the power released 
upon ignition, are deposited in the first layers of material. On 
the assumption that satisfactory materials will eventually be 
developed, this power would have to be evacuated from the 
FW. The remaining 75% (1125 MW) of the power is carried 
by neutrons depositing their energy mostly in the rest of the 
breeding blanket. An initial and simple approach to SCLL 
blanket involves transferring the heat deposited in the FW to 
the flowing Pb–15.7Li, so that it is evacuated with the heat 
deposited in the rest of the blanket. However, since the energy 
deposited in the FW is not related with any tritium breeding 
(associated to neutron reactions with lithium), it is not strictly 
necessary to extract it with the breeder/coolant. Furthermore, 
this energy will contribute to increase the temperature of the 
coolant and the required circulation velocity of Pb–15.7Li, 
and thus the corrosion rate, with no advantage in terms of 
blanket performance (no extra tritium breeding ratio (TBR), 
no extra shielding). In addition, the FW component is exposed 
to degradation mechanisms different from those of the BB.

Therefore, in the present work we consider a Separated 
First Wall Blanket (SFWB) configuration in which FW and BB 
are physically independent components, so that the first wall 
could be cooled with helium and the BB maintains the self-
cooled scheme, in which the Pb–15.7Li evacuates the 100% 

of the energy deposited in it. This idea of a self cooled lead 
lithium blanket with helium-cooled FW was addressed previ-
ously in [17]. It was shown in [10] that the FW–BB decou-
pling could be made without compromising the blanket tritium 
breeding capabilities. The SFWB configuration was studied in 
[11] from the standpoint of power cycle efficiency. Assuming a 
helium Brayton cycle as the secondary loop for electric power 
production, a significant increase was found in the computed 
efficiency of the SFWB configuration over the integrated first 
wall blanket (IFWB) configuration when cooling the separated 
first wall with a helium branch from the secondary circuit. 
However, although the main goal of the SFWB configuration is 
to mitigate the corrosion problems derived from a fast flowing 
Pb–15.7Li in direct contact with EUROFER [13, 17, 19–21], 
the fluid dynamics behaviour of the SCLL reference design 
proposed in [10] has not been evaluated yet.

In this work, on the basis that SFWB will perform better 
than IFWB, as it is reasonable to expect, we compute the 
coolant/breeder heat extraction performance for the SFWB 
configuration (IFWB will only be studied if significant advan-
tages were found in other aspects related to reactor operation, 
such as maintenance, safety, constructability, etc). In addition, 
the corrosion implications of the fast flowing Pb–15.7Li for 
this arrangement of the SCLL are addressed. We aim to devise 
further improvements of the proposed blanket/SCLL design, 
taking into account the results of the numerical simulations 
for several operational scenarios.

1.2. Design goals

The conceptual design of the SCLL blanket has to fulfill a 
serial of cooling requirements to guarantee the structural integ-
rity and economic viability of the power plant. Intrinsically 
related to the cooling requirements, the serious challenge of 
the corrosion is also present. In this section, we justify the 
design requirements for the HiPER SCLL breeding blanket.

1.2.1. Cooling requirements. The proper cooling of the blan-
ket requires the following two conditions:

 • The maximum temperature of the interface between 
Pb–15.7Li and EUROFER inside the blanket should be 
less than 550 °C.

 • The temperature of the Pb–15.7Li at the blanket outlet 
should be around 450 °C (assuming that the temperature 
at the inlet is 350 °C).

The first condition is derived from the EUROFER behavior. 
Above 550 °C the EUROFER is exposed to a degradation of 
its mechanical properties, mainly driven by creep rupture [22]. 
The second condition is found to be a compromise between 
the power cycle efficiency and the corrosion rates in the whole 
facility. Note that it is set on a conservative basis. In future 
designs, as the Pb–15.7Li corrosion issue is solved, the second 
requirement could be raised up to approximately 550 °C,  
similarly to WCLL and HCLL blankets. Future develop-
ments, like ODS-EUROFER [23, 24], anticorrosion coatings 
[25] and SiC f /SiC [26] would allow to significantly raise this 
temperature.

