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Abstract. Magnetohydrodynamic (MHD) processes are known to be critically
important for the Dual Coolant Lithium Lead (DCLL) breeding blanket (BB)
concept. In order to minimize the MHD pressure drop in the European DCLL
blanket design, the liquid metal breeder (PbLi) is decoupled electrically from
the ferritic-martensitic structure (EUROFER) using insulating ceramic-based
flow channel inserts (FCIs). The impact of the FCI on the velocity profile
and the pressure drop in the DCLL front poloidal channels is studied. Two-
dimensional momentum and induction equations for fully developed flows are
solved numerically using the ANSYS-Fluent simulation platform under DCLL-
relevant conditions (Ha=7.57 - 103, Re=2.27 - 10%). Velocity and pressure
drop in the PbLi flows have been computed first for a channel without FCI
and then for three possible alumina-based FCI design: two types of sandwich
FCI and one naked FCI. In order to analyze thermal effects in the blanket, the
obtained velocity profiles are used as inputs to solve the 3D energy equation. The
computations of the temperature distribution in the DCLL poloidal front channel
with a prototypical exponentially varying heat generation profile are obtained
using convective boundary conditions. Results show the effect of the FCI and
MHD phenomena on heat transfer.
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1. Introduction

The breeding blanket (BB) is a crucial system for
future D-T fusion power plants. It is a system
designed, among other functions, to ensure the needed
tritium self-sufficiency of the plant. Besides the
elements needed to accomplish this objective, any
viable BB must include mechanisms that perform other
important functions. Indeed, the BB has to be able
of extracting the thermal power from the reactor for
the subsequent energy conversion while providing the
required neutron shielding to the vacuum vessel and
the toroidal field coils.

In the framework of the EUROfusion Consortium
Program there are four BB concepts under considera-
tion, which are: Helium Cooled Pebble Bed (HCPB),
Helium Cooled Lithium Lead (HCLL), Water Cooled
Lithium Lead (WCLL), and Dual Coolant Lithium
Lead (DCLL) [1]. The last three concepts are based on
lead-lithium (PbLi) as tritium breeder, neutron mul-
tiplier and tritium carrier. Magnetohydrodynamics
(MHD) effects arise in the PbLi channels of these blan-
kets as they are immersed into a very intense magnetic
field. Being the PbLi an excellent electrical conductor,
MHD effects will be very relevant for the PbLi dynam-
ics. As the MHD phenomena can produce important
pressure drops in the PbLi flows and significantly im-
pact the blanket functionality, MHD analyses are of
primary interest from the design perspective.

In the PbLi flows, the main dimensionless numbers
that describe the regime of the system are the Reynolds
number: Re = pUyD/n, the Hartmann number:

Ha = Bpay/o/n and the Grashof number: Gr =
gBATp?b3 /n?.  Here, Uy is the mean velocity of

PbLi, By is the external magnetic field, a is the
half of the channel length along the magnetic field
direction, b is the half of the channel length along
the direction of the heat flux, D is the hydraulic
diameter of the channel, p is the PbLi density, AT
is the characteristic temperature difference, g is the
gravitational acceleration, [ is the volumetric thermal
expansion coefficient, 1 the PbLi dynamic viscosity and
o is the PbLi electrical conductivity. The Grashof
number represents the ratio between the buoyancy
forces and the viscous forces while the square of the
Hartmann number represents the ratio between the
Lorentz forces and the viscous forces. In the European
PbLi-based blanket concepts, the order of magnitude
of the Hartmann number varies from 10% to 10%.
These high values imply a dominant role of the MHD
interactions over viscous effects in the PbLi dynamics.

MHD pressure losses are directly related with
the electrical coupling between the liquid metal and
the metallic structure. In order to mitigate the
MHD pressure drop, ceramic structures called flow
channel inserts (FCIs) have been proposed [2]. This
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work is based in the EU-DCLL design which includes
FCIs embedded in the PbLi channels [3]. These
FCIs are based on alumina, a material with excellent
insulating properties. The design of the FCI is not
concluded, as several aspects need to be studied from
the theoretical, experimental and manufacturing point
of view [4]. Three different alumina-based FCI design
options are under consideration for the EU-DCLL: a
thin sandwich design (0.5 mm steel-0.1 mm alumina-
0.5 mm steel) [5] which is considered the baseline
option, a thick sandwich design (1 mm steel-5 mm
alumina-1 mm steel) and a naked alumina design of
5 mm thick [4].

