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Abstract: According to the most recently revised European design strategy for DEMO breeding
blankets, mature concepts have been identified that require a reduced technological extrapolation
towards DEMO and will be tested in ITER. In order to optimize and finalize the design of test blanket
modules, a number of issues have to be better understood that are related to the magnetohydro-
dynamic (MHD) interactions of the liquid breeder with the strong magnetic field that confines the
fusion plasma. The aim of the present paper is to describe the state of the art of the study of MHD
effects coupled with other physical phenomena, such as tritium transport, corrosion and heat transfer.
Both numerical and experimental approaches are discussed, as well as future requirements to achieve
a reliable prediction of these processes in liquid metal blankets.

Keywords: liquid metal blankets; magnetohydrodynamics (MHD); tritium; corrosion; convection;
turbulence; WCLL blanket; DCLL blanket

1. Introduction

As stated in the most recent European roadmap for a DEMO reactor [1,2], one of
the candidate driver blankets that will be investigated in ITER is the Water Cooled Lead
Lithium (WCLL) blanket concept. It uses water as a coolant at typical pressurized water
reactor conditions (290-325 °C, 15.5 MPa) and lead lithium PbLi in eutectic composition as
tritium breeder, neutron multiplier and tritium carrier. Other concepts, such as the Helium
Cooled Lead Lithium (HCLL) and the Dual Coolant Lead Lithium (DCLL) blankets, are
still being considered, in limited R&D activities, as potential long-term options.

In liquid metal (LM) blankets, the electrically conducting PbLi moves in the system
under the action of the intense magnetic field that confines the fusion plasma.

It is well known that electromagnetic forces induced by the interaction of magnetic
field and velocity significantly modify liquid metal flow behavior compared to hydrody-
namic conditions [3]. The peculiar magnetohydrodynamic (MHD) flow distribution affects
all phenomena that depend on the near-wall velocity profile, such as transport of tritium
and corrosion products, and heat transfer. In addition, significant temperature gradients
are present in breeding blankets, giving rise to buoyancy forces.

Recently, a review paper has been published aiming to identify the main MHD issues
related to the design of liquid metal blankets and to present the state of the art of the
study of some fundamental MHD phenomena that occur in these complex systems [4].
In the present paper, we want to provide a complementary description of multiphysics
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MHD phenomena, focusing on recent progress and fusion-relevant applications. For
instance, tritium transport and corrosion in hydrodynamic LM systems have been studied
extensively for different cases and operating conditions. However, those processes in MHD
flows have been investigated only in a few publications. Since transport processes depend
on the velocity distribution, the MHD flow that results from the interaction of the moving
LM with the external magnetic field has to be used as input for their analysis. Features to be
taken into account are, e.g., increased velocity at electrically conducting walls aligned with
the magnetic field, turbulence anisotropy, reversed flows caused by magneto-convection
and electromagnetic coupling.

Models have been proposed to integrate into the analysis of MHD flows corrosion
and tritium transfer across material interfaces, permeation through structural materials
and into the coolant. In order to identify the fundamental steps for a long-term strategy
aimed at implementing and validating accurate and robust modeling tools for application
to fusion technology, it is first required to outline the actual state of the art of the different
R&D topics. Therefore, a review of modelling approaches, validation experiments and
future requirements for analyses of coupled MHD phenomena is presented in this paper.
Another important step towards a better understanding of multiphysics MHD flows in
complex systems is the development of system codes. The main features, advantages and
limitations of these predictive tools are discussed as well.

2. Problem Description

We consider in the following the general equations governing the magneto-convective
flow of an electrically conducting fluid in a magnetic field B. They describe the conservation
of momentum and mass:

d
p(af +(v- v)v> = —Vp+prVio—pp(T ~To)g+jx B,V -0 =0, @

where v denotes the velocity, p is the deviation of pressure from isothermal hydrostatic
conditions at the reference temperature T, g stands for gravitational acceleration, and j x B
is the electromagnetic Lorentz force induced by the interaction of imposed magnetic field B
and electric current density j. The latter is determined via Ohm'’s law j = 0(—V¢ + v X B)
that, combined with the condition for charge conservation, V - j = 0, results in a Poisson
equation for the electric potential ¢:

V. V¢ =V-(vxB). 2)

Density changes due to temperature variations in the liquid metal are described by
the Boussinesq approximation. The physical properties of the fluid, density p, kinematic
viscosity v, volumetric thermal expansion coefficient B, and electric conductivity o are
taken at the reference temperature T.

The temperature distribution in the fluid is given by the energy balance equation

pcp (?;f + (v- V)T) = kV2T+Q 3)

where ¢, is the specific heat of the fluid at constant pressure, k the thermal conductivity
and Q a volumetric thermal source.

The flow can be characterized by three dimensionless groups, the Hartmann number
Ha, the Reynolds number Re and the Grashof number Gr,

3
Ha=1B, |2, Re = "L G, — $PLAT @)
pv v
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The former one gives a nondimensional measure for the strength B of the imposed
magnetic field and its square quantifies the ratio between electromagnetic and viscous
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forces. The second expresses the ratio of inertia to viscous forces. Alternatively, the
interaction parameter N = Ha?/Re can be used to weigh the relative importance of
electromagnetic and inertia forces. The Grashof number characterizes the intensity of
buoyancy. The quantities L and u are a typical size and mean velocity in the considered
geometry. A characteristic temperature difference AT can be defined for instance through
the volumetric heat as AT = QL2 /k.

Equations (1)—(3) are solved in the fluid and Equations (2) and (3) also in electrically
and thermally conducting solid structures, by applying appropriate boundary conditions.
The fluid velocity vanishes at walls (no-slip condition) and continuity of wall-normal cur-
rents and electric potential is assumed at interfaces (perfect electrical contact between fluid
and solid material). At external surfaces towards an electrically insulating environment,
wall-normal currents vanish. At the entrance to the computational domain, the flow is
prescribed and often assumed as being fully developed, while at the exit an advective
outflow condition can be applied.