Nucl. Fusion 55 (2015) 093003
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1.2.2. Corrosion requirements. The materials compatibility 
issue is, together with the proper blanket cooling, the main 
scope of this paper. The fast flowing Pb–15.7Li, characteristic 
of the SCLL blanket, can have deep implications related to 
corrosion. The design target has been obtained by limiting to 
a 10% the total thickness reduction due to corrosion during 
the blanket lifetime, as proposed in [13]. Since the reference 
SCLL blanket for HiPER reactor has walls of 1 cm thickness, 
this 10% limit implies a corrosion design target of 200 μm yr−1 
during the lifetime of the blanket modules, which is estimated 
in 5 years. Note that this target is valid only for the SCLL 
blanket reference design. If, for any reason, the wall thick-
ness is modified (for structural requirements, for instance), 
the target should then be recalculated. It is worth mentioning 
that these estimations of corrosion restrictions are provisional 
and considered for conceptual design purposes only. As the 
conceptual design evolves, further studies will also have to 
consider additional corrosion limit drivers, as for example the 
deposition of eroded steel in the cold leg of the circuit [13].

2. Methodology

The two different methodologies used to carry out the three 
dimensional simulation of the nuclear heat deposition and 
extraction processes are presented in this section. We also 
explain the approach and assumptions made to compute the 
corrosion rates.

2.1. Nuclear heat deposition

The first step in the computation procedure is to develop a 3D 
model of the reaction chamber with CATIA [27]. Then, using 
MCAM [28], the resulting geometry of a BB module (45° of 
the northern hemisphere) is translated to a valid geometry 
input for MCNPX [29]. Thus, considering reflective boundary 
conditions and a shock ignition neutron spectra for the source 
[30], the nuclear heat deposition in a blanket module is com-
puted using MCNPX and the cross sections  libraries JEFF-
3.1.1 [31]. Additionally, in order to visualise how the nuclear 
heat is deposited throughout the BB by neutrons, a mesh of 

× ×2.5 2.5 2.5 cm3 voxels is used. Note that this is not used 
in the heat extraction study, as both meshes are incompatible.

As shown in figure 1, the MCNPX geometry was initially 
separated into EUROFER and Pb–15.7Li cells. The Pb–
15.7Li is in turn divided into 1 cm thick spherical shells. To 
compute the heat deposition, cell tallies are used for the four 
steel spherical shells and all the Pb–15.7Li cells. The cell-
based results, which are extracted and appropriately formatted 
for CFD studies with C++ scripts, are the input for the heat 
extraction simulations.

2.2. Heat extraction

The numerical study of the Pb–15.7Li flow and cooling pro-
cess in a 45° blanket module (figure 1(a)) is carried out using 
the general purpose CFD code FLUENT 6.3 [32], which 
is based on a finite volume discretization. The flow in the 

blanket is highly turbulent and three dimensional, with typ-
ical Reynolds numbers above 106. The physical properties of 
molten Pb–15.7Li are assumed to be given by the following 
equations: [33]

ρ = ( − × )− T9990 1 1.680 10 ,4 (1)

= − × −c T192.45 8.9487 10 ,3 (2)

⎡
⎣⎢

⎤
⎦⎥

μ =
( + )R T

0.187 exp
11.64

273.15
,

u
 (3)

= + × −k T7.3008 1.96 10 ,2 (4)

where ρ is the density (expressed in kg m−3), c the specific 
heat capacity (J kg−1 °C−1), μ the viscosity (mPa s−1), k the 
thermal conductivity (W m−1 °C−1), T the temperature (°C) 
and Ru the universal gas constant (J mol−1 K−1). According to 
[33], properties are determined in a sufficiently precise way in 
the operation temperature range considered in this work.