MHD pressure drops and velocity profiles of a
DCLL central front channel have been computed for
the 3 FCI designs. 2D fully developed flow models
have been employed for this purpose following the
methodology firstly used for the US-DCLL blanket
with SiC¢/SiC FCI [6]. 3D heat transfer analyses have
been carried out too using the MHD velocity profiles
as inputs.

2. Description of the EU-DCLL blanket

As other PbLi-based BB, the EU-DCLL is based
on eutectic PbLi as neutron multiplier and tritium
breeder. However, in this blanket concept the PbLi
acts also as the primary coolant (self-coolant). For this
reason the liquid metal flows at much higher velocities
(~ 1 cm/s) than in other PbLi based breeding blanket
concepts. The blanket design also includes helium
(He) for cooling the structure, especially the first wall
(FW) which supports the highest thermal loads. The
structural material is the reduced activation ferritic-
martensitic steel (EUROFER). Since the design of the
EU-DCLL is evolving, the assessments here presented
are based on the most recent available design [7].

The blanket is divided into 18 equal sectors along
the toroidal direction. Each of these sectors consists of
5 segments; 3 of them located in the outboard zone
(OB) while the other 2 are located in the inboard
zone (IB). Unlike other DCLL designs (e.g. [8]), the
segments of the EU-DCLL are formed by modules
(8 modules each). Figure 1 shows the multi-module
configuration of one sector. The IB equatorial modules
are immersed in a very intense magnetic field (By ~ 9
T) while the OB modules are subjected to a lower, but
still high magnetic field (By ~ 4 T).

The modules have slightly different sizes and
shapes depending on their poloidal location. They
are attached to a common back supporting structure
(BSS). The BSS has not only a mechanical function
but it also acts as manifold for the PbLi and He flows.
For this reason, two big PbLi rectangular channels
and four He channels are placed in the BSS along
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Figure 1. Geometrical configuration of one DCLL sector
showing 3 OB segments and 2 IB segments, each one composed
of a series of modules and a BSS.

the poloidal direction (see figure 2). These channels
feed the modules with cold PbLi/He and collect both
coolants once they have been heated.

BSS Cold Channel

BSS Hot Channel

Rear channels

BSS He Channels

[~ Front channels

OB Module IB Module

Figure 2. (left) OB equatorial module; (right) IB equatorial
module. The PbLi flows are shown in red and the He flows are
shown in blue.

The design activities of the DCLL focus on the
equatorial modules as they support one the highest
thermal and neutronic loads. The PbLi enters the
module at 300°C through the so called cold channel
of the BSS and it exists the module at 550°C through
the hot channel of the BSS. In figure 2, the geometry
of the equatorial modules is shown as well as a sketch
of the PbLi flow path.

The front part of the modules, where the majority
of the tritium is generated, is called the breeder zone.
The breeder zone is formed by two kind of poloidal
channels: the front channels and the rear channels.
The front channels are located next to the FW and
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supports a higher thermal flux than the rear channels
which are placed further from the plasma.

Among other criteria, the DCLL modules have
been designed minimizing the complexity of the PbLi
flow path. Indeed, most of the PbLi flow path
consists of straight parallel poloidal channels. The
magnetic field points to the toroidal direction. Thus,
it lays transversely to the PbLi flow. The straight
rectangular section channels will contribute to the
total MHD pressure drop due to the forces created
by the induced electrical currents. In order to
mitigate this contribution, FCIs are placed embedded
in the PbLi channels. The flow is consequently
divided into two regions called bulk flow and gap flow
following the terminology first employed in [6]. If
the insulation is not perfect, both regions can interact
electrically through the FCI. Inside the bulk flow, the
induced currents will point into the radial direction
(perpendicular to the velocity and magnetic fields) in
most of the cross sectional plane (core flow). Next
to the walls the currents behave differently depending
on the interaction with the FCI and the structural
walls forming boundary layers. The boundary layers
perpendicular to the external magnetic field are usually
called Hartmann layers while the boundary layers
parallel to the magnetic field are usually called side
layers. The channel walls next to the boundary layers
are usually referred as Hartmann walls and side walls,
respectively. Figure 3 shows a sketch of the cross
section of one DCLL front central channel.

