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ABSTRACT

Liquid metal breeding blankets in fusion reactors operate under strong magnetic fields, which results in the
occurrence of complex magnetohydrodynamic (MHD) effects driven by electric currents that couple fluid and
solid regions. Accurate modeling of this electromagnetic coupling is essential for reliable prediction of MHD
flows in fusion blankets. This work compares two numerical strategies for electric potential coupling in multi-
region MHD flows: a block-coupled and a segregated approach. The block-coupled method solves the governing
equations in all regions simultaneously, providing strong interface coupling and rapid convergence, but requires
strict mesh conformity at fluid-solid interfaces, which is difficult to achieve in complex geometries using
automatic meshing tools. A segregated multi-region solver that solves the governing equations sequentially,
tolerates nonconforming meshes through iterative interface coupling. The segregated approach is validated and
applied to simulations of liquid metal flow in a mock-up of a water-cooled lithium lead test blanket module
for ITER. Numerical results show good agreement with experimental observations and confirm a strongly non-
uniform liquid metal flow distribution among the breeder units. The study highlights the respective strengths
and limitations of both approaches and provides guidance for selecting appropriate electric potential coupling
strategies in high fidelity simulations of blanket systems for ITER and DEMO.

1. Introduction

Tritium self-sufficiency is an indispensable operational criterion for
future fusion power reactors, as it enables a sustainable fuel cycle in
which the reactor compensates for its tritium consumption through
in-situ breeding, thereby overcoming the global scarcity of tritium
and ensuring long term fusion power plant viability. The water-cooled
lithium lead (WCLL) breeding blanket is one of the concepts under
development and foreseen as test blanket module (TBM) for ITER. The
current design [1] is shown in Fig. 1. The liquid metal PbLi flows in
two columns being distributed in 2 x 8 Breeding Units (BU) through
the feeding poloidal manifolds before it reaches the draining manifolds.
The poloidal-radial and toroidal-radial stiffening plates ensure compli-
ance with structural requirements, while the baffle plates guide the flow
of liquid metal inside each BU.

In the flow of the electrically conducting PbLi through the plasma-
confining intense magnetic field, electric currents are induced that
generate electromagnetic Lorentz forces acting on the flow. Electromag-
netic forces are responsible for large additional magnetohydrodynamic

(MHD) pressure drop. Along its flow path, the liquid breeder changes
direction several times from toroidal to poloidal and radial directions.
Previous studies show that changes in flow paths may lead to significant
pressure drop and pronounced distortions of the velocity distribution
compared to hydrodynamic conditions, in particular when multiple
parallel ducts are electrically coupled by the solid structure, such as
stiffening plates or baffle walls [3-5]. Consequently, electromagnetic
coupling at the fluid-solid interface and between neighboring fluid
domains has to be taken into account for accurate modeling of MHD
flows in fusion blankets.

These MHD phenomena can lead to non-uniform flow distribution
and uneven residence time of PbLi within the BUs arranged in a col-
umn. This affects tritium transport and leads to localized regions with
elevated tritium concentration, while other regions become depleted.
Over time, these effects may degrade the tritium breeding performance
and raise safety concerns due to localized accumulation of tritium.
In addition, tritium may diffuse into unintended regions, such as the
coolant water or structural materials, thereby reducing the overall tri-
tium recovery efficiency. Consequently, the PbLi flow distribution must
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Fig. 1. CAD design of WCLL TBM as provided by CEA. [2].
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be carefully analyzed and optimized during blanket design. A previous
experimental campaign investigated the MHD flow in a WCLL TBM
mock-up [6]. While the experimental data already reveals uneven flow
distribution in BUs by pressure and potential measurements [7], only
numerical simulations may provide insight into internal flow details
and support design revisions.