3. Theoretical Description of MHD Flows

The design of test blanket modules (TBMs) for ITER and breeding blankets for DEMO
requires accurate and reliable predictive tools. Depending on the application, the type of
information required, and the level of detail, different methods can be employed to study
theoretically MHD flows under fusion-relevant conditions.

In the following, we discuss the advantages, limitations, development progress, and
application examples of various approaches, such as Computational Fluid Dynamics (CFD)
simulations, asymptotic analysis and system codes.

3.1. Numerical Simulations

CFD codes provide a detailed description of flow features, since the domain discretiza-
tion is highly refined. Moreover, they may be used to simulate turbulent flows, heat transfer
and other coupled MHD phenomena.

Preliminary numerical simulations prior to the start of an experimental campaign can
serve to determine which system’s parameters need the highest measurement accuracy.
This type of information is very useful during the experiment’s conceptual phase, since
it helps to select the type of sensors based on their accuracy when recording the desired
quantity and hence it increases the consistency of experimental and numerical results.
Simulations can provide indications for a suitable arrangement and for the needed number
of sensors in specific zones of interest in the system. Numerical simulations can also be
used to analyze the sensitivity of a model to the variation of given parameters.

The simplicity of the electromagnetic part of the governing Equations (1)—=(3) can
be misleading. In fact, accurate numerical simulation of flows at blanket-relevant high
values of Ha is a computationally challenging task, significantly more than in the case
of hydrodynamic flows at the same Re and Gr. The key reason is the numerical stiffness
of the problem, which manifests itself as thin boundary and internal shear layers and
the very large ratio between the largest and smallest typical time and length scales (see
Section 3.4 as well as [3,5] for a more detailed discussion). One significant consequence
of the stiffness is that high-Ha flows, especially those with unsteady behavior, are not
directly amenable to analysis by general-purpose CFD codes based on finite-volume or
finite-element discretization on unstructured grids. A review of numerical methods and
outstanding questions can be found, e.g., in [3].

Another important factor in analyses of unsteady flows is the availability of effective,
accurate and well parallelizable solvers for elliptic equations. A time steep in a numerical
solution of the system (1)—(3) inevitably requires solving two such equations, one for electric
potential (2) and one for pressure (here we assume that a projection method is used to
satisfy incompressibility). The typically very small Prandtl number, Pr = pvc,/k, of liquid
metals means that the heat conduction term in the energy Equation (3) has to be treated
implicitly in order to avoid severe limitations on the size of the time step, so another elliptic
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equation for temperature must be solved. Implicit treatment of viscous terms in (1) is also
often applied, which implies another three elliptic equations for velocity components. It
is not uncommon that over 90% of the computational time in an analysis of an unsteady
high-Ha flow is spent on the solution of elliptic equations. High-performance computing
based on massive parallelization becomes necessary in many cases (see, e.g., [6]).

In recent years, considerable advances have been made in the numerical prediction of
coupled MHD-heat transfer phenomena in complex blanket-relevant geometries and under
fusion conditions [7,8]. However, even when relatively small computational domains are
considered, large computing resources are needed, which results in long simulation time.
The latter can be reduced by introducing some assumptions in the flow modelling, as
described in the following section for the asymptotic numerical approach.

3.2. Asymptotic Analysis

While the study of MHD flows under very strong magnetic fields represents a consider-
able challenge for numerical simulations, asymptotic analyses benefit from flow conditions
that are typical for fusion applications. From a mathematical point of view, steady-state
flows in strong magnetic fields constitute a singular perturbation problem. One may ne-
glect inertia and viscous forces in comparison with the strong Lorentz and pressure forces
(which largely balance each other) in the core of the flow domain if N — co and Ha > 1.
Viscous effects at walls can be taken into account by a boundary layer analysis, which
allows satisfying the no-slip condition at fluid—solid interfaces. Asymptotic analyses can
be used to study fully developed flows in long straight pipes and ducts (see, e.g., [9,10]).
However, the method has been also applied to some 3D flows such as those in ducts with
variable cross-section [11] or in non-uniform magnetic fields [12]. For the latter case a good
agreement with experiments has been achieved for Ha > 1.

The initial idea of an asymptotic description of general 3D flows, which dates back to
Kulikovskii [13], has been reformulated in tensor notation, extended by a boundary layer
analysis, and developed to treat walls of arbitrary electric conductivity [14]. The latter
approach takes advantage of the fact that variations of all flow quantities along magnetic
field lines are analytically known, which allows for a kind of “projection” of the 3D problem
onto the duct walls, where the remaining 2D equations for pressure and electric potential
are numerically solved using boundary-fitted coordinates. In a final step, the entire 3D flow
is reconstructed by analytical means. The method allows for fast computations (seconds
to minutes) on standard PCs, even for relatively complex geometries. On very coarse
grids, one already achieves a good approximation of flow quantities, as shown by the
example of a 3D flow in a fringing magnetic field displayed in Figure 1. The validity of
the method has been verified by comparison with analytical solutions, full 3D simulations,
and experiment [12,15]. The general formulation of the code allows calculations for quite
complex domains, as illustrated by the examples in Figure 2, which shows the entrance and
exit flows of a DCLL blanket sector, or in a model geometry of a DCLL blanket module.

While asymptotic methods give accurate results with almost negligible numerical
effort, they are unable to predict the influence of inertia on MHD flows. Even if the core
flow remains almost inertialess for N >> 1, inertia at sharp corners or in high-velocity
boundary layers may lead to local flow separation or instabilities that cannot be predicted
by the latter method. If such phenomena are expected to occur, one has to perform full 3D
time-dependent numerical simulations.
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Figure 1. MHD flow in a circular pipe in a fringing magnetic field B(x) as used in [12]. In the
figure, B(x) is normalized by the value By in the center of the magnet. Axial pressure gradients
dp/0x are calculated at the top and side of the circular pipe for Ha = 6600. Results displayed for
various numerical resolutions #n, and n, in x and z directions highlight the rapid convergence of the
asymptotic method.