FCI
EUROFER Walls

Helium Channels

Gap Flow

Poloidal(z)

Toroidal (y)

External Magnetic Field
Radial (x)

Figure 3. Sketch of the cross section of one DCLL central front
channel showing the bulk flow, the gap flow, the FCI, the He
channels and the MHD boundary layers.

The FCI is a crucial component for the DCLL
blanket. Several activities are being carried out for
testing the properties and manufacturing feasibility
of the different FCI designs under consideration [4,
5,9]. The result from these activities and the MHD
simulations and experiments will be used for the final
FCI design selection. Figure 4 shows a sketch of the
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three FCI designs under consideration for the EU-
DCLL with their respective dimensions.

0.5 mm EUROFER

9 0.1 mm alumina
L 0.5 mm EUROFER

Thin Sandwich

" 1 mm EUROFER
5 mm alumina
1 mm EUROFER

Thick Sandwich

1

Naked FCI 5mm alumina

]

Figure 4. FCI design options under consideration for the EU-
DCLL showing the alumina in orange and the EUROFER in
grey.

The characteristic dimensionless numbers of the
EU-DCLL channels are exposed in table 1 and
table 2. In order to estimate the Grashof number in
the different channels, the characteristic temperature
difference AT have been estimated considering a
simplified 1D conduction model. In other words, AT =
G-b?/k, where q is the average volumetric heating in the
channel, b is the half of the channel length along the
heat flux direction and k is the thermal conductivity
of PbLi. The Grashof number computed with this
method is most likely an overestimation of the real
value but it provides a preliminary value until more
detailed calculations are performed (section 6).

Table 1. Characteristic dimensionless constants of the DCLL
outboard channels.

Outboard segment

Breeding zone channels BSS channels

Front Rear Hot Cold
Ha 7.63 -103 8.46 - 103 579 -10* 4.18 .10%
Re 2.72 -10% 3.63 - 10* 3.65 -10° 1.39 -10°
Gr 598 -10 147 -10'' 519 -10%8 3.48 -107

Table 2. Characteristic dimensionless constants of the DCLL
inboard channels.

Inboard segment

Breeding zone channels BSS channels

Front Rear Hot Cold
Ha 1.75 -10% 1.91 - 10% 9.19 -10* 6.84 -10%
Re 294 -10% 4.40 - 10* 2.57 -10° 1.88 - 10°
Gr 719 .10 316 -101° 158 -108 1.56 - 108

3. Mathematical and computational model

The present analyses are applied to the central front
poloidal channel of the breeding zone of one DCLL
OB equatorial module. This model studies the straight
regions of the channel and, thus, it does not take into
account any effect produced by the 3D elements of the
geometry. Its main objective is to analyze and compare
the response of different alumina based FCI designs
(figure 4).

The model employed for the flow computation is
2-dimensional. The applicability of 2D MHD models in
straight channels with FCI under transverse magnetic
fields is discussed in [6]. Far from the 3D elements
of the design (inlets, bends...) and when neither
transient effects nor buoyancy effects are considered,
the flow is expected to be fully developed. Under these
conditions, there are no axial currents (all of them are
cross sectional) and there is no dependence with the
axial coordinate (z).

Starting from the MHD equations written in B-
formulation (based on # and B as variables), the
general set of 6 MHD equations (vectorial momentum
and induction equations) with 6 variables can be
reduced to a set of only two equations: a 2D
momentum (1) and a 2D induction equation (2). These
equations are written in terms of only two variables:
the axial velocity U(z,y) and the induced magnetic
field B;(x,y) which lays along the axial direction too
(cross sectional currents).