The governing conservation equations of mass, momentum 
and thermal energy are solved using a large eddy simulation 
approach for turbulence modeling, with a Smagorinsky-Lilly 
subgrid-scale model [34, 35] and a second-order implicit tem-
poral discretization. The convective terms in the governing 
equations are discretised using a second order bounded central 
differencing scheme.

The non-uniform volumetric nuclear heat generation rate 
due to the deposition of neutrons energy in the Pb–15.7Li, 
calculated using MCNPX, is introduced as a source term in 
the energy equation. No-slip and uniform heat flux boundary 
conditions are imposed at all blanket walls and at each of the 
spherical walls delimiting the blanket channels, respectively. 
The heat flux at each of the four spherical walls is determined 

Figure 2. CFD mesh refinement details: (a) spherical walls, (b) beam 
laser penetration hole and (c) cross section of the inner channel.

)b()a(

(c)
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from the energy deposition rate in the EUROFER structure 
computed using MCNPX. All the other walls of the blanket 
are considered as adiabatic.

The finest computational mesh used in the simulations con-
sists of about ×3.5 106 hexahedral cells. The mesh is locally 
refined near the channel walls and around the laser penetration 
holes, where high gradients of flow quantities are expected. 
Figures 2(a)–(c) show, as an example, details of mesh refine-
ment on one of the spherical walls of the blanket, around a 
beam laser penetration hole and in a cross section of the inner 
channel, respectively. The mesh refinement at the walls of the 
outer channel is similar to that shown in figure 2(c).

The sizes of the first layer of cells at the spherical walls 
and at the walls of the laser beam penetrations were kept equal 
to × −2 10 5 and × −2 10 4 m in the inner and outer channels, 
respectively, in order to obtain acceptable ranges of parameter 
y+. We did not refine the mesh in the vicinity of the lateral 
walls of the channels and of the inlet and outlet pipes in order 
not to excessively increase the total number of cells, which 
otherwise would have multiplied by a factor of 2–3.

The typical time step used in the simulations is between 1.5 
and 2 ms. After a maximum number of 50 iterations per time 
step, all residuals decreased at least two orders of magnitude 
and then remained low and almost constant. The scaled resid-
uals defined in FLUENT [32] decreased to around 10−5, 10−6 
and 10−7 for the continuity, three components of momentum 
and energy equations, respectively (these values slightly 
increased with the volumetric flow rate of Pb–15.7Li through 
the blanket). Figure 3 shows, as an example, the evolution of 
residuals during four time steps of one of the simulations car-
ried out.

Since the mesh generated with MCNPX for heat deposition 
is quite different from that used in FLUENT for the thermo-
fluid dynamics simulation, we have coupled them using a 
C++ codification to export to FLUENT the distribution of the 
deposited nuclear heat calculated with MCNPX.

2.3. Corrosion

A description of the phases and phenomena involved in the 
complex corrosion process that may occur in the blanket can 
be found, for example, in [36–39]. In the present work, the 
transport of the steel elements dissolved from the blanket 
walls in the flowing liquid metal is not simulated numerically, 
and the corrosion process is treated in a simplified way. To 
estimate the corrosion rates produced by the Pb–15.7Li in the 
EUROFER of the SCLL reference design, we use Sannier’s 
equation  [19, 40] as initial approach for conceptual design 
activities:

⎡
⎣⎢

⎤
⎦⎥ν = × − −

T
V d8 10 exp

25 690

1.98
,9 0.875 0.125 (5)

where ν is the corrosion rate expressed in μm yr−1, T is the 
local temperature in K, d is the channel width (expressed in 
cm; d = 8 and 70 cm in the inner and outer channels, respec-
tively), and V is the average value of the velocity magnitude 
of the fluid (in m s−1) on an area of the cross-section of the 
channel with an azimuthal width of the order of the mean 
azimuthal size of the computational mesh cells on the whole 
cross section. According to [19, 40], using equation  (5) is 
consistent with the assumption that the corrosion rate is con-
trolled by the diffusion of the metallic elements of the blanket 
walls dissolved into the flowing Pb–Li. It is therefore assumed 
that the fluid velocity is low enough to produce mass transfer 
controlled corrosion and avoid high corrosion rates due to the 
effect of erosion [37, 38].