3
@ N\ o a (b)
B 2
o
<
3
2
1
g ¢ g w
-1
-2
3
4 1
' 3. eVt
5 ‘ ,
i = 2 od vb\,\p e

rad

Figure 2. Examples of application of asymptotic methods for the study of pressure-driven MHD
flows in (a) a DCLL geometry proposed in [16] and in (b) a model geometry for a modular DCLL, as
shown in [17]; contours of electric potential are plotted on the fluid-wall interfaces.

3.3. System Codes

System thermal-hydraulics (SYS-TH) codes are a class of numerical tools developed
since the 1970s in the framework of nuclear reactor safety technology for fission reactors [18].
SYS-TH codes aim to represent with sufficient accuracy all the main phenomena occurring
in a nuclear reactor during operational and accidental transients and, as such, are used
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to perform deterministic safety analyses for licensing purposes. A SYS-TH model is
created through a process called “nodalization” that subdivides the reactor into control
volumes in which a set of linearized algebraic equations, derived by variants of the finite
volume and difference methods, are solved to obtain the distribution of physical properties
(temperature, velocity, pressure, etc.) in a set of nodes. The key features of SYS-TH
codes are the quite coarse spatial resolution and the reliance on closure laws derived
empirically to model complex phenomena. Modelling choices are available to represent
reactor components with an increasing level of fidelity from lumped (0D) or 1D modules
to simulate flow in primary and secondary loops, up to fully 3D to recreate the phenomena
occurring in the reactor core. Notable examples of SYS-TH codes are, among others,
RELAPS5, TRAC/TRACE, ATHLET and CATHARE.

SYS-TH codes are often described as multiphysics, best-estimate, safety and industrial
computational tools [18]:

e  Multiphysics: to include all relevant phenomena encountered in a nuclear reactor
from two-phase thermal-hydraulics to neutron kinetics diffusion equations and fuel
thermomechanics.

e  Best-estimate: to provide an accurate prediction of selected figures of merit and to be
as close as possible to the physical reality that one aims to simulate.

e  Safety: suitable to demonstrate the reactor safety for licensing purposes, namely
developed according to a clearly defined quality assurance (QA) methodology, accom-
panied by uncertainty quantification (UQ), extensively verified and validated to prove
the code scalability.

e Industrial: i.e., robust and computationally inexpensive to allow simulations on a
wide test matrix for sensitivity analysis and UQ in a reasonable timeframe.

In the past two decades, SYS-TH codes have been further developed to make them
able to represent dominant characteristic phenomena in fast breeder reactors (FBR) and
other innovative Generation IV fission reactor concepts [19]. The development of a DEMO
design has also motivated lines of research aimed at improving the capability of SYS-TH
codes to deal with fusion reactor environment for both liquid metal and solid breeder
blankets [20,21]. Despite the progress achieved, SYS-TH codes for fusion applications are
still far from an acceptable maturity. In particular, the prediction of MHD effects in liquid
metal blanket systems is still very challenging due to the limited availability of closure
laws to describe them [22,23]. This is in stark contrast with the advancements made in
recent years in the field of CFD analysis, where both commercial and open-source codes
are nowadays able to simulate liquid metal MHD flows at reactor-relevant magnetic field
intensity and at blanket scale [24].

Relying on closure laws to ensure accurate representation of physical reality is not
necessarily associated with a lack of accuracy, and, in fact, the experience of the nuclear
industry has clearly demonstrated that SYS-TH codes can provide reliable results for reactor
safety and design if closure laws of sufficient quality are available [18]. The possibility of
performing system-scale coupled thermal-hydraulics/MHD analyses at largely reduced
computational cost is attractive for performing sensitivity and uncertainty analyses even
when mature CFD codes for fusion modelling are available. The critical point is to develop
closure laws for MHD effects, such as MHD pressure drop, electromagnetic coupling and
heat transfer, based on current knowledge, as discussed in the next section, and to define
future R&D steps for their improvement.

3.3.1. MHD Pressure Loss, Electromagnetic Coupling and Heat Transfer

Among the various MHD effects that influence liquid metal blanket performance,
pressure losses and modified heat transfer coefficients are often considered the most critical
ones [25]. Therefore, it is reasonable that they should be prioritized for implementation in
SYS-TH codes.

Regarding MHD pressure losses, SYS-TH codes must be able to predict distributed
(2D) and concentrated (3D) losses and how they are impacted by electromagnetic coupling,
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buoyancy and Q2D turbulence. Pressure losses in fully developed flows at fusion-relevant
parameters are well characterized by theoretical and experimental works and scaling laws
are available for both circular pipes and rectangular ducts [4,26,27].

The prediction of 3D MHD losses is more demanding due to the wider range of
governing parameters involved and the need to take into account the effects of inertia
and viscous forces. Moreover, they are caused by many scenarios, such as the presence
of fringing magnetic fields of general orientation, discontinuous wall conductivity, and
complex geometry (bends, cross-section variation, etc.) [26]. Therefore, it is difficult to
develop a scaling law that has universal validity. The needed coefficients have to be chosen
by experienced analysts, from detailed numerical simulations or dedicated experiments
in representative and specific conditions. A recent review of theoretical and experimental
works on 3D MHD losses may be found in [4].