B
1 (822U + 8y, U) — 8.p + IoayBi =0 (1)
1t 0z (07'0:B;) + 9y (679, B;)) + Body,U =0 (2)

In (1) and (2), By is the external toroidal (y)
magnetic field and 7, ¢ and p are the dynamic
viscosity, the electrical conductivity and the magnetic
permeability of the materials of the system (PbLi,
EUROFER and alumina). The pressure gradient
is considered constant. Thus, the variation of the
pressure (p) along the axial (poloidal) direction is
linear.

In order to obtain convergence it is necessary to
adapt the computational mesh to the heavy MHD
requirements. So as to have enough resolution to
resolve the Hartmann layers, it is necessary to provide
a sufficient amount of mesh points in the layer, whose
thickness scales with Ha~!'. Following the criteria
described in [10] hyperbolic mesh gradients have been
applied from the center of the flow to the layers.
Figure 5 shows a part of the computational mesh used
for the thin sandwich FCI computation. The meshes
used for the other two FCI designs have the same kind
of gradients.
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Figure 5. Detailed part of the computational mesh used for the
thin sandwich FCI concept.

The MHD velocity profiles computed with the 2D
model have been used as an input for a stationary 3D
heat transfer analysis. The energy equation (3) has
been solved for the three FCI designs:

pCRUO.T — 9; (kO'T) = S, (3)
Sh = qexp (—mx) (4)

Where C), is the specific heat of the materials
and x their thermal conductivities. The source S},
(4) represents the heat generated by the interacting
neutrons and photons. A prototypical exponential
shaped function along the radial direction (x) has
been used. The parameters ¢ and m have been
taken according to the result of the best fitting of the
neutronic data concerning the EU-DCLL [11]. In the
case of the OB equatorial module front channels the
parameters are: ¢ = 7.41 W/cm?® and m = 6.3 m™!
(the point x = 0 is defined at the external side of the

Table 3. Main input parameters.

Input Parameter Value
Toroidal Size; 2a (mm) 161.6
Radial Size; 2b (mm) 282
Length; L (m) 2
Gap Thickness; tgap (mm) 2
First Wall thickness; tg, (mm) 18.64
Radial Walls thickness; tsw (mm) 13.48
Rear Wall thickness; trw (mm) 16.5
Flow rate; Fo (L/s) 0.775
PbLi inlet temperature; Ti, (°C) 308
First wall He inlet temperature; Tre pwin (°C) 318

First wall He outlet temperature; Tye Fwouts (°C) 433
Radial walls He average temperature; Tge sw (°C) 436
External Magnetic Field; Bg (T) 4.147

The dimensions and magnetic conditions used in
the simulations are the ones of one DCLL outboard
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equatorial module central front channel (figure 3).
The FW and the radial walls are cooled with He
flowing in rectangular channels inside the steel. The
He channels introduce anisotropy in the wall electric
conductivity that could alter the behavior of the PbLi
flow. However, according to previous studies these
effects are expected to be small and located next to
the MHD boundary layers [12]. As a first approach,
the thicknesses of the steel walls have been readjusted
to effective values extrapolated through the volume
fraction steel/helium of the walls. The main input data
used in the simulations are summarized in table 3.

The mechanical and thermal properties of PbLi
[13] and EUROFER [14] used in the computations are
exposed in table 4. The electrical conductivity of both
materials [15,16] is depicted as well. The expected
PbLi inlet and outlet temperatures in the front channel
are approximately 300°C and 500°C, respectively.
As a consequence, an average temperature of 400°C
has been used for the PDbLi properties. In this
channel, EUROFER temperatures are expected to be
in the range of 400-550°C, reaching the maximum
temperature in the FCI layers. Taking into account
the small variation of the EUROFER properties in
this range, these at 500°C has been used for the
computations.

The electric properties of the alumina considered
for the present FCIs have been measured in recent
experimental campaigns [4] whose results showed a
very good electrical insulating capability in a large
temperature range (200-600°C). Alumina thermal
properties have been taken from the commercial
specifications of the KA997 aluminum oxide.

Table 4. Materials properties.