It should be pointed out that the above procedure for cor-
rosion computation is an initial approximation. Given the 
complexity of the problem and the different sources of uncer-
tainties involved, such as those associated with the determina-
tion of the saturation concentration [39], the dependence of the 
corrosion rate on the Pb-Li velocity [36] and the range of con-
ditions of applicability of Sannier’s equation, among others, 

Figure 3. Typical evolution of residuals.
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we decided to postpone for a future work the simulation of 
the corrosion process in a fully coupled way with the thermo-
fluid dynamics processes. Nevertheless, despite its simplicity, 
the approach used in the present work is expected to provide 
an accurate enough insight into the behavior of the proposed 
blanket design, and will allow us to obtain preliminary results 
that will be useful to devise a new design that overcomes the 
existing limitations, which could then be studied using a more 
advanced model for the flow-induced corrosion process.

3. Discussion of results

3.1. Nuclear heat deposition

As mentioned before, the power released upon ignitions is 150 
×MJ/shot 10 Hz. The ions and the x-rays carry 375 MW, cor-

responding to the 25%, and the neutrons carry 1125 MW, the 
rest. The power carried by the ions and x-rays is fully depos-
ited in the first microns of the first wall. On the other hand, 
as the neutrons are more penetrating in the matter, they pass 
through the first wall and deposit a large part of their energy 
in the blanket. In addition, neutrons induce exothermic reac-
tions in the blanket structure and breeding. Then, although 
the neutrons carry 1125 MW, the total energy deposited in 
the blanket is 1322.5 MW. This withstands a blanket gain of 
η = 1.175blanket .

Figure 4 shows the distribution of the neutron power 
deposition in the blanket module (EUROFER structure and 
Pb–15.7Li) for the IFWB configuration, which can conserva-
tively be assumed to be similar for the SFWB arrangement. 
As expected, the nuclear heat deposition is significantly 
more intense in the first centimeters of the BB and exponen-
tially decreases with thickness. Pb–15.7Li is conceived to 

re-generate tritium while extracting neutrons energy effec-
tively. Table 1 shows the neutron power deposited in the dif-
ferent stretches of the blanket module. It is remarkable that, 
although the inner channel contains the 8.4% of the total 
Pb–15.7Li volume, it receives the 39.5% of the total neutron 
power deposition. The outer channel contains the 81.9% of 
Pb–15.7Li while it receives the 56.5% of the nuclear heat, 
which is a large contrast to the inner channel. This highlights 
the exponential decrease of heat deposition with depth, while 
it supports the BB modular division and ducts configura-
tion with heat extraction criteria. In addition, it is confirmed 
that the EUROFER structure captures only about a 10% of 
the nuclear heat deposited in the BB, most of it in the inner 
channel walls.

3.2. CFD study of fluid flow and heat extraction

We present in this section the results obtained from the numer-
ical simulation of the Pb–15.7Li flow and cooling process in 
the 45° blanket module, for the SFWB configuration and three 
different operational scenarios. In the three cases, the tem-
perature of the Pb–15.7Li at the blanket inlet is =T 350in  °C  
and the total nuclear heat deposition rate in the module is set 
equal to 82.65 MW. In all the simulations, a constant power 
released upon ignition is assumed, without taking into account 
the pulsed nature of the energy delivery and deposition. From 
the Pb-Li heat capacity values deduced from equations  (1) 
and (2) for the range of operation temperatures and the data 
included in tables 1 and 2 for the inner channel, we can obtain 
an estimate of the increase in temperature during shots in 
the Pb-Li of the order of only 1 °C. Given the relatively high 
frequency and short duration of shots, and the large thermal 
inertia of the blanket, the amplitude of temperature change in 
the EUROFER will be even smaller. Therefore, the influence 
of the temperature oscillation on the corrosion rate is expected 
to be negligible. The heat deposited in the blanket structure is 
assumed to be transferred to the Pb–15.7Li through the spher-
ical channel walls, with a uniform heat flux at each wall and 
the total heat transfer rate values indicated in table 2. The only 
parameter that varies in the simulations is the mass flow rate 
of Pb–15.7Li through the blanket module, ṁ, which is equal to 
5993, 8557 and 11 410 kg s−1 in cases 1, 2 and 3, respectively. 
The selection of these ṁ values was made using a trial-and-
error procedure. The idea was to find a range of mass flow 
rates that could simultaneously satisfy the cooling and corro-
sion requirements.