Moreover, as breeding blanket concepts evolve, thermo-mechanical
and thermo-hydraulic simulations must be repeatedly performed to
assess the impact of modifications. A key challenge in such analyses
is the accurate modeling of electromagnetic coupling at fluid—solid
interfaces in multi-region MHD flows. To address this challenge, the
present study develops and validates efficient numerical algorithms
that enable faster and more robust simulations throughout the breeding
blanket design cycle.

2. Numerical approaches for electric potential coupling in multi-
region MHD flows

MHD flows are governed by the interactions of fluid dynamics
and electromagnetism. When describing MHD flows mathematically,
the following assumptions are made: the fluid is incompressible, dis-
placement currents are neglected due to low frequency conditions, and
the inductionless approximation is applied, assuming that the applied
magnetic field is unaffected by the flow when the magnetic Reynolds
number is small. The electromagnetic behavior in fluid and solid is
governed by Ohm’s law and charge conservation, which lead to a
Poisson equation for the electric potential. The governing equations
are summarized in Table 1, where v, p, j, B, and ¢ represent velocity,
pressure, electric current density, magnetic flux density, and electrical
potential, respectively. The relevant material properties include the
specific electric conductivity ¢, kinematic viscosity v, and mass density
p. Subscript S indicates the parameter of the solid. The dimensionless
parameters characterizing the flow are, the Hartmann number, the
interaction parameter and the wall conductance parameter

cLB? oot
Ha=ByL /<, N= —2 (=52,
pv pug oL

Here, B, denotes the magnitude of the applied magnetic field, while
uy and L are the mean velocity and length scale. The square of the
Hartmann number indicates the ratio of electromagnetic to viscous
forces, whereas the interaction parameter expresses the ratio of elec-
tromagnetic to inertial forces. The electrical conductance of the wall
with thickness ¢, and conductivity og compared to that of the fluid is
characterized by the wall conductance parameter c.
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Table 1
MHD equations for fluid and solid regions.

Momentum conservation
p(% +(V'V)V> =-Vp+pvVv+jxB

Mass conservation
Fluid V.v=0

Ohm’s law & charge conservation
j=0(-Vp+vxB), V-j=0

Poisson equation for electric potential
V2= V-(vxB)

Ohm’s law & charge conservation

Js =—0sVes; V-js=0

Poisson equation for electric potential
VZ(I)S =0

Solid

[
i
Fig. 2. Conditions at the fluid-wall interface.

Since electric potential and currents exist in both the fluid and solid
domains, appropriate conditions must apply at their interface. Here the
continuity of electric potential and wall normal current is assumed
b=d5 oL = %5, )
where n is the normal direction that points outward of the respective
domains. The interface between a fluid and a solid cell is shown in Fig.
2. Combining Egs. (1) and approximating the wall normal derivatives
by finite differences between face and cell-center values, ¢, and ¢,
for the fluid (¢, — ¢¢) /6 and for the solid, (¢, — ¢sc) /65 we find a
consistent interpolation

b, = wdsc+(1-w)de. @

where the abbreviation

-1
w=<1+§z> ®)

6 og

denotes a weighting factor that takes into account fluid and solid
conductivity and distances between cell centers and the interface. For
well conducting walls (o65/6 > 1), ® — 1, the interface potential
reduces to ¢, = ¢g, a fixed value boundary condition. Conversely,
for poor conducting walls (o5/c — 0), @ — 0, we find ¢, = ¢c, which
corresponds to a zero gradient condition for the fluid. The weighting
factor w thus describes the strength of the numerical coupling between
the fluid and solid regions.

The employed numerical solver is based on finite volume techniques
implemented in the frame of the open source code OpenFOAM using a
cell-centered finite volume method for discretization of the equations.
Crucial for the solution for strong magnetic fields is a current con-
servative formulation of discretized equations for electric potential in
fluid and solid domains and at their interfaces. Applying the divergence
theorem to the potential equations for fluid and solid and integrating
over the finite volumes bounded by their respective faces f with face
area vector S, we find the discrete representations

Il/' n/

Y (Vg), S, = (vxB), S, )
f=1 f=1

nr

> (V) -8, =0,. (5)
=1
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where (V@) and (v x B), denote the gradient of electric potential and
flow-induced electric field interpolated to the respective face centroid
f- Egs. (4) and (5) lead to linear systems of equations for fluid and solid
domains.

