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Introduction

The design of breeding blankets represents a
major challenge for fusion reactor engineering
due to performance requirements and severe
operating conditions in terms of heat load and
neutron flux. Liquid metal alloys such as lead
lithium PbLi are considered as breeder mate-
rial due to their lithium content, as neutron mul-
tiplier, and neutron shield. Because of their
large thermal conductivity and the possibility to
be operated at high temperature, liquid metals
may serve additionally as coolants to remove
the nuclear heat released in fusion reactors.
On the other hand, when the electrically con-
ducting fluid moves in the strong magnetic field
that confines the plasma, electric currents are
induced. The latter are responsible for strong
electromagnetic Lorentz forces and high pres-
sure drop. Magnetohydrodynamic (MHD) pres-
sure drops have to be carefully quantified,
since excessive values can jeopardize the fea-
sibility of the considered blanket concept.
Moreover, Lorentz forces affect the velocity
distribution and suppress turbulence with impli-
cations on heat and mass transfer.

The physical parameters characterizing the
MHD flow are the Hartmann number, the
Reynolds number and the Grashof number
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where B, L and up denote magnetic field, typical
length scale and characteristic velocity. The
fluid properties are density p , kinematic vis-
cosity v, electric conductivity o and volumet-
ric thermal expansion coefficient S.

Ha? and Re stand for ratios of electromagnetic
to viscous forces and inertia to viscous forces,

respectively. The importance of buoyancy
forces is quantified by Gr, where AT is a typi-
cal temperature difference and g stands for
gravity.

The MHD work at ITES KIT supports DEMO
blanket engineering activities as part of the
EUROfusion consortium and the test blanket
program of Fusion For Energy (F4E) for ITER.

Numerical simulations for liqguid metal
MHD flows

Simulation of 3D MHD flows in pipes with flow
channel inserts

When duct walls are thick and electrically con-
ducting, flow-induced currents find shortcuts
along these walls, resulting in high current den-
sity in the fluid, strong electromagnetic forces
and considerable pressure drop. In order to
mitigate MHD effects in fusion blankets, elec-
trically insulating flow channel inserts (FCI)
have been proposed. They are loosely fitted in
liquid metal ducts or pipes with the purpose of
electrically decoupling the fluid region from the
well-conducting blanket structure. [1]. In the
following, a FCI of sandwich-type is consid-
ered, as schematically shown in Figure 1,
which consists of an insulation layer (orange),
enclosed by two thin sheets of steel to protect
the insulation from fluid infiltration. Of particular
interest are 3D MHD effects present when the
flow enters or exits the FCI or at gaps between
two FCls. At these locations current density is
locally increased by extra 3D currents j3D,
which affect the flow. This leads to local modi-
fications of electric potential, pressure and ve-
locity. Numerical investigations of complex FCI
entry flows at fusion relevant parameters
Ha =2000, Re=20000, allows to quantify
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these 3D effects and provide insight into re-
lated experiments performed in the MEKKA la-
boratory at KIT.
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Figure 1 Sketch of the MHD flow entering a FCI, as
tested for a circular pipe in the MEKKA laboratory. The
orange surface indicates the insulation layer.

The computational model considers the FCI
entrance flow at a high degree of geometrical
detail, which allows the resolution of wall and
conducting sheets of the FCI for determination
of currents. The geometry, which takes into ac-
count the liquid metal filled gap between FCI
and pipe wall, is shown in Figure 1.

In Figure 2 the electric potential distribution is
shown in the lower half of the pipe. The incom-
ing flow is fully developed far upstream with no
variations of potential along x and along mag-
netic field lines. Here, currents close in cross
sectional planes, as shown by current lines dis-
played in the upper half of the geometry at x=xi,
X2. Potential and currents in the other halves

of the pipe behave in a y- symmetric way and
they are in agreement with known solutions for
fully developed MHD flow under a uniform
magnetic field (e.g. [2]).

After entering the FCI for x>0, the insulation
prevents fluid currents from entering the thick-
wall domain. They are blocked by the insula-
tion and forced to close along the thin inner
sheet of the FCI (red current lines). Far enough
downstream, the flow approaches again fully
developed conditions.