Figure 4. Distribution of the nuclear mean power deposited by 
neutrons in a blanket module.

Table 1. Total neutron mean power deposition in the BB (including 
breeder and structure), in the different stretches of a 45° blanket 
module.

Stretch
Neutron power 
Deposition [MW]

Pb–15.7Li 
Volume [m3]

Inlet pipe 1.13 1.69
Inner channel 32.63 2.60
Transition channel 1.99 0.40
Outer channel 46.74 25.23
Outlet pipe 0.15 0.90
Total 82.65 30.8
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Figures 5 and 6 show the results for the velocity magnitude 
contours within the inner and outer channels, respectively, 
on three different spherical surfaces bounded by the lateral 
channel walls, obtained at a given instant from the simula-
tion of Case 3. The dimensionless radial coordinates of the 
surfaces are * = ( − ) ( − ) =r r R R R/ 0.05i i i i,1 ,2 ,1 , 0.50 and 0.95 
in the inner channel and * = ( − ) ( − ) =r r R R R/ 0.05o o o o,1 ,2 ,1 , 
0.50 and 0.95 in the outer channel, where r is the radial coor-
dinate with origin at the center of the blanket (see figure 1(c)). 
Figure 7(a) shows the same type of results on three meridian 
planes of the blanket module, of dimensionless longitude 
angles θ θ* = ° =/45 0.25, 0.50 and 0.75 (the origin of θ is 
taken at the meridian plane through the lateral wall of the 
blanket where there are no laser penetration holes, as shown 
in figure 1(b)). A detail of the transition region between the 
inner and outer channels of figure 7(a) is shown in figure 8. It 
can be observed from all these figures that, besides the fluc-
tuations associated to large-scale turbulence motions, there is 
also a notable nonuniformity in the fluid velocity in the whole 

blanket, which may affect the efficiency of the cooling process 
and lead to zones of high corrosion rates, as discussed below. 
The main factors that cause non-uniformity in the velocity 
distribution in the blanket are the variations in the channel 
cross-section area, the divergence of the inner channel, the 
presence of the laser penetration holes (which have an appre-
ciably larger influence in the inner channel), and the recircula-
tion effects occurring in the transition region between the two 
channels and at the entrance region to the blanket.

The small cross-section area at the top of the inner channel 
produces large velocities there, as shown in figure 5. Due to 
the recirculation produced by the change in direction of the 
flow entering the channel from the inlet pipe, the increase 
in velocity in this region is lower near the outer wall. As 
expected, the effect of the channel walls is more appreciable 
and large-scale turbulent motion on meridian planes is inhib-
ited in the inner channel, which is much narrower than the 
outer one (see figures 7(a) and 8). It can be observed from 
figure 5 the non-uniform distribution of the fluid velocity at 
the bottom of the inner channel (more clearly shown in the 
proximity of the spherical walls, at * =r 0.05i  and 0.95), which 
can be attributed to the wakes of the two central penetration 
holes. At the bottom of the outer channel, downstream of the 
transition region between the inner and outer channels, there 
is a recirculation zone and larger velocities in the vicinity 
of the outer wall, as can be observed from the picture at the 
right of figure 6 ( * =r 0.95o ) and figures 7(a) and 8. A slightly 
uneven velocity distribution in the azimuthal direction persists 
at the bottom of the outer channel, which is more appreci-
able in the vicinity of the outer wall (see picture for * =r 0.95o  
in figure 6). Note that the average velocity in this region is 
slightly higher in the half of the channel closer to the lateral 
wall where θ* = 1 (left side of the picture).