The treatment of variables at an interface between two dissimilar
materials such as fluid and solid requires special attention. To clarify
this, we consider as an example a fluid-solid interface f between two
cells as shown in Fig. 2. Substituting the interpolation of the interface
potential ¢, in Eq. (2), the potential gradients become

dc— ¢y _ bc—dsc
I
dsc—¢ bs,c— P
(Vo) = B — Bt
Two numerical approaches are commonly employed for implement-
ing Egs. (6) and (7) across multi-region interfaces, i.e. the block-
coupled and the segregated methods.

Vo), = )

(7)

2.1. Block-coupled approach

The block-coupled MHD solver developed at KIT [8] in OpenFOAM-
extend [9] couples the electrical equations for fluid and solid regions at
the matrix level. In this approach, the potential Poisson equations for
the electric potential across the entire computational domain are solved
simultaneously. OpenFOAM-extend provides the BlockLduMatrix
class to handle block matrices in a fully general and templated frame-
work, enabling monolithic coupling across multiple regions. Originally
developed by Jasak [10], it offers the flexibility required to assemble
and solve multi-field systems. This feature allows the formulation of
a joint coefficient matrix for the electric potential for fluid and solid
domains representing the interdependence of @ as block sub-matrices:
o -l

SF Ss el
App and Bgg contain the coefficients linking the fluid and solid regions,
respectively, to themselves, while Agg, Bgr represent the coupling terms
between the fluid and solid domains. The fluid—solid interfaces are cou-
pled and assembled into the sub-matrices Agg and Bgp, which enable
information exchange between the interfaces and is facilitated by a
specialized regionCoupling condition.

The electric potential for fluid and solid is stored in a single global
solution vector and solved monolithically using a block coupled solver.
Interface continuity is inherently enforced through the coupled ma-
trix assembly, in contrast to the segregated approach where interface
boundary conditions must be prescribed explicitly.

By embedding the coupling terms into a single global system matrix,
inter-region interactions are resolved within each linear solution, which
significantly improves convergence for strongly coupled problems as it
avoids the iterative exchange of interface values. The approach enables
direct access to multi-equation solution strategies through BlockL-
duMatrix or coupledFvMatrix, while remaining compatible with
standard linear solvers, parallel execution, as well as multi-region
utilities such as splitMesh.

One significant drawback is the substantially higher memory de-
mand. In addition, the tight integration of equations reduces modular-
ity, meaning that modifications to the physical model in one region may
require corresponding structural changes to the entire block system.
Moreover, the block-coupled approach requires strict mesh conformity
at interfaces, which is not always guaranteed by automatic meshing
tools when applied to complex geometries as encountered in fusion
engineering applications. Although strict conformity could be enforced
through manual block-structured meshing, this substantially increases
preprocessing efforts and severely limits geometric flexibility.

Further constraints arise from decomposition for parallelization,
since fluid and solid cells with common interfaces must be contained
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within same processor partitions, limiting domain decomposition strate-
gies and often degrading load balancing. Finally, the implementation
in OpenFOAM-extend, while very powerful, lacks many of the more
advanced features and workflow capabilities available in the main
OpenFOAM branch, which can restrict its applicability in modern
simulation environments.

In practice, the block-coupled approach makes it difficult to sim-
ulate multi-region MHD flow in the complex WCLL TBM geometry,
due to the combined effects of geometric complexity, mesh conformity
requirements, and stability limitations.