Three dimensional effects near the FCI en-
trance at x=0 lead to axial components of cur-
rent density in the fluid and in the wall. This is
caused on one hand by the fact that the poten-
tial in the outer wall drops to zero for x>>1,
since no currents are supplied to this part of
the pipe due to the presence of the insulating
layer. The resulting axial potential gradient
drives 3D currents in the outer wall, as shown
by the strongly bent blue current lines near x=0.
On the other hand, current loops closing along
the thin conducting sheet of the FCI experi-
ence higher resistance and therefore the po-
tential difference in the cross section is higher
than in the well conducting part of the pipe for
x<0. The reason is the significant difference of
wall conductivity. 3D effects on currents and
potential persist downstream into the FCI over
multiple characteristic lengths.

insulation

Figure 2 MHD flow entering a FCI for Ha=2000, Re=20000. Electric potential distribution in the lower half of the pipe
and electric current streamlines in the upper half. Current streamlines closing over the wall domain are displayed in
blue, while those closing along the FCI are drawn in red. The orange surface represents the insulation layer and

the black straight line at x=0 marks its beginning.
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eddies

Figure 3 3D profiles of velocity at three axial positions near the entrance of the FCI. The insulation starts at x=0.

Such complex currents interact with the mag-
netic field, resulting in Lorentz forces that affect
the flow. Figure 3 shows the resulting velocity
distribution across the FCI entry region at three
axial positions downstream in the FCI. The in-
coming flow, not shown in the figure, has a uni-
form core velocity and thin boundary layers
along the pipe wall.

As soon as the fluid enters the insulated part
(x=0), it moves towards the sides forming a
concave velocity profile along the transverse z-
direction. This rapidly changes into a convex
profile with a center peak (x=1). Then, over
several characteristic lengths, the velocity
slowly converges towards a fully developed
flow in the FCI, where the core velocity is al-
most constant but slightly curved along z, as
displayed at x=4. Due to the strong velocity gra-
dients in the entrance regions, side layers may
become unstable exhibiting locally confined
transient eddy regimes between 0 < x < 1.

The pressure distribution in the pipe and FCl is
shown in Figure 4 along the axis (blue) and
near the sides (red). Pressure gradients in
MHD flows in bare pipes and in FCI, as pre-
dicted by an asymptotic theory, are marked as
straight black lines in the plot. Results from 3D
numerical simulations perfectly agree with
these theoretical predictions, the vicinity of the
FCI entry, center and side pressure separate.

While the transition of the core pressure ap-
pears relatively smooth, the pressure near the
sides experiences a sharp drop in front of the
FCI. Extremely high current densities entering
the well conducting wall in front of the FCI re-
sult in large Lorentz forces, leading to such
high-gradient peaks near the sides. After en-
tering the FCI, the side pressure remains al-
most constant until leveling off with the core
pressure. For ideal fully developed conditions
in very long pipes, the relatively low wall con-
ductance of the FCI in comparison to that of
the bare pipe wall leads to a significant pres-
sure gradient reduction factor of about 16. 3D
MHD phenomena occurring at entrance and
exit of FCls may reduce the efficiency of the
insulation due to the additional pressure drop
Apsp, caused by recirculating 3D currents.

While experimental results yield data often ex-
tracted from measurements on the outer sur-
face of the pipe [3], the presented numerical
investigations provide valuable data and in-
sight into 3D MHD phenomena in the fluid.
Computations confirm the FCI’s efficiency and
show good agreement with asymptotic theory
and experimental results.
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Figure 4 Pressure along the pipe axis (blue) and at the
sides (red).

MHD velocity distribution and
pressure drop in manifolds of a WCLL
TBM

In the frame of the EUROfusion breeding blan-
ket research activities, the water-cooled lead
lithium (WCLL) blanket has been selected as
“driver” for a DEMO reactor [4]. Test blanket
modules (TBMs) derived from this concept will
be tested in the International Thermonuclear
Experimental Reactor ITER.

In the present study, liquid metal MHD flows in
manifolds of a WCLL TBM have been investi-
gated numerically for different sets of flow pa-
rameters.

A view of the WCLL TBM manifold design is
shown in Figure 5a. It consists of two long po-
loidal ducts, electrically connected across a
common wall. The liquid metal flows along a
series of expansions and contractions due to
the presence of horizontal stiffening plates that
separate the breeder chambers arranged in a
column. This type of MHD flow causes addi-
tional pressure drop compared to flow in
straight ducts [5]. Liquid metal flows are inves-
tigated in the model geometry depicted in Fig-
ure 5b, whose dimensions are taken from the
most recent WCLL TBM design. A uniform
magnetic field is imposed in toroidal direction.