While 2D and many 3D phenomena in MHD duct flows are reasonably well un-
derstood and ready for implementation in SYS-TH codes by adaption of friction factors,
other phenomena that do not occur in hydrodynamic flows make their implementation in
SYS-TH codes challenging. One example is the electromagnetic coupling caused by leak-
age currents between parallel channels that share electrically conductive walls. Its effect
depends on the number of coupled channels, their orientation with respect to the magnetic
field, the conductivity of the walls, etc. [4]. Analytical solutions exist only for very special
electrical boundary conditions [28] so that for applications in complex blanket geometries
only coupled 2D or 3D simulations can provide the relevant friction coefficients when gen-
eral scaling laws do not exist [29-31]. The problem becomes even more complex for flows
in multiple coupled bends, where the coupling can be responsible for strongly increased
flow in external ducts, while the flow in the central channels is significantly reduced, as
predicted by Madarame et al. [32] and shown in experiments by Stieglitz et al. [33].

Another phenomenon that is difficult to implement in SYS-TH codes is the buoyancy
force that aid or hamper the forced flow circulation if directed upward or downward,
respectively [26]. While it is straightforward to take changes of cross-section averaged
density into account in modified correlations for friction coefficients, strong temperature
gradients across channels may lead to flow separation and the formation of vortices (pref-
erentially Q2D in strong magnetic fields) with unexpected impact on pressure distribution
and heat transfer [34].

The development of closure laws for heat transfer modelling in liquid metals is still
a topic under active research for advanced SYS-TH codes for fusion reactor applications.
Since these fluids are characterized by a small Prandtl number, Pr < 1, the Nusselt number,
Nu, cannot be predicted by correlations originally developed for air and water. For forced
convection, we have in general Nu = Nu(Pe, Pr), where Pe = pugc,L/k is the Peclet
number [35]. For applications in fusion blankets, in which the flow is subject to strong
magnetic fields, heat transfer in terms of the Nusselt number depends in addition on MHD
parameters, Nu = Nu(Pe, Pr, Ha, N). For N > 1 and Ha >> 1, the magnetic field is expected
to dampen velocity oscillations in the flow and revert it to a laminar state, thus degrading
the heat transfer [27,36]. Nevertheless, experiments have demonstrated that MHD velocity
profiles can promote a higher heat transfer than hydrodynamic flows. This is partially
attributable to thin MHD boundary layers. Likewise important are the high-amplitude
large-scale flow structures (vortices and jets) that develop in flows with intense magnetic
field and other strong forcing. Such structures often significantly increase rates of mixing
and local heat transfer (see the recent review [5] and references therein). An important
example of this general phenomenon is flow in ducts with electrically conducting walls,
where high-velocity jets at the sidewalls may become unstable and locally enhance the heat
transfer [37,38]. Heat transfer in turbulent pipe flow at moderate Hartmann numbers has
been studied in [39] and summarized in a correlation Nu(Pe, Ha). Despite these findings, the
knowledge accrued has yet to be consolidated in scaling laws that can be then implemented
in SYS-TH codes.
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3.3.2. State-of-the-Art of MHD Modelling in SYS-TH Codes

To the best of our knowledge, there are five SYS-TH codes that feature some MHD
modelling capabilities for liquid metal blanket systems: RELAP5 [40], MARS-FR [41],
MELCOR [42], MHD-SYS [43] and GETTHEM [44]. They are listed in Table 1 with regard
to their capacity to predict MHD pressure losses, electromagnetic coupling, and heat
transfer. RELAP5-3D is the only code that provides MHD modelling capabilities out-of-
the-box, whereas all the others have been modified with custom models for this purpose.
MHD-SYS has been developed specifically to simulate MHD effects.

Table 1. SYS-TH capabilities for MHD modelling.

Code 2D Loss 3D Loss Coupling Heat Transfer
RELAPS5-3D [40] Yes Only for fringing No No
magnetic field

RELAP5/MOD3.3 [23] Yes Yes No No
MARS-FR [45] Yes No No No
MELCOR 1.8.5/1.8.6 [46] Yes No No No

MHD-SYS [43] Yes Estimated fchrough Based on z.analytlcal Based on e'analytlcal

coupling relations relations

GETTHEM [47] Yes Yes No No

Prediction of MHD pressure losses for fully developed flows (2D loss) is implemented
in all the codes with a similar approach, i.e., the modification of the friction loss coefficient.
Different implementations are instead adopted for 3D losses, and it should be highlighted
that no SYS-TH code is currently able to cover all the scenarios that can cause these
additional pressure drops. MARS-FR and MELCOR do not provide any support for this
feature, whereas RELAP5-3D uses an ad hoc treatment only for the special case of a
fringing magnetic field. MHD-SYS is unable to directly calculate 3D losses, but it supplies
boundary conditions to a coupled CFD tool (the mhdFoam solver of OpenFOAM) to
estimate them. A more general modelling of 3D losses is used by RELAP5/MOD3.3
that supports the automatic calculation of 3D loss coefficients through the specification of
geometrical parameters in reserved words within the input deck, e.g., due to the presence of
bends, cross-section variation and discontinuous electrical insulation. GETTHEM follows
a similar approach for bends, whereas cross-section changes are represented with a fixed
loss coefficient. No support is provided for insulation discontinuities, while a preliminary
model for pressure penalty due to obstacles is available.

Electromagnetic coupling and heat transfer modelling are features present only in
MHD-SYS. The used models rely exclusively on analytical solutions for very special
combinations of wall conductivity and orientation of the magnetic field so that their
generalization to blanket relevant applications is not possible.

3.3.3. A Validation Exercise for SYS-TH Code MHD Modelling: HCLL TBM Mock-Up

To illustrate the capability of a SYS-TH code including MHD effects, the custom mod-
ule for RELAP5/MOD3.3 developed at Sapienza University of Rome is used to reproduce
pressure distribution measured in a scaled mock-up of a HCLL TBM [48]. The experimen-
tal campaign predicts the global isothermal flow distribution in the considered blanket
concept. This experimental data can be regarded as a good approximation of an integral
effect test (IET) to validate the developed module. A full description of the validation
exercise and the models implemented can be found in [23].