2.2. Segregated approach

To overcome the drawbacks of the block-coupled approach, a segre-
gated solver was developed using OpenFOAM 7 [11]as a more flexible
and robust alternative. The employed segregated approach is straight-
forward to implement and offers greater flexibility by applying iter-
ations at fluid—-solid interfaces. The structure of the newly developed
segregated solver, as well as the formulation of the coupling interface
condition, draws inspiration from OpenFOAM’s native chtMulti-
RegionFoam solver and the turbulentTemperatureCoupled-
BaffleMixedFvPatchScalarField boundary condition, both of
which are part of the library’s core source code. It should be mentioned
that in parallel with the present development, a multi-region, multi-
phase MHD solver in OpenFoam has been developed independently at
the University of Rome [12].

During each time step, the interface boundary condition uses val-
ues from the previous time step to independently solve the computa-
tional domain within each physical region. Consequently, the updated
interface potential is computed as

G = 0 gl o+ (- @) B, ©

At _ Al
P =0 @i+ - o), (10)

revealing the explicit nature of the segregated algorithm.

The segregated approach requires significantly less memory than
full implicit coupling and is generally easier to implement. This offers
a major advantage for applications involving complex geometries. By
employing Arbitrary Mesh Interface (AMI) interpolation [13], this ap-
proach naturally handles non-conformal interfaces, which may arise
when using fully automatic meshing tools. Furthermore, the solver
relies on the continuously enhanced OpenFOAM - Foundation branch
which provides access to advanced numerical tools, including adaptive
mesh refinement and the most up-to-date pre- and post- processing ca-
pabilities, significantly enhancing the solver’s efficiency and versatility
for complex fusion applications.

In practice, simulations with the segregated approach often require
under-relaxation or the use of the semi-implicit PIMPLE algorithm. In
contrast, if feasibly applicable, the block-coupled implicit approach
often using a PISO algorithm without outer iterations, can yield a lower
overall computational cost for strongly coupled problems.

3. Validation and convergence

For validation of the segregated solver, appropriate benchmark test
cases were selected (see Fig. 3). The analytical solution of Hunt flow
(H65) [14] under the thin wall approximation using a wall conductance
parameter ¢ [15, p. 34-46] is commonly used for the verification and
validation of liquid metal MHD codes, since the numerical prediction
of the high velocity jets in thin boundary layers is considered a chal-
lenging task as Ha > 1 [16]. However, Hunt flow fails to adequately
characterize the flow for applications involving thick conducting walls
as present in fusion blankets. Therefore, as validation Case I, an exact
analytical solution by Sloan and Smith (SS66) [17] for MHD flow
in ducts with thick conducting Hartmann walls, perpendicular to the
applied magnetic field, is used. The latter reference shows that for
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Fig. 3. Sketch of validation cases. Case I: MHD flow in a duct with thick
electrically conductive Hartmann walls and insulating side walls [17]. Case II:
rectangular duct flow and Case III circular pipe with all conducting walls.
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Fig. 4. Relative deviation between pressure gradients obtained for MHD flows
in ducts with walls of finite thickness [17] and Hunt’s thin-wall solution [14].

Table 2

Case I: Grid convergence study showing relative numer-
ical errors for pressure gradient, maximum velocity, and
GCI for Ha =500, t,,/L=0.01, og/c = 1.

n,Xn, K Uy [y GCI
100 x 100 3.34% 2.31%

200 x 200 1.10% 0.75% 1.70%
300 x 300 0.52% 0.31% 1.22%
400 x 400 0.30% 0.17% 0.75%
600 x 600 0.12% 0.04% 0.37%
800 x 800 0.02% 0.02% 0.32%

values of the wall thickness ratio 7,,/L > 0.01, velocity profiles deviate
significantly from Hunt’s solution that is obtained under the thin wall
approximation. Specifically, increasing wall thickness to engineering
values leads to underestimation of peak velocities and a corresponding
overestimation of mean velocity [18].