Numerical simulations are performed for peri-
odic fractions of the manifolds by assuming a
stepwise decrease/increase of the flow in the

feeding/draining manifolds. Velocity and pres-
sure distributions in the entire manifolds that
feed/drain 8 breeder zones are then recon-
structed. For all investigated parameters a uni-
form flow partitioning among BUs (Breeding
Unit) has been assumed and flow rates in the
manifolds have been derived by taking the
same given mean velocity up in all breeding
zones. The pressure drop depends linearly on
the mean velocity and quadratically on the
magnetic field strength. Therefore, results can
be extrapolated and scaled, e.g. to other flow
rates, depending on design specifications. For
the discussion of the results, we consider the
manifold as subdivided into eight parts, each
corresponding to a specific fed/drained breed-
ing zone (BZ). For that reason the different por-
tions of the manifolds along the poloidal direc-
tion are referred to as BZ1,.., BZ8, as
indicated in Figure 5a.

Calculations have been carried out by using a
finite volume code. Equations describing the
MHD flow are implemented in the open source
software OpenFoam [6]. Accurate simulations
of MHD flows are pretty demanding since they
require a proper resolution of thin boundary
layers that form along all walls. Their thickness
reduces by increasing the intensity of the mag-
netic field [7]. Moreover, electrically conducting
walls provide closing paths for electric currents
and their resolution is crucial to determine the
total current density in the fluid. About 4-106
nodes are needed in the two fluid domains and
6-7-10° in the thick wall to resolve an eighth
fraction of the manifold. An example of the
computational mesh used for the simulations is
depicted in Figure 5c in a toroidal poloidal
plane. Simulations have been performed on
the HPC MARCONI in Italy by using up to 128
CPUs.
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Figure 5 (a) Design of WCLL TBM manifold. Feeding and
collecting manifolds are referred to as duct 2 and duct 1,
respectively. (b) Periodic fraction of model geometry for
numerical analysis. (c) Computational mesh for fluid and
wall.

Figure 6 (top) shows, as examples for the flow
at Ha=4000 and ue=0.1 mm/s, 3D views of the
velocity distribution at three poloidal locations
in the considered geometry at the bottom of the
module in BZ1 (a) and in the middle in BZ5 (b).
In BZ1 the fluid is supplied to duct 2 (feeding
manifold), while the weak flow in duct 1 (col-
lecting manifold) is only driven by electromag-
netic coupling caused by leakage currents. In
the lower part of Figure 6 the vertical compo-
nent of the velocity is plotted along the radial
white dashed lines in the two channels, as
marked in the 3D views. Due to electromag-
netic coupling across the common dividing wall
the flow in duct 2 pulls that in the core of duct
1 in the same direction. This leads to a buildup
of pressure along the flow direction that drives
the backward oriented jets in duct 1 (orange
curve in Figure 6a at the bottom). In Figure 6b
results in the middle portion of the manifolds,
BZ5, are displayed. Here the mean velocities
in the two coupled ducts are very similar. As a
result the velocity distribution is analogous in

both channels. Electric currents induced in the
cores of the manifolds enter the corresponding
side walls, they flow towards the external and
common Hartmann walls through which they
pass into the opposite parallel wall. Conse-
quently, no current is exchanged between the
two ducts and no significant multichannel ef-
fects are observable.

(b)

\B‘ v [m/s]
0.014

< 0.0107

é 0.0071

E 0.00356
0

v [m/s]
0.0435
£ 0.0365

< 0.0243
£ 0.0122

[ -0.0051

.....

cmp " g

Figure 6 Results for Ha=4000 and ue,=0.1mm/s, at the
bottom of the module in BZ1 (a), in the middle in BZ5 (b).
On the upper half of the figure, 3D views of velocity distri-
bution are displayed at three poloidal locations. On the
lower half, profiles of vertical velocity are plotted along
the radial x coordinate, as indicated by the white dashed
lines.