PbLi EUROFER  Alumina
p (kg/m3) 9720 7608 3950
o (S/m) 7.63 -10°  8.33-10° 10°8
n (Pas) 1.497 - 1073 — -
Cp (J/kg K) 189 730 880
k (W/mK) 15.14 30.35 28

4. Validation case

The system of equations (1) and (2) has been solved
using the MHD capabilities of the ANSYS-Fluent
platform. Previous works have tested the capabilities
of this platform against experimental data [17].
However, Fluent computations of fully developed
flows using B-formulation need to be validated,
specially for high Hartmann numbers.  For this
purpose, two flows with known analytic solutions have
been computed with Fluent: the Shercliff flow [18]
and the Hunt flow [19]. The first system consist of
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a rectangular section channel with perfectly insulating
walls under a transverse magnetic field. The second
system is almost equal to the first one but the
Hartmann walls (perpendicular to the magnetic field)
have an arbitrary wall conductance ratio (Cy,). The
side walls (parallel to the magnetic field) are still
perfectly insulating.

For plotting the analytic solution, the reformula-
tion of the original hyperbolic expressions in terms of
exponential functions used in [20] has been employed.
The channel dimensions and the magnetic field used as
inputs for these computations are the same than the
ones that are used for the rest of the MHD calculations
(table 3). Therefore, the Hartmann number is 7.63-103.
The wall conductance ratio used for the Hunt case is
Cy = 0.05.

Figure 6 shows the velocity profile obtained with
Fluent along a line perpendicular to the magnetic
field that goes through the center of the channel
(y=0). Results are depicted next to the side boundary
layers normalized with respect to the core velocity.
The computational solutions are compared with the
analytic solutions along the same curve. Results
show a good match between computational results and
analytic solutions.

1.00 -
080 -
é 0.60
=) — Analytic Solution
0.40 - * Fluent
020 -
0.00 . . . . ‘ : )
01435 01415 01395 01375 01355 -0.1335 01315  -0.1295
x/a
100 |
90 -
80 -
70 -
60 -
@ 50 - ) .
a — Analytic Solution
S 40 4 « Fluent
30 -
20 -
10 -
0 % * *
-10 : : : : : : : .
-0.1435 01415 -0.1395 -0.1375 -0.1355 -0.1335 -0.1315 -0.1295 -0.1275
xfa
Figure 6. Comparison between Fluent result and analytic

solution [20]. (up) Shercliff flow; (down) Hunt Flow.

5. MHD fully developed flow results

Results for 3 different FCIs concepts have been
obtained. For comparison purposes the velocity profile
of the central front channel without FCI has been
calculated as well. The obtained velocity profiles are
exposed in figure 8.

Analyzing the velocity profiles it can be deduced
that the alumina is able to effectively decouple the bulk
flow from the gap flow. Indeed, the naked alumina
FCI case exhibits in the bulk flow the characteristic
flat profile of a rectangular channel with perfectly
insulating walls [18]. This implies that there is no
interaction between the bulk flow and the gap flow.
For the two sandwich-like FCIs designs there is also an
effective decoupling between the bulk flow and the gap
flow, but in these cases EUROFER layers are in contact
with the PbLi. Those layers act as thin conducting
walls which produce the characteristic MHD flow of a
channel with conducting walls: a flat core and two jets
in the side layers [21].

Qualitatively, the gap flow behaves similarly for
the three FCI designs. Figure 7 shows the current
distribution of the thin sandwich FCI case. It can
be observed that the currents in the gaps next to the
side boundary layers (side gaps) flow mainly in the
toroidal direction, parallel to the external magnetic
field. As a consequence, the Lorentz forces in these
gaps are small and viscous effects are dominant. It
causes an almost parabolic profile along the radial
direction (figure 9). The opposite situation takes place
in the gaps next to the Hartmann boundary layers
(Hartmann gaps). In these regions the currents are
mainly perpendicular to the external field and the
Lorentz forces are intense. Therefore, the flow is
almost static and the vast majority of the gap flow
runs through the side gap.

Figure 7. Current distribution for the DCLL central poloidal
channel with a thin sandwich FCI.