To illustrate the shortcoming of Hunt flow for applications with
thicker walls, the percent deviation in pressure gradient between H65
and SS66 is shown in Fig. 4, where considerable differences are ob-
served when ¢,,/L > 0.01. For the WCLL TBM, where 7,,/L ~ 0.3 and
Ha =~ 8000, validation based on the Hunt solution under the thin wall
approximation may be inadequate.

For the validation Case I, a grid convergence study was performed
by comparing numerical results with the exact analytical solution SS66
and by using the Grid Convergence Index (GCI) methodology [19].
Results summarized in Table 2 show a quite good convergence rate
for nondimensional pressure gradient K = —g—ﬁpfz and normalized
maximum velocity u,,,, /u,. Validation results for Case 1 at different
Hartmann numbers, obtained using a 600 x 600 mesh, are presented
in Table 3.

Two additional validation cases, referred to as Case II and Case
III, were considered: a square duct and a circular pipe with electri-
cally conducting thick walls. As no exact analytical solutions exist for
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Table 3

Case I: Relative numerical errors for pressure
gradient and maximum velocity with mesh size
600 x 600, for different Hartmann numbers,
t,/L=0.01, og/c = 1.

Ha K Uy /Yo

500 0.12% 0.04%

2500 0.33% 0.27%

5000 0.36% 0.18%

10000 0.24% 0.34%
Table 4

Case II: MHD flow in square duct resolved with
600 x 600 cells with ¢,,/L = 0.3 for all walls,
og/o =0.5, Ha = 500.

Duct K Uy /U

Segregated 25074.6 4.42794

Block-coupled 25075.8 4.4279

Differences 0.005% 0.001%
Table 5

Case III: MHD flow in a circular pipe resolved
with 367916 cells with ¢,,/L=0.1, 65/c = 0.02,

Ha = 5000.
Pipe K Uy
Segregated 53322.8 1.0286
Block-coupled 53235.9 1.0249
Differences 0.16% 0.36%

these configurations, the segregated solver is validated through direct
comparison with results from the rigorously validated block-coupled
solver [20,21]. The results summarized in Tables 4 and 5 show good
agreement.

In the present comparison, both solvers use the same time step size
and the PISO algorithm with two corrector loops. It is worth mentioning
that the Poisson equation for the electric potential is solved using the
BiCGStab solver with a Cholesky preconditioner. In the following, the
influence of the interface mesh size ratio §g/é on the convergence rate
is analyzed. A similar influence as for og/0, discussed after definition
of w in Eq. (3) is expected when varying the interface mesh size ratio
6g/6 for fixed finite og/0, although the limiting cases w =0 and o = 1
will never be met.

Fig. 5 illustrates the convergence rate of the nondimensional pres-
sure gradient K for a square duct with varying interface mesh size ratios
6g/6, while the wall conductance ratio is kept constant at ¢ = 0.01.
As indicated by Eq. (3), larger values of 6g/6 corresponds to a smaller
value of w improving convergence speed. Since the mesh in the solid
region must remain sufficiently refined to accurately resolve the physi-
cal domain, improved convergence may be achieved by finer fluid grids
at interfaces. This is consistent with established MHD mesh resolution
criteria requiring at least seven grid points across the Hartmann layers
and approximately twenty nodes across the side layers for accurate
prediction of velocity distribution and pressure gradient in a duct. The
latter requirement must be satisfied also for Hartmann numbers in
fusion applications where Ha =~ 8000 for a WCLL TBM.