In Figure 7a the pressure is plotted as a func-
tion of the vertical poloidal direction y along the
central line of the ducts forming the manifolds
for the flow at Ha=4000 and u,=0.1 mm/s. The
distance between the two curves, marked by
red arrows, indicates the pressure difference
between feeding and draining manifold, i.e. the
available pressure heads between entrance
and exit of the corresponding breeder zones.
This pressure difference is required to over-
come the pressure drop across the windows in
the back plate (BP) that connect manifold and
BUs, and the one along the breeder zone. Ex-
periments performed to investigate MHD flows
in a scaled mock-up of a HCLL blanket showed
that the pressure drop in the BUs, is almost
negligible compared to the other contributions
in the blanket module [8]. The additional pres-
sure drops present at the connections between
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two portions of the manifolds, i.e. the steps vis-
ible in the pressure distribution in Figure 7a, re-
sult from the local 3D MHD effects that occur
when the liquid metal expands/contracts along
magnetic field lines. For the flow at Ha=4000
and up =0.1 mm/s the total pressure drop in the
feeding (FM) and collecting (CM) manifolds is
given by Apem=0.092 bar, Apcm=0.048 bar, re-
spectively. The pressure drop in the draining
manifold is smaller than the one in the feeding
channel because its cross-section is larger.
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Figure 7 (a) Pressure plotted along the vertical poloidal
direction in feeding and draining manifolds for Ha=4000
and u,=0.1 mm/s. (b) Schematic ideal linear profile of po-
loidal distribution of pressure in the manifold. (c) Sketch
of PbLi path and proposed modification of the manifold
design.

In an ideal situation, the pressure heads for
each breeding zone should be equal in order
to guarantee a uniform flow partitioning among
all BUs. However, this would be possible only
if the pressure along both manifolds varied lin-
early and with same slope, as sketched in Fig-
ure 7b. In the present manifold design, the
cross-sections of the two ducts differ from each
other and remain constant along the poloidal
length of the module. Consequently, the mean
velocity in the feeding manifold becomes
smaller along the poloidal direction, when the
liquid metal flows from BZ1 to BZ8. Therefore,
the pressure gradient decreases. Instead, in
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the collecting manifold the flow rate increases
along the liquid metal flow path as well as the
pressure gradient. The larger pressure head at
the external BUs suggests that the flow rate in
central BUs is considerably reduced compared
to the one at the ends of the module.

Such behavior has been studied in the past by
experiments performed in a mock-up of a
HCLL TBM [9] and design modifications had
been proposed to overcome this undesirable
effect. A more uniform partitioning of the liquid
metal among the breeding zones could be
achieved by adapting the manifold cross-sec-
tions to the changing flow rates, so that a con-
stant average velocity is maintained along the
liquid metal path, and same pressure head
could be reached for each BU. In order to real-
ize these conditions, the vertical wall separat-
ing the two manifolds should be moved step-
wise in toroidal direction, as proposed in Figure
7c, where the new wall position is drawn in
green.

The present numerical study allows for a first
estimation of pressure drop in the feeding and
in the draining manifolds of a WCLL TBM. Nu-
merical results confirm the typical scaling for
the pressure drop in inertialess MHD flows un-
der strong magnetic fields, according to which
pressure losses scale linearly with the mean
velocity and quadratically with the magnetic
field strength, Ap~cLB?u,. However, it is still
necessary to consider that, even if the pres-
sure drop in the manifolds represents a large
part of the total pressure drop in the PbLi sys-
tem, other contributions should be estimated
as well. For instance pressure drops in the long
piping system supplying PbLi to the TBM were
not part of the present investigation. In these
pipes PbLi flows under the action of a spatially
varying magnetic field and the velocity is much
higher than in the BUs.

The obtained results show that the pressure
drop in the manifolds is acceptable for ITER
applications. However, a more important as-
pect is the non-uniform partitioning of the liquid
metal flow among different breeding zones due
to the geometry of the manifolds in which the
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cross-sections do not adjust to the changing
flow rates. The proposed modification of the
manifold design will be evaluated in future
studies.

Design and fabrication of a WCLL TBM
mock-up for MHD experiments

For MHD experiments in the MEKKA labora-
tory a mock-up of the ITER WCLL TBM has
been designed and fabricated (see Figure 8).
Objective of these experiments is to achieve
knowledge about MHD pressure drop, when
the liquid metal flows around obstacles (water
pipes) and through contractions and expan-
sions created by stiffening plates in the mani-
folds and to determine the distribution of PbLi
flow among breeder units.