The total flow rate in the four cases is the same
(0.775 L/s) but the MHD phenomena affect the flow
partitioning between the bulk and the gap regions. For
the sandwich like FCI designs, the high resistance that
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Figure 8. Velocity profiles for the central front channel with 3 different FCI designs and without FCI.

the MHD forces impose to the bulk flow makes that a
significant amount of flow rate goes through the side
gaps where the resistance is much lower causing high
velocity jets in the gap flow. Besides the MHD effects,
the geometry of the channels has an impact on the
velocity scale as the cross sectional area depends on
the FCI thickness. As a consequence, mean velocities
are different even the flow rate is not. In order to
compare the profiles, a 2D plot along a straight radial
line that crosses the center of the channel is presented
in figure 9.

0.4
035 {Gap H5—————*> £
i§: NakedFCl | 3 — Naked FCI
0.3 =3 - : _
- B LE — Thin Sandwich FCI
£ o025 - poa . ,
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Figure 9. Axial velocity next to the side wall along a radial line
that crosses the center of the channel(y = 0).

From these 2D fully developed analyses useful
information can be obtained. The pressure drop per
unit length associated to the different FCI designs is
exposed in table 5. The pressure drop reduction factor
associated to each FCI design is shown as well. This
magnitude is defined as the ratio between the pressure

drop of a channel without FCI (Ap/Az)y and the
pressure drop of the same channel with FCI.

Table 5. Pressure drop associated to the three FCI designs.

(3%)
Ap (Pa EA
AZ m (g)
AZ
No FCI 34224.6 —
Naked FCI 36.1 948.05
Thin Sandwich FCI 1739.5 19.67
Thick Sandwich FCI ~ 3861.1 8.86

The naked FCI provides the best pressure drop
mitigation as it has no EUROFER in contact with
the bulk flow which reduces significantly the density of
induced currents. In the sandwich like FCI designs the
thickness of the EUROFER layer is the parameter that
determines the pressure drop mitigation. No matter
how perfect the electrical insulation properties of the
alumina core are, the steel layer reduces significantly
the FCI effectiveness.

In table 6, the velocity of the flat core in the
bulk flow is shown together with the average velocity.
The peak velocity of the jets at both sides of the FCI
next to the side wall is shown as well. Moreover, the
percentage of flow that goes through the bulk and the
gap is exposed in table 7. The total flow rate (Fy) is
the same in every case (0.775 L/s).

From the computational results it can be observed
that for all FCI design there is a very small percentage
of flow that goes through the Hartmann gap. This
situation is especially pronounced for the naked FCI
design. In the sandwich-like designs, a high flow rate
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Table 6. Characteristic velocities of the fully developed flow.

Ucore Uavg Ujets (Cm/s)
(em/s) (em/s)
Bulk  Gap
No FCI 1.48 1.17 26.60 —
Naked FCI 1.97 1.88 - 0.59
Thin Sandwich FCI 1.59 1.74 15.41 18.72
Thick Sandwich FCI 1.64 1.95 21.51  30.69
Table 7. Flow distribution.
F
G
. Gap ()
—pulk (%)
Side Hartmann
No FCI 100 - -
Naked FCI 99.77 0.2297  0.0003
Thin Sandwich FCI 92.87 7.113 0.017
Thick Sandwich FCI ~ 88.15 11.809 0.041

goes through the side gaps which is translated into
high velocities jets in these regions. This effect is more
prominent for the thick FCI design.

The results obtained in the present work are
qualitatively in good agreement with previous studies
performed with 2D fully developed models for the
US-DCLL [6]. Quantitatively, results are different
because conditions such as geometrical dimensions of
the channel, the external magnetic field and the FCI
design are also different.

6. Heat transfer analyses

Heat transfer analyses have been performed for the
central front channel using the calculated MHD
velocity profiles as fixed inputs for solving (3). For
simplicity, instead of computing the complete He flow
inside the EUROFER, convective boundary conditions
have been considered at the external side of the walls.

q= hHe(Twall - THe) (5)