A comparison of the convergence behavior of the segregated and
block-coupled solvers for the simulation of Case I and different wall
conditions (¢,,/L, og/c) is presented in Fig. 6. One observes oscillatory
convergence for the block-coupled solver and monotonic convergence
for the segregated approach. For the strongly electrically coupled inter-
face, as illustrated in the upper subplot, the segregated solver requires
roughly two orders of magnitude more execution time to reach con-
vergence due to its explicit iterative nature. In contrast, for the weakly
coupled interface, the computational cost of the segregated solver is
almost two orders of magnitude lower.
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Fig. 5. Convergence rate for nondimensional pressure gradient K of a square
duct flow at different interface mesh size ratios 65/6 at Ha = 500, wall
thickness ratio ¢,,/L=0.01, wall electrical conductivity ratio og/c = 1.
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Fig. 6. Comparison of the convergence behavior of the segregated and block-
coupled solvers for Case I for MHD flow at Ha = 500 with same wall
conductance parameter ¢ = 0.01, but for different wall thickness. Top: w =
0.926 for t,,/L=0.01, og/c = 1; bottom: w = 0.943 for ¢,,/L=0.5, og/c = 0.02.

4. Application to simulation for a TBM mock-up

To support the development and potential design revisions of the
ITER WCLL TBM, an experimental campaign was conducted at the
MEKKA laboratory at KIT, where a representative mock-up was instru-
mented with electric potential sensors and pressure taps distributed
along the liquid metal flow paths [22,23]. The measured data was used
to analyze pressure drop relevant to ITER operating conditions [6].
Flow-induced electric potential provides an indirect measure of local
flow rates. However, when induced currents shunt through thick elec-
trically conductive walls, the measured surface potential can provide
only a qualitative picture. Therefore, numerical simulations play an
essential role in order to achieve from measured surface potential data
insight into internal details of the flow.

The newly developed and validated segregated solver has been
employed to perform numerical simulations of MHD flow in the WCLL
TBM mock-up at low magnetic field [24]. In the present study, results
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Fig. 7. MHD flow in an entire blanket mock-up without cooling pipes for
Ha =500, N =6.9x 10* Left: flow paths; middle: profiles of poloidal velocity
u, (y,z) in manifolds at three vertical positions; right: profiles of radial velocity
u, (x,y) in the middle plane of BUs.

have been obtained for stronger imposed magnetic field. While the
potential in fluid and wall are coupled at the interface, the outer surface
of the wall is electrically insulating. At the entrance a uniform velocity
profile is used as a good approximation for fully established MHD
pipe flow and at the exit the standard outflow condition is used. This
is achieved using an automatically generated, hexahedral-dominated
unstructured mesh, without enforcing strict mesh conformity at fluid-
solid interfaces. A comprehensive presentation and discussion of all
numerical simulation results are beyond the scope of this paper. In-
stead, a qualitative illustration of the flow paths and the resulting
non-uniform flow distribution is provided in Fig. 7.

A large portion of the flow (red streamlines) enters directly BU1,
where it moves towards the first wall, reverses direction, and subse-
quently enters the larger draining manifold, along which it reaches
the outlet pipe. Another fraction of the flow (represented by the blue
streamlines) proceeds along the feeding manifold up to BUS8, through
which it enters the draining manifold and ultimately reaches the outlet.

Apart from these main flow paths, only a negligible amount of flow
is observed in BUs 2-7. This behavior is further confirmed by velocity
profiles in the toroidal-poloidal mid-plane, where significantly higher
velocities in BU1 and BUS8 are evident. These regions are characterized
by jet-like structures along walls parallel to the magnetic field.

The vertical velocity component (Fig. 7 in the middle) indicates
that the initially high velocity in the feeding manifold progressively
decreases along the poloidal direction, whereas the velocity in the
draining manifold increases until both channels reach comparable flow
speeds. Beyond this point, the flow rates in the feeding and draining
channels remain nearly constant along the poloidal direction until BU8
is reached, through which the remaining fraction of the flow in the
feeding manifold exits the system.