The WCLL mock-up has been 1:2.5 down-
scaled to fit into the gap of the magnet at the
MEKKA laboratory. Figure 9 shows a transpar-
ent CAD view of the mock-up for visualization
of the PbLi flow paths.

Figure 9 Transparent CAD view with main dimensions (in
mm) and PbLi flow paths.

The WCLL mock-up has been simplified to
meet manufacturing concerns and to reduce
fabrication costs, while keeping the geometry
for the liquid metal flow as foreseen in [10]. An
exploded CAD view in Figure 10 shows the
major parts of the mock-up. The main body
consists of a single piece, which forms the
walls of all breeder units (BUs), including first
wall, stiffening plates, back plate and walls
separating the two inlet and outlet manifolds
for the PbLi flow. Manifolds are closed by two
back plates. Details concerning the water
channels inside the blanket walls have been
omitted since it should not affect the liquid
metal flow. Cooling pipes are all present in the
mock-up and simulated by solid dummy ele-
ments. All parts are made of 1.4571 austenitic
steel that has good compatibility with the used
model fluid NaK.
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Figure 10 Exploded view of the WCLL MHD mock-up with
major components: main body, side walls, back plates as
cover for the manifolds, and dummy parts that mimic the
water pipes.

The liquid metal is fed into the manifold of the
main body and removed from it through circu-
lar pipes, which are connected to the existing
loop in the laboratory. The PbLi is distributed
and collected by two manifolds into and out of
the BUs. Each BU is fed through a small win-
dow in the back wall of the manifolds. The PbLi
flow is redirected at the first wall and guided
back into the outlet manifold (see Figure 9).

Pressure differences will be measured be-
tween several points of the mock-up using a
piping system between pressure taps and the

11
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pressure transducers which are located out-
side of the magnet. Positions of pressure taps
have been chosen to also satisfy the function
of feeding, draining and venting (see Figure
12).

Flows in different parts of the module are elec-
trically coupled since currents induced in one
part may leak across electrically conducting
walls into neighboring channels. Electromag-
netic flow coupling and flow partitioning among
BUs is investigated by the electric potential dis-
tribution on the walls. Experiments using this
mock-up in the MEKKA laboratory will start in
the second half of 2021.

PbLiinlet PbLiinlet windows PbLioutlet PbLioutlet windows
manifold into BU manifold  from BU

Stiffening plates in manifold

Separation wall

H,0 dummies  Baffle plates Stiffening plates in BUs

. '?’T*—-am
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Figure 11 WCLL TBM mock-up: inlet and outlet manifolds
(top), breeder zone with dummies representing cooling
pipes, baffle plates and stiffening plates (bottom).
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Figure 12 Finalized mock-up.

Reconstruction of 3D velocity profiles
from measured surface potential data

Liquid metal pipe flow entering a strong mag-
netic field had been investigated experimen-
tally and theoretically in a previous campaign
[11] [12] using the MEKKA facility [13]. Experi-
mental data for electric potential ® on the ex-
ternal surface of the pipe had been recorded
and published in [11]. This data displayed in
Figure 13 has been analyzed and potential val-
ues ¢ on the fluid-wall interface have been

evaluated by solving a sort of inverse problem
across the thick-walled pipe. Potential at the
fluid-wall interface is of particular interest since
it is a result of the interaction of the flow with
the magnetic field and from its knowledge it is
possible to derive an approximate reconstruc-
tion of the velocity distribution in the entire fluid
volume.
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Figure 13 Distribution of magnetic field B(x) projected to
the pipe surface and contours of nondimensional electric

potential @ measured on the external surface of the
pipe. The positions of the potential sensors are marked
by blue dots.

A first step in the analysis is a decomposition
of surface data in circumferential Fourier
modes

$(Roa,x) = (e, x)=3 F, (x)sin(ka).

where the nondimensional radius R denotes
the ratio of external to internal radius of the
pipe and « stands for the angle in a polar coor-
dinate system, measured with respect to the
magnetic field direction. The F, are obtained

as best fit of the approach introduced above
with the experimental data. Results of F (X)

displayed in Figure 14 show that the major
physical information is already contained in the
first 3 modes while values of mode 5 are al-
ready negligibly small.
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Figure 14 Fourier coefficients F(x) of surface potential
®(a,x) at the external surface of the pipe for Ha=2000,
Re=20000.