The temperature distributions shown in figures  9–11 are 
consistent with the velocity distributions described above. 
At the bottom of the inner channel, the average temperature 
varies slightly along the azimuthal direction, being larger 
around the middle meridian plane, what is consistent with 
the lower velocities found there. There is also a variation in 
the radial direction, so that the temperature is higher near 
the spherical walls (see figures  9 and 11), especially in the 
vicinity of the inner wall, where the fluid velocity is smaller 
(picture for * =r 0.05i  of figure  5). The slightly nonuniform 
distributions of the average temperature and velocity along the 
azimuthal direction persists at the entrance region to the outer 
channel, especially near the outer wall, as can be observed 
from figure 10. However, the effect of the flow conditions at 
the exit of the inner channel on the temperature distribution 
downstream in the outer channel seems to be small. It can 
be observed from figures 10 and 7(b) that there are notable 
temperature variations within the outer channel. Note that the 
average temperature obviously increases along the channel. 
Also note that the temperature is in general higher in the 
vicinity of the inner wall, what is mainly due to the higher heat 
flux from the wall (see table 2). The overall higher tempera-
tures that are reached in the outer channel in the vicinity of the 
lateral wall at θ* = 0 (right side of pictures of figure 10) might 

Table 2. Total heat transfer rate at the blanket walls, due to neutron 
power deposition in the EUROFER structure.

Heat transfer rate [MW]

Inner channel, inner wall 3.11
Inner channel, outer wall 3.11
Outer channel, inner wall 2.19
Outer channel, outer wall 0.188
Total 8.60

Figure 5. Velocity magnitude contours (m s−1) at different spherical 
surfaces in the inner channel of the blanket module (Case 3).
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Figure 6. Velocity magnitude contours (m s−1) at different spherical 
surfaces in the outer channel of the blanket module (Case 3).
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be related to the lower fluid velocity in this zone, which in 
turn seems to be partially caused by the presence of the laser 
penetration hole near the right bottom corner of the blanket 
(θ* = 0).

The overall flow pattern observed for cases 1 and 2 is quali-
tatively similar to that just described for Case 3, although the 

velocity magnitudes for the formers are obviously smaller due 
to the reduced mass flow rate of Pb–15.7Li.

Figure 12 shows the results for the distribution of the cor-
rosion rate at the four spherical walls of the blanket module 
channels for the three operational scenarios considered. It can 
be observed that for cases 1 and 2 the highest corrosion rates 
occur at the inner wall of the end part of the outer channel, 

Figure 7. (a) Velocity magnitude contours (m s−1) and (b) temperature contours (°C) at three meridian planes of the blanket module (Case 3):  
(i) θ* = 0.25; (ii) θ* = 0.50 and (iii) θ* = 0.75.
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Figure 8. Detail of the velocity magnitude contours (m s−1) in 
the transition region between the inner and outer channels in the 
pictures of figure 7(a).
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Figure 9. Temperature contours (°C) at different spherical surfaces 
in the inner channel of the blanket module (Case 3).
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where the increase in velocity due to the reduction of the 
cross-section area combines with the higher temperature of 
the Pb–15.7Li reached at the blanket outlet section as a result 
of cooling conditions worse than those of Case 3, especially 
for Case 1, for which a wide area of high corrosion rates is 
predicted. For Case 3, the highest corrosion rate values are 
predicted at the inner wall of the inner channel, around the pen-
etration hole close to the inlet pipe, mainly because of the high 
velocity reached in that region. The main results obtained for 
cases 1, 2 and 3 are summarised in table 3, showing the max-
imum temperature reached in the Pb–15.7Li, Tmax, the mean 
increase of temperature in the Pb–15.7Li between the inlet 
and outlet sections of the blanket, −T Tout in, and the maximum 
corrosion rate (obtained from the distributions of velocity and 
temperature using (5)) reached in the channels spherical walls, 
νmax. The first value of the corrosion rate shown for each case is 
the maximum value predicted in the whole domain. However, 
since these maximum values may be reached in a very local-
ised area, a second value is also given in parenthesis, repre-
senting the minimum value of the corrosion rate reached at 
every point within an area of approximately 400 cm2 around 
the point where the maximum corrosion rate is calculated.