The distribution of flow rates between the feeding and draining
manifolds as well as through the BUs has been quantified based on
the numerical simulations. The results are summarized in Table 6 and
illustrated in Fig. 8, where a, and a, denote the fraction of the total
flow rate in the feeding and draining manifolds, respectively, and da
represents the fraction of flow exchanged between the two manifolds
through breeder unit BUi. The results indicate that approximately 48%
of the total flow is transferred through BU1, followed by an additional
10% through BU2. The flow in BU3-BU6 is almost negligible, as the
flow rates in both manifolds remain nearly constant for 3 < i < 6.
Towards the downstream end of the module, BU7 transfers about 6.6%
of the flow, while BU8 conveys the remaining 32%, thereby confirming
the flow patterns observed in the streamline and velocity field analyses.
The numerically predicted flow distribution shows good agreement
with experimental observations, in which local flow rates were indi-
rectly derived from flow induced electric potential measurements (see
e.g. Fig. 11 in [7]).
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Table 6

Flow rate fractions of feeding and draining manifolds «,
and «, along the poloidal direction obtained by numerical
simulation with Ha = 500. Here, ¢ denotes the poloidal
position, scaled by the total poloidal length L,, of the mock-

up.
Breeding unit Flow fractions
i E=x/L,y ay a, da
entrance 1.000 0.000
1 0.0625 0.4757
0.524 0.476
2 0.1875 0.0996
0.424 0.576
3 0.3125 0.0197
0.405 0.595
4 0.4375 0.0047
0.400 0.600
5 0.5625 0.0033
0.396 0.604
6 0.6875 0.0131
0.383 0.616
7 0.8125 0.0664
0.317 0.683
8 0.9375 0.3174
exit 0.000 1.000 Yda=1
2 3 e s 6 7 8
1 T T T T T T T
b —o feeding | Ha =500 1
0.8+ = —ao draining |
| +—eda, (BU) 4
o 0.6 e g -——a—————g———b
04— 1
I .
|
024
B |
04— \ ‘ T ‘ \ ‘
0 0.2 0.4 0.6 0.8 1
E=x/L
pol

Fig. 8. Distribution of flow rates in feeding (blue) and draining (red) man-
ifolds of a WCLL TBM mock-up along the poloidal coordinate and flow
partitioning among BUs (black).

Such non-uniform flow partitioning should be avoided for efficient
tritium removal from the TBM. This issue can be mitigated by modify-
ing the geometry of the feeding and draining manifolds, in particular
by optimizing the positions of the separating baffle walls along the
poloidal direction, as proposed in [25]. It is therefore strongly recom-
mended to update the manifold design and reposition the separating
baffle walls to appropriate positions.

5. Conclusions

The present study is motivated by the need for efficient and robust
numerical algorithms to predict multi-region MHD flows in liquid metal
breeding blankets. Two different approaches for modeling electric cou-
pling were investigated: a block-coupled and a segregated method. The
block-coupled approach solves the governing equations simultaneously
in all regions, providing strong implicit coupling at interfaces and
rapid convergence for simple geometries. However, it requires strict
mesh conformity across interfaces, which significantly limits its appli-
cability when automatic meshing tools are used for complex blanket
geometries.

To overcome this limitation, a segregated solver was developed
and validated. By solving the equations independently in each region
with iterative interface conditions, the segregated approach tolerates
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nonconforming meshes at fluid-solid interfaces. It is therefore well
suited for complex geometries, enabling the use of automatic mesh
generation techniques thus substantially reducing meshing efforts.

The segregated solver was then applied to simulations of MHD flow
in a WCLL TBM mock-up for demonstrating it predictive capability for
complex geometries. The results reveal a highly non-uniform liquid
metal flow distribution among BUs, with most of the flow passing
through BU1 and BUS8, and a pronounced asymmetry favoring BU1.
A comprehensive presentation of the numerical results and a detailed
comparison with experimental data will be reported in a forthcoming
dedicated publication.

The comparative assessment of the two numerical approaches high-
lights their respective strengths and limitations in terms of accuracy, ro-
bustness, and computational performance. Based on these findings, the
block-coupled approach is recommended for strongly coupled multi-
region MHD flows in simple geometries, whereas the segregated ap-
proach is better suited for complex geometries when automatic meshing
is required.
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