The convective boundary condition requires pro-
viding the helium temperature (Tp.) and the heat
transfer coefficient (hg.) in each wall of the channel.
Instead of using an average He temperature, the results
of a 1D heat transfer code developed for the DCLL
design activities (PLATOON code [7]) have been em-
ployed. This code models the complete OB equato-
rial module. It discretizes the PbLi and He flows only
along their respective flow directions. Both flows are
connected across solid materials with the appropriate
surfaces, thicknesses and thermal properties. Heat gen-
eration inside the components of the model is also con-
sidered when needed. This 1D code does not take into
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account the specific shape of the PbLi and He veloc-
ity profile. Instead, it considers heat transfer between
the fluids and the solid walls occurs by convection (5)
and calculates h by means of empirical correlations of
the Nusselt number. For the PbLi, the heat transfer
coefficient is based on an experimental correlation ob-
tained for flows under transverse fields and insulating
walls [22]. At the interface between the steel and the
He the code uses the Gnielinski correlation [23].

According to the results of the 1D model, the
He temperature in the FW channel follows an almost
linear profile. The He enters the bottom part of the
channels at 318°C and leaves the top part at 433°C.
This same linear profile has been imposed as boundary
condition in the FW He channels for the present
heat transfer calculations. An average heat transfer
coefficient of 3084 W/m?K has been established in the
FW He channels based on the 1D model outputs.

Once the He exits the FW channels it descends
through the radial walls. The 1D model predicts
an increment of only 4°C in the helium temperature
between the top part and the bottom part of the
radial walls (from 434°C to 438°C). Taking into
account this almost uniform temperature, a constant
He temperature of 436°C has been considered in both
radial walls for the present heat transfer computations.
Like in the FW He channels, an average heat transfer
coefficient has been established in the radial walls He
channels (3366.5 W/m?K). The He and PbLi boundary
temperature values are also exposed in table 3.

The design of the DCLL module does not include
He channels in the rear wall. A zero flux boundary
condition has been imposed as a first approximation.

Results of temperature contours for the central
radial-poloidal plane and for the mid sectional plane
are exposed in figure 10 and figure 11, respectively.

Analyzing figure 10 and figure 11 it can be
observed the effect of the MHD velocity profile over
the heat transfer. On the one hand, the exponential
generation profile produces important temperature
differences along the radial direction. On the other
hand, the small velocities in the Hartmann gaps turn
them into hot regions. The result of both phenomena
are the oval shape of the temperature contours that
can be observed in figure 11.

From this analysis the heat losses from the PbLi
to the He circuit can be derived. It is worth mentioning
that the heat flows through the channel walls in both
directions. Locally, there are regions where the PbLi
is colder than the He. In this regions, the heat flows
from the He to the PbLi. This is true mainly next to
the inlet. However, in the majority of the system the
PbLi is hotter than the He which is translated into a
heat flux from the PbLi to the He. By integrating the
heat flux along the contact surface the total heat that
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Figure 10. Temperature contours in the central radial-poloidal
plane.

goes from the PbLi to the He can be obtained (table 8).
The total amount of heat generated in the system is qq
= 0.2807 MW which can be obtained by integrating
(4) in the channel volume.

Table 8. Net heat fluxes through the channel walls (from PbLi
to He).

q
arw (W) dradial (W) qioe(%)
Naked FCI 21926.83 10890.78 11.69
Thin Sandwich FCI 10890.26 810.88 4.17
Thick Sandwich FCI 10675.39 9185.24 7.07

The naked FCI design develops small velocities in
the gap next to the FW compared with the other two
designs. For this reason the heat flux from the PbLi to
the He circuit in the FW is much higher. In figure 10
and figure 11 it can be observed that the temperature
next to the FW is lower for the sandwich-like designs
as the side jets cool the FW more efficiently.

The almost stagnant flow in the Hartmann gap
made that, in these regions, the heat flows almost
exclusively by conduction along the sectional planes.
This causes that the heat flux through the radial walls
is significantly affected by the thickness of the FCI.
The heat generated in the bulk zone is mostly removed
by the PbLi flow while the heat generated in the
Hartmann gap and in the FCI is removed either by the
cooling effect of the bulk flow or the He flow, depending
on the zone. In the case of the thin FCI there is more
heat generated in the bulk zone because of its smaller
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Figure 11.
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Temperature contours in the middle section