Table 4 shows corrosion results obtained for cases 1, 2 and 
3 in terms of volume of material removed and (in parenthesis) 
average corrosion rate values, both calculated over the four 
spherical walls of the blanket. For case 1 (lowest mass flow 
rate of Pb–15.7Li), due to the high temperatures reached in 
the region of the blanket close to the outlet pipe, the largest 

amount of material is removed from the inner wall of the outer 
channel, followed by the inner and outer walls of the inner 
channel. However, due to the different areas of the walls, the 
corresponding mean corrosion rates reach similar values at 
the inner walls of the inner and outer channels. For cases 2 
and 3, the amount of material removed from the inner channel 
walls is more than two times larger than that removed from 
the walls of the outer channel. Results in figure 12 and table 4 
show that, among the three cases studied, the least favorable 
conditions are predicted for the case with the lowest mass 
flow rate (Case 1) because of the effect of the higher tem-
peratures and despite the lower velocities reached. Note that, 
in this case, the highest corrosion rates in the inner channel 
are reached in the entrance region to the channel, where the 
fluid velocity is very large, and at the end part of the channel, 
where the temperature is highest. In the outer channel, a large 
area of high corrosion rates is reached at the end part of the 
channel, because of the combination of high temperature and 
velocity values.

It can also be observed from figure 12 that the corrosion rate 
at the entrance of the inner channel tends to increase with the 
Pb–15.7Li mass flow rate through the blanket. This gives rise 
to the existence of a local minimum for the material removal 
and mean corrosion rate at both walls of the inner channel, 
as observed in table 4. On the other hand, the maximum and 
mean values of the corrosion rate and material removal in the 
outer channel decrease monotonically with increasing the Pb–
15.7Li mass flow rate.

As mentioned before, the corrosion rate results presented 
above are obtained under the assumption that the corrosion 
process is mass-transfer controlled, which is acceptable for 
low enough fluid velocities. To what extent this assumption is 
adequate for the relatively high velocities considered in this 
work should be investigated [36, 39]. Another question that 
also needs to be analysed in the future is whether the concen-
trations of Fe and Cr in the Pb–Li can reach the solubility limit 
or not, since this situation could lead to suppression of corro-
sion [38]. This will require the use of a model to describe the 
transport of the steel elements dissolved in the flowing Pb–Li.

Besides corrosion issues, cooling efficiency and maximum 
allowable temperature at blanket walls are essential factors in 
the blanket design. Table 3 shows that the increase in the mean 
temperature of the Pb–15.7Li between the inlet and outlet sec-
tions of the blanket, −T Tout in, which is directly related with 
the blanket efficiency, is below the approximate 100 °C level 
indicated in section 1.2.1, even for the lower mass flow rate 
conditions of case 1. The temperature increase predicted for 
cases 2 and 3, for which the predicted corrosion levels might 
be acceptable, are very far from the required values.

From the findings described above we deduce that the pro-
posed blanket design requires to be modified in order to get 
operational scenarios that produce acceptable ranges of cor-
rosion rates and temperature jump through the blanket. On 
the other hand, regarding the maximum temperature in the 
Pb–15.7Li, the values presented in table 3 are below the 550 
°C limit mentioned in section 1.2.1, even for Case 1, so that, 
for the range of operational scenarios considered, the max-
imum Pb–15.7Li temperature does not appear to be an issue 

Figure 10. Temperature contours (°C) at different spherical 
surfaces in the outer channel of the blanket module (Case 3).
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figure 7(b).
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(moreover, the maximum temperature values shown in table 3 
are reached at very small areas).