Figure 3a depicts a poloidal-radial view of the mock-up, pressure taps (A-E), and
the liquid metal (NaK) flow path: feeding pipe (A), inlet manifold (B,C), inflow in BU1
(D,E) and outflow in BU2 (FG), outlet manifold (H,I). The liquid metal flow path consists
of numerous bends and cross-section variations, which introduce significant 3D MHD
pressure losses, and features electromagnetic coupling of neighboring fluid domains, since
the walls are electrically conducting.
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Figure 3. (a) Poloidal-radial sketch of the TBM geometry. The flow path (A-I) is depicted with
colored lines; (b) Numerical results (stars) and experimental data (dots) for nondimensional pressure
drop vs. normalized length of the flow path (Ha = 3000, Re = 3360).

In Figure 3b, the comparison between the experimental and RELAP5/MOD3.3 results
for nondimensional pressure drop is shown for Ha = 3000 and Re = 3360. As scaling
parameters we choose the toroidal half-length of a BU, L = 0.045 m, and the pressure scale
po = cugLB?. The reference pressure value is imposed at location A. The code shows an
excellent agreement with the experimental data in terms of total pressure loss and local
values (—1% < & < +14%), even without a model to represent electromagnetic coupling.
The latter does not affect the overall pressure loss estimate due to the low contribution
from BUs. On the contrary, the system code is not able to reproduce the flow distribution
in the BUs, since it is significantly influenced by coupling [49]. Further model development
is required to provide accurate predictions of flow distribution in Bus, in particular when
heat transfer has to be quantified.

3.4. Requirements for Theoretical Analysis under Fusion Conditions

Common to all analysis methods discussed in Section 3, is the need for a database con-
taining experimental data for validation of implemented models. Some of the experimental
results that can be used for such a purpose are discussed in Section 4.

Various types of benchmark experiments have to be planned depending on validation
purposes, e.g., tests to validate specific models or to improve the accuracy of parameters
that are required for calculations. Both single effect and integrated multiple effect exper-
iments have to be foreseen. The latter ones are also referred to as mock-up experiments.
They include all essential features of a blanket concept with the aim to improve and finalize
the design.

In the following section, we present some of the requirements for a proper theoretical
investigation of fusion-relevant problems both by means of CFD and by using system codes.

3.4.1. Grid Generation

One of the most challenging aspects of numerical simulation of MHD flows in a strong
magnetic field is the resolution of very thin boundary and internal layers, which form
along walls and in the fluid at electrical or geometrical discontinuities of the wall. In
order to properly resolve these layers, a minimum number of grid points is required [3].
For this purpose, non-uniform meshes that are coarser in the core regions and refined
towards the layers have to be employed. MHD boundary layers are best resolved by using
a prism layer. In general, structured grids, i.e., orthogonal and with non-skewed cells,
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lead to better performance. However, when studying MHD flows in complex geometries
related to fusion blankets, hybrid unstructured meshes seem more suitable to meet the
resolution requirements without excessive computational costs. This type of grid has
some advantages compared to structured meshes, since it facilitates re-meshing and local
refinement due to the possibility of clustering nodes in selected zones. For the study of
MHD flows in complex geometries, as present in fusion reactors, the meshing tool should
allow an automatic generation of the computational grid starting from a CAD model
and permit effective control of local refinement in shear layers and regions of interest. In
Section 3.4.2 an example of the influence of grid topology on the accuracy of the solution
is discussed.

An option to be taken into account is the use of an adaptive mesh refinement (AMR)
technique to adjust the accuracy of the solution within certain sensitive regions of the
simulation domain by refining the mesh during runtime dynamically and locally according
to given criteria [50].

Due to the very large number of nodes expected to be required to discretize a blanket
related geometry, high-performance parallel computing is essential to reduce the computa-
tional time. However, simulation of MHD flows in an intense magnetic field, coupled with
mass and heat transport phenomena, in realistic blanket models, remains a challenging
time- and resource-consuming procedure.

3.4.2. Numerical Schemes

When simulating MHD flows at large Hartmann numbers, there exists a strong
dependency of numerical errors in the solution on the grid topology. If unstructured meshes
are used, discretization corrections are required, which account for non-orthogonality and
skewness of the cells. A significant source of error can also originate from the numerical
diffusion that arises from the truncation error. By using second-order discretization schemes
and mesh refinement, the effects of numerical diffusion on the solution are reduced.

Discretization schemes with good conservation properties (conservation of mass,
momentum, internal and kinetic energy, and, critically, electric charge) appear to be a
preferable choice for flows at high Ha [6-8]. For instance, Ni et al. [51,52] developed an
algorithm, which retains the conservative properties of the current density field, by using a
proper interpolation procedure of current fluxes from cell-faces to cell-centers. Numerical
errors can also derive from the computation of the electric current via Ohm’s law in flow
regions where j is very small. This is because the two terms V¢ and v x B are of nearly the
same magnitude but with opposite signs. The computation of gradients of electric potential
requires appropriate numerical schemes, such as Least-Squares (LS) or skew-corrected
Green—-Gauss (GGeorr) [53].

As an example to show the influence of grid topology on the prediction of MHD
flows and the need for suitable corrections for the discretization of the potential gradient
when using unstructured meshes, the MHD flow in an electrically insulating pipe at
Ha = 1000 has been calculated. Two types of grids have been considered. The former one
represents a block-structured mesh, a so-called O-grid, which consists of a central square
block surrounded by four blocks that adapt to the curved pipe wall (see Figure 4a). The grid
corners of the inner block, highlighted by red circles, represent discontinuities in the mesh
structure that can introduce numerical errors in the solution. The second mesh, created
by using the software STAR-CCM+, consists of polygonal cells in the duct cross-section
(Figure 4b). In both grids, boundary layers are resolved by hexahedral elements with
adequate grading in wall-normal direction. In Figure 4 only the core grid is visualized.
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Figure 4. Influence of discretization schemes on MHD flow in an insulating pipe at Ha = 1000 [54].
Axial velocity profile along the diagonal marked in red in the sketch in (a), for two grid types, O-grid
(a) and polyhedral mesh (b), and various discretization schemes for the electric potential gradient:
Least-Squares (LS), skew-corrected Green—-Gauss (GGeorr), uncorrected Green—-Gauss (GGycorr). Verti-
cal dashed lines indicate the boundary of the core grid. The black dashed curve shows the asymptotic
solution according to Chang and Lundgren [55].