volume while in the other 2 designs there is more heat
produced inside the FCI. For this reason, in the thick
designs the magnitude of the heat transferred to the
Hartmann gap and extracted by the helium flow is
higher than in the case of the thin FCI (table 8).
According to the present calculations, the Grashof
number in the OB front channels is Gr = 2.93 - 10'°
which is one order of magnitude less than the pre-
liminary estimations given in table 1. This value is
more accurate but still not completely representative
as the buoyancy forces have not been taken into ac-
count in the pressent calculations. Regardless, consid-
ering the high Grashof number obtained, it is expected
that the temperature variations in the channel cross
section (figure 11) will generate buoyancy effects that
can affect the velocity profile [24] and consequently the
heat transfer. In order to analyze the buoyancy phe-
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nomenon, magneto-convective computations including
the coupling between temperature field, the magnetic
field and the velocity field are planned to be carried
out in future works.

7. Discussion

Sandwich-like FCI and naked FCI present different
benefits and drawbacks.  Velocity profiles of the
sandwich-like designs are significantly different com-
pared with the naked design. The EUROFER layers of
the sandwich FCI allow tangent currents to penetrate
in it. This entails to the jet formation next to the side
boundary layers. Besides, the pressure drop reduction
factor of the sandwich-like concepts is severely affected
by the thickness of the EUROFER layers. From this
point of view, the thick sandwich design is the less ef-
fective option of the ones studied.

Not having any steel layers, the naked FCI
provides the best pressure drop mitigation. However,
the flow partitioning between the bulk flow and the gap
flow is very unalike for this design. The small flow rate
through the gap causes hotter regions next to the FW
in comparison with the sandwich-like designs. For the
naked FCI more than 11% of the energy generated in
the channel goes to the He circuit. From this point of
view, the thin sandwich FCI design provides the best
thermal behavior as only 4.17% of the energy generated
in the channel goes to the He circuit.

The viability of any FCI design depends on more
factors than the ones analyzed, which are planned
to be studied in future. For example, the jets of
the sandwich-like concepts provide a better cooling
of the FW but the high wvelocities that exhibit
(0.1 m/s) could be unacceptable from the corrosion
point of view [25,26]. Besides, the temperature
gradients between the faces of the FCIs might
lead to important thermal stresses. This could be
critical for the sandwich like concepts where different
thermal expansion coefficients of the alumina and the
EUROFER would produce unacceptable stresses in the
FCI [4]. These deformations could potentially affect
the flow partitioning and the gap flow velocity profile
as well. The pressure difference between the gap flow
and the bulk flow can also produce stresses in the
FCI. Pressure equalization holes or slots (e.g. [27])
have been proposed for solving this problem. However,
they present important manufacturing difficulties.
Experimental analyses are planned for testing the FCI
performance in PbLi loops under relevant magnetic
field. They could help determining whether this
pressure difference will present mechanical problems
for the FCI or not.

It is worth noticing that the EU-DCLL design
includes other MHD issues. They are mainly related
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with the 3D geometrical configurations, the electrical
coupling between PbLi channels and with the fringing
effect of the magnetic field. These effects must be
studied in detail for computing the contribution of each
issue to the whole MHD pressure drop. In particular,
there are some geometries of the design that are not
present in other DCLL concepts. As a consequence,
they have not been studied in the past. These unique
problems should be addressed in future with dedicated
MHD analyses as the lack of experience makes difficult
to estimate beforehand their importance.

8. Conclusions

MHD analyses for fully developed flows in rectangular
section channels under EU-DCLL conditions have been
performed. 3 different alumina-based FCI designs have
been compared. Using the MHD velocity profile as
an input, 3D heat transfer computations have been
performed assuming convection boundary conditions
for the helium channels.

Results show that the good electrical insulation
properties of alumina are enough for electrically
decoupling the bulk flow from gap flow. In other words,
almost no currents cross through the FCI for the 3
designs. The thin sandwich FCI accomplishes this
purpose effectively regardless the really thin alumina
layer (0.1 mm). Sandwich-like FCIs exhibit jets in
the side gap which entails a better cooling of the
FW compared with the naked FCI. The naked design
presents the best pressure drop mitigation but it also
implies the highest heat losses to the He circuit.
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