Thus, in terms of cooling requirements, SFWB does not 
reach the maximum local allowable temperature imposed by 
the EUROFER mechanical properties. On the other hand, the 
temperature jump through the blanket is considerably lower 
than the mentioned design goal of 100 °C, so that there is 
still room for improvement in the design for cycle efficiency 
purposes. In terms of corrosion rates, the values predicted for 
Case 1, which exhibits the best behavior with respect to the 
temperature jump, are above the target of 200 μm yr−1. For 
cases 2 and 3, however, the predicted corrosion rates fulfill the 
design requirements, while the temperature jump is signifi-
cantly lower than 100 °C. This indicates two points:

 (i) Low corrosion rates and large temperature jump for cycle 
efficiency exhibit a clear incompatible behavior with the 
mass flow rate.

 (ii) Although the current SFWB design does not show yet a 
complete satisfactory performance, corrosion rates for 
the SCLL are expected to be reduced at appropriate levels 
by means of re-design.

4. Conclusions

The cooling of a SCLL blanket with SFWB has been studied in 
terms of Pb–15.7Li temperature increase through the blanket, 
and maximum values of the temperature and corrosion rates 
reached at the blanket walls. The work has been carried out 
by performing a numerical simulation of the deposition of 
neutrons energy in the Pb–15.7Li using MCNPX, and the 
thermo-fluid dynamics using the general purpose CFD code 
FLUENT with a large eddy simulation approach. The problem 
constitutes a difficult challenge, mainly because of the blanket 
geometry and dimensions, the highly turbulent Pb–15.7Li flow 

in the channels, and the computational resources required, 
related to the minimum size of the computational mesh in 
certain domain regions and the maximum time step required 
by the transient simulations. A detailed description of the Pb–
15.7Li velocity and temperature distributions predicted for 
different operational scenarios has been presented, along with 
the estimated corrosion rate distribution on the blanket walls.

A relevant conclusion of this work is that the EUROFER-
based SCLL scheme for IFE reactor, mainly questioned by 
corrosion issues, can be a viable alternative provided that a 
careful design of cooling ducts is considered to minimise 
them.

Despite the expected improvement of SFWB over the 
IFWB configuration, we still found an unsatisfactory behavior 
of the blanket from the point of view of combined cooling effi-
ciency and corrosion levels. The maximum local temperature 
limit of 550 °C was not reached, as could be expected since 
the studied operational scenarios under study were adjusted 
with this criteria. On the other hand, incompatible trends were 
found between the desirable variations of the temperature jump 
through the blanket and maximum corrosion rates as a func-
tion of the mass flow rate, within ranges that did not allow us 
to find an appropriate value for the mass flow rate that satisfies 
the design goals. That is, local maximum corrosion rates below 
the target of 200 μm yr−1 are only obtained when the max-
imum temperature drops to about 60 °C, far from the 100 °C  
target requested for power cycle efficiency.

However, two positive aspects support the conclusion 
that the EUROFER-based SCLL is a promising proposal 
for HiPER or any other ICF reactor of the EUROFER-based 
SCLL. On one hand, the opposite trends between corro-
sion rates and desirable temperature jumps is highly design 
dependent, and could be mitigated by re-setting the Pb–15.7Li 
duct shapes (also taking into account beam penetrations). On 
the other hand, local maximum corrosion rates in the range 
of 200 μm yr−1 (expected to be significantly reduced with BB 
re-design) can be faced making use of anti-corrosion coatings.

Some of the drivers for future design are: (i) consolida-
tion of SFWB configuration over IFWB. (ii) Elimination of 
the hemispherical modular division. (iii) Change from double 
channel (thin-thick) to single (thick) channel modules, and 
design an outlet pipe with a larger cross section area in order 
to prevent too large velocities in the Pb–15.7Li flow and thus 
excessive corrosion rates. (iv) Exploration of coatings to 
reduce corrosion [25].
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