Simulations have been performed by changing the discretization scheme used for the
calculation of the electric potential gradient. The results displayed in red in Figure 4 have
been obtained by using the Green—-Gauss scheme without skewness correction (GGycorr),
the blue curve by Green-Gauss combined with a linear interpolation for the correction
(GGeorr), and the green profile by a least square (LS) scheme. For insulating walls, the
determination of the electric potential gradient by means of GG,y introduces an error
whose magnitude depends on the mesh topology, and this scheme is very sensitive to grid
irregularities. Applying either corrected GGy or LS for the electric potential gradient
leads to a significant improvement of the solution. Skewness-related perturbations are
minimized so that errors are caused mainly by the grid cell size and not by the mesh
type. However, for very large Ha (fusion conditions) the most accurate results for MHD
flow in circular pipe have been obtained by using a grid with a structured core, a layer of
hexahedral elements to resolve the boundary layers, and an unstructured mesh to connect
both of them, together with LS scheme for electric potential gradient discretization [56].

3.4.3. Suitable Closing Laws for SYS-TH Codes

In SYS-TH codes the main issue is the absence of closure laws able to describe the
effects of electromagnetic coupling and MHD velocity modifications which affect heat
and mass transfer. In addition, the coefficients to be used for scaling laws to estimate 3D
MHD losses have to be determined. Experimental and numerical data available in the
literature must be expanded for these purposes. On the same note, it is challenging to
demonstrate the code’s scalability since no past experimental work qualifies as IET and
among planned ones, only the ITER campaign will satisfy all requirements (cf. Section 4
and [57]). Therefore, it would be highly desirable to plan separate effect tests to obtain
experimental data for the development of SYS-TH models, which can be integrated with
numerical activities performed with validated CFD tools. Moreover, there is the need for
at least one IET to provide support for SYS-TH code validation before the experimental
campaigns in ITER.

4. Experiments

Despite the great progress of computational tools, made possible by the increased
availability of high-performance computing, numerical codes are not yet able to simulate all
types of 3D MHD flows at fusion-relevant parameters in blanket geometries with enough
reliability and accuracy. Empirical research remains, therefore, the principal method for
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advancing the knowledge of complex blanket flows, and experiments are necessary for the
validation of computational tools.

MHD flow in an outboard blanket module in ITER for a typical magnetic field
B =4T,length L =0.1 m, up = 0.1 m/s and for PbLi properties as shown in Table 2,
is characterized by a Hartmann number close to Ha = 9000. Experimental reproduction of
such numbers is challenging for several reasons. In laboratory experiments, the strength of
the magnetic field is limited to about Beyy < 2 T when normal conducting copper magnets
are used. Moreover, the available space in the magnets reduces the typical length scale
for mock-up experiments by at least a factor of two (see, e.g., [58]), i.e., Lexp < 0.05 m.
If thermal insulation is required, Ley, could become even smaller. Therefore, Hartmann
numbers in PbLi mock-up experiments are limited to Ha < 1000-2000. Higher values of Ha
are possible only in superconducting solenoids, where, however, the length of channels
with transverse magnetic field is limited by the size of the magnet bore [59]. In addition to
this, MHD experiments with PbLi have to be performed at high temperatures. This results
in thermoelectric disturbances of signals of the measured induced electric potential and
difficulties in operating the flow meters and pressure transducers.

Table 2. Thermophysical properties of PbLi at 400 °C and examples of possible model fluids that allow experimentation
at room temperature. Nondimensional parameters have been evaluated for experimental conditions with By, = 2 T,
Lexp = 0.05 m and #g = 0.1 m/s. For the Grashof number Gr a wall heat flux of 10 W/ cm? is assumed.

p v x 10° o x 1076 k B x 103
kg/m3 m2/s 1/Q/m W/m/K 1/K Re Ha Gr
PbLi 400 -c 9719 0.161 0.849 24 0.122 29,585 273 12 % 10°
Hg 20 c 13,546 0.115 1.04 8.72 0.181 43,478 2584 9.6 x 10°
GalnSn 5« 6353 0.340 332 24 0.122 14,706 3920 2.7 x 108
NaK ¢ 868 1.06 2.87 218 0.29 4717 5585 7.3 x 107

Given the problems associated with the high-temperature operation of PbLi loops,
one may consider using model fluids, such as mercury, Hg [60], alloys such as gallium
indium tin, GaInSn [61,62], or sodium potassium, NaK [63-65], which allow for MHD
experiments at room temperature. As shown in Table 2, Hg is a preferred choice for
studying mixed magneto-convection since its usage leads to Gr values one or two orders of
magnitude higher than other liquid metals in the same conditions. The highest Hartmann
numbers may be reached by using NaK. The drawback of using Hg is toxicity and for NaK
is its chemical reactivity with oxygen or water, so that special precautions are required
during preparation and conduction of experiments. NaK has the advantage that good
electrical contact between fluid and wall is established after wetting, and corrosion issues
do not exist in the temperature range of operation. Reasonable Hartmann numbers can be
reached also with GalnSn, but electrical contact at the interfaces suffers from poor wetting
capability. This requires special manual treatment of all surfaces exposed to the alloy in
MHD experiments, since contact resistance by residual oxide layers influences the flow
behavior in terms of pressure drop, velocity and potential distribution [66].

MHD experiments with model fluids fall into two major categories: fundamental or
applied research. The first group includes experiments in generic geometries such as pipes,
ducts, expansions and bends, for investigations of stability of laminar flows, transition to
turbulence, heat transfer and buoyant flows. The results from these experiments constitute
a valuable database for the validation of numerical tools [3,4].

The other type of experiment aims at demonstrating the feasibility of technological
aspects, such as a reduction in pressure drop by electrically insulating coatings or flow
channel inserts [67,68], or at studying complex electrically coupled MHD flows in scaled
mock-ups of entire blanket modules.

Before discussing some examples of MHD experiments, it is worth mentioning a few
aspects concerning measuring techniques for MHD flows at high Hartmann numbers.
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Measurements of flow rate, pressure differences, and electric potential are straightfor-
ward, at least for model fluids. In experiments performed, e.g., in the MEKKA facility at
KIT [64], it is possible to determine flow rates up to 25 m3/h, differential pressure between
30 pressure taps, and distribution of potential by up to 600 sensors on the wall or at the
fluid—-wall interface. The latter ones are of particular importance, since for Ha > 1, poten-
tial is constant along magnetic field lines and hence, the wall data give a good picture of
the values inside the core of the fluid. Moreover, it is possible to calculate from Ohm’s law
the components of velocity in the plane perpendicular to the magnetic field according to

1 Vp
v = ﬁ _V(P X B—7 ,
——
~0

where for flows in insulating or thin-wall ducts, the current density (or pressure gradient)
is negligible compared to potential gradients. Therefore, the potential ¢ may be interpreted
as an approximate stream function of the flow and we can determine the velocity field
from wall potential measurements, i.e., u ~ B~'9¢/dz and w ~ —B~'9¢/dx. As an
example, Figure 5 shows the distribution of axial velocity determined from wall potential
measurements in a circular pipe flow in a spatially varying magnetic field B(x) = B(x) ¥
for Ha = 5485 and Re = 10,043. The strength of the transverse magnetic field is displayed in
nondimensional form as Ha(x). For further details, see [69].

-10 -5 0 5 10

Figure 5. Pipe flow in an axially increasing magnetic field (Ha = 5485 and Re = 10,043). Colored
contours of axial velocity on the pipe symmetry plane, displayed in the upper plot, have been
obtained from potential measurements at the electrically conducting wall.

Using the same principles, i.e., measuring potential differences A¢ between tips of
local traversable probes at distance Az, allows for the investigation of time-resolved velocity
profiles u ~ B~'A¢/Az in the core of duct flows and even across field-aligned parallel
layers. These probes, called Liquid metal Electromagnetic Velocity Instruments (LEVI) [70]
or conduction anemometers, can be used to study the stability of laminar flows or to
quantify turbulent properties. Slight asymmetries in measured velocity profiles, observed
among others, e.g., in [70], can be explained by the formation of internal field-aligned
layers tangential to the probe shaft, which partially blocks a fraction of the duct cross-
section [71]. The latter reference further shows that higher accuracy may be obtained by
proper calibration of the probe.

Another example of MHD experiments is the study of magneto-convection in a
geometry relevant to the WCLL blanket concept. It addresses the topic of magneto-buoyant
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flow in a liquid metal filled box with internal obstacles. Due to the presence of cooling
pipes generating large thermal gradients in the breeding zone and the slow circulation
of the liquid metal, the major flow in a WCLL blanket is expected to result from the
balance of buoyancy and electromagnetic forces. To examine generic buoyancy-driven
MHD flows, a simplified rectangular model geometry has been considered in which two
parallel pipes are inserted (Figure 6b). Both pipes are kept at constant temperature T,
and T, > T to generate the horizontal temperature gradient driving the flow. To provide
clear boundary conditions, the pipes were made of copper to ensure that their temperature
is as uniform and constant as possible. Their outer surface is coated with a very thin
electrically insulating layer to prohibit induced currents from closing into their walls and
to avoid parasitic thermoelectric effects that could occur in contact with the model fluid
GalnSn. The box is made of PEEK plastic and thermally insulated to provide adiabatic
conditions before being inserted in the MEKKA magnet that produces a vertical magnetic
field (Figure 6a). Temperature and electric potential were recorded with high-accuracy
instrumentation at the most pertinent locations identified by preliminary simulations [72].
As an example of the data collected, nondimensional temperature profiles measured at
the center of the cavity for hydrodynamic flows (Ha = 0) and various Gr are presented
in Figure 6¢c. A convection cell forms in the center of the cavity, between the two pipes,
and the buoyant flow results in a thermal stratification with the hot fluid staying on the
top and the cold fluid on the bottom. Experiments have been performed for a variety of
temperature differences (Gr) and magnetic field strengths up to Ha = 3000.
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Figure 6. (a) Magneto-convection test section in front of the magnet during installation. For thermal insulation the box

is surrounded from all sides by Styrofoam. The top insulation has been removed to obtain a view of the box and of the

instrumentation. (b) Design; (c) nondimensional temperature profiles measured at the center of the cavity for several Gr

and Ha =0.

As mentioned above, a second class of experiments exists for the investigation of
MHD flows in scaled mock-ups of entire TBMs. As an example, the results of potential
measured on the surface of a mock-up for a HCLL TBM are shown in Figure 7. The test
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section consists of eight breeder units (BUs) which are fed and drained by a system of
manifolds. From the experimental results (symbols) of the potential measurements in
the middle of the module, it can be seen that higher gradients exist in external BU pairs,
i.e.,, BU1-BU2 and BU7-BUS, while the values in the central ones are considerably smaller.
Since potential gradients may be interpreted as an approximation of core velocities, it
is obvious that there is a flow imbalance between external and central pairs of BUs. A
numerical simulation of eight electrically coupled BUs agrees well with the experimental
data on the middle plane of the mock-up and additionally yields details of the velocity
profile, including flow in field-aligned boundary layers that cannot be detected from
potential measurements on the Hartmann wall [73]. In this sense, numerical simulations
and experiments are complementary.
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Figure 7. Sketch of liquid metal flow paths in an experimental MHD mock-up of a HCLL TBM
for ITER. Nondimensional results for measured electric potential ¢ (symbols) along the upper wall
(dashed line) are compared with numerical simulations (solid line).

The observation that external BUs receive more flow than the central ones is confirmed
by measurements of pressure drop along typical flow paths in manifolds and BUs. This
behavior originates from the design of manifolds whose cross-sections do not adjust to the
changing flow rates when the fluid is distributed and collected along the poloidal direction.

More recently, the trend towards the development of PbLi MHD facilities gathers
speed with the purpose of promoting integrated experiments and supporting TBM de-
velopment. Related PbLi activities have been reported from China [74,75], India [76],
Japan [77], Korea [78], Russia [79], Europe [80] and the USA, which operated the MaPLE
facility [81]. The latter, initially built by the University of California Los Angeles, has
been upgraded by a joint EU-US collaboration. It has been transferred to Europe and it is
currently being reassembled at KIT, where it will contribute to the EUROfusion blanket
program. MaPLE will provide experimental data on MHD heat transfer in blanket-typical
geometries allowing different inclinations of the test section with respect to gravity and
various orientations of the magnetic gap (horizontal, inclined, vertical). The ability to lift
and tilt the 20-ton magnet to any desired position is a unique feature of this installation
compared to other existing liquid metal facilities (see Figure 8). In MaPLE it is further
planned to test measuring techniques to record pressure, flow rate and electric potential
at reactor-relevant temperature and to gain experience in long-term operation of a PbLi
MHD facility.
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Figure 8. MaPLE PbLi loop and magnet during installation at KIT.

5. MHD Phenomena and Coupling with Heat and Mass Transfer

The occurrence of MHD effects can give rise to counterintuitive phenomena that can
affect blanket performance. This is the case for flows in parallel electrically conducting
ducts, in which electromagnetic forces induced by currents leaking across common walls
modify flows in individual channels. Other examples are so-called coupled MHD phe-
nomena, i.e., heat and mass transport in MHD flows. When multiple factors, such as
induced currents and thermal gradients, determine the velocity distribution, the action of
the resulting flow on material corrosion and tritium transfer is significantly different than
in case of isothermal hydrodynamic conditions.

5.1. Electromagnetic Flow Coupling

When a LM moves in electrically coupled channels flow imbalance, reversal and
recirculation may occur, which can cause the formation of regions of stagnant flow [25]. The
latter is a primary concern for reactor safety, since it can lead to the accumulation of tritium
and increased permeation towards coolant and structures, or to the formation of hotspots,
in which the temperature exceeds the maximum allowable value of the structural materials.

5.1.1. Flow Distribution in Electromagnetically Coupled Parallel Channels

In Figure 9 an example of velocity distribution in five stacked electrically coupled
ducts is depicted, where « is the angle between the horizontal coordinate x and the imposed
magnetic field. In general, any inclination angle is possible between the two following
limiting cases where:

e  Channels are stacked along magnetic field direction, « = 0° (Hartmann wall coupling);
e  Channels are stacked transverse to the magnetic field, o« = 90° (sidewall coupling).

Let us consider the case of an array of channels where the flow in each duct is driven
by the same imposed pressure head.

For « = 0°, mean velocity is predicted to increase in central channels [28]. Figure 9a
shows qualitatively the variation of the flow rate depending on the duct number. Exper-
iments conducted at the Efremov Institute [65] confirm the predicted effect and find a
13% increase in flow rate for the central duct in an array of three subchannels coupled at
Hartmann walls.

For o = 90°, the velocity in each core is almost the same and sidewall jets in the
boundary layers along the internal walls are suppressed. Because high-velocity layers,
which are still present at external sidewalls, are able to carry a significant amount of flux,
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the flow rates in these external channels are increased compared to the inner ducts [82].
This effect is also qualitatively shown in Figure 9a.
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Figure 9. Qualitative representation of flow rate imbalance in parallel ducts due to electromagnetic
coupling (Ha = 10,000). (a) Coupling between channels with equal mean velocity through Hartmann
wall (¢ = 0°) and side walls (x = 90°). (b) Coupling between channels with large difference in mean
velocity and « = 90°. Channel no. 1 collects and returns all the flow rate incoming from no. 2 to no. 5
and I'y represents the mean flux in ducts 2-5 assuming uniform flow distribution.

Flow imbalance can also be observed when counter-flowing channels with different
mean velocity are coupled through sidewalls (& = 90°). An example is found in the Lead
Lithium Ceramic Breeder (LLCB) in which a number of ascending poloidal channels
are electrically coupled with a descending return duct that carries their combined flow
rates [83]. A qualitative representation of a similar case is displayed in Figure 9b. The high
mean velocity in the return channel (no. 1) induces strong electric currents that leak in the
adjacent duct and generate Lorentz forces. The latter ones draw more than double the flow
rate into that channel from the manifold compared with the other ducts.

In general, in the breeding zone of a blanket, none of both limiting coupling modes
exists. Solutions for 0° < « < 90° cannot be obtained just by superimposing the ideal cases
described above. Only numerical simulations with a correct inclination of the magnetic
field may reveal the complex physics determined by the electromagnetic flow coupling
at common conducting walls, characterized by the spreading of internal layers along
magnetic field lines [84]. When internal layers originating from singularities (e.g., corners)
in one duct hit a common wall, the electromagnetic disturbance in potential and currents is
transferred to the neighboring channel, in which the layer continues developing along field
lines. This effect may even cause unexpected local flow reversal in parts of the neighboring
channels depending on the driving pressure gradients. An example of flows coupled
at common conducting walls and exposed to an inc