Assuming a balance between flow-induced
electric field v x B and potential gradientV¢,

and the fact that the fluid core potential is con-
stant along magnetic field lines [14], we can ex-
press the axial component of velocity as

ypild__1 0
0z Bcosa da

when ¢ is known in terms of its Fourier expan-

sion. Figure 15 shows velocity contours for the
two Hartmann numbers Ha=2000 and Ha=5485.
We observe the formation of increased veloci-
ties near the sides z=+1 and reduced velocity
in the center, in the region where the magnetic
field starts rising.

Figure 15 Contours of axial velocity u(x,z) estimated
from measured wall potential for Ha=2000, Re=20026
and Ha=5485, Re=10043.

The distributions of axial velocity at the sides
u(x,z=x1) and in the center u(x,z=0) are plotted
in Figure 16. For x<-5, both the magnetic field
and induced potentials are pretty small so that
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data evaluation for velocity becomes difficult
and the derived data might become unreliable
(larger scatter of data for x<—5). However, for
x> =5 the data shows clear trends. Maximum
values reach up to umx=1.62 and 2.64 at
x~—1.68 and x~—3.31 for Ha=2000 and Ha=5485,
respectively.

*  Ha=2000
®  Ha=5485

U —_—>

Figure 16 Velocities near the sides (filled symbols)
u(x,z=+1) and in the center (open symbols) u(x,z=0) for
two Hartmann numbers.

It can be observed that the axial position of
maximum jet velocity near the sides shifts up-
stream as the magnetic field By increases. This
is most probably caused by the fact that locally
the magnetic field increases earlier for higher
Hartmann numbers. In order to support this as-
sumption we compare the two experiments in
terms of their local Hartmann numbers
Ha(x)=Ha B(x)/Bo as shown in Figure 17, where
the two positions of maximum jet velocity have
been added to the figure. It can be seen that in
both cases the position of maximum jet velocity
occurs at almost the same local Hartmann
number near Ha(x)=560. Further downstream,
the velocities near the sides decrease slowly
and approach that of a uniform core flow with
u=~0.92.
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Figure 17 Distribution of local Hartmann number Ha(x)
for the two cases considered. The marked positions x=
-3.32 and x= -1.68 denote locations of maximum jet ve-
locity.

The transverse distribution of velocity is shown
in Figure 18 for the high Hartmann number
Ha=5485 and Re=10043. We observe high ve-
locity magnitudes near the sides at axial posi-
tions where the magnetic field starts rising with
a reduced velocity in the center. Further down-
stream the flow gradually becomes uniform as
the magnetic field approached its uniform high
magnitude.

The advantage of the presented method for
evaluation of velocity from measured potential
data is that it yields a global overview of veloc-
ity in the entire flow field in contrast to invasive
measurements where a probe is traversed
along a single line of a cross-section. More de-
tails and a discussion about the accuracy of the
procedure can be found in [15].
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Figure 18 Transverse profiles of axial velocity at differ-
ent axial positions for Ha=5485 and Re=10043.

Experimental study of heat transfer in
magneto-convective flows related to
WCLL blankets

In WCLL blankets, water-cooled pipes are im-
mersed in the liquid metal to extract the heat
from the breeding zone. These pipes generate
large thermal gradients within the liquid metal
that may lead to quite complex flows governed
by the combined effect of buoyancy, electro-
magnetic force, and pressure gradient. Alt-
hough some characteristic features associated
with such flow have already been identified by
numerical studies [16] [17] experimental inves-
tigations of magneto-convective flow in proto-
typical geometries are lacking. Yet, additional
studies are required to improve the under-
standing of this type of flow and support the
complex design of a WCLL blanket. To this
end, a simplified model geometry was defined
with the aim of providing a first experimental
database of MHD buoyant flows with heat
transfer in WCLL-like geometries.

Thermocouple probe

Rotatable UDVs

Electric potential sensors

Figure 19 Sketch of the test section.

A sketch of the test section designed to per-
form magneto-convection experiments in the
MEKKA laboratory is shown in Figure 19. It
consists of the 200x200%x100 mm rectangular
cavity made of PEEK plastic through which two
parallel horizontal pipes are inserted. Both
pipes are connected to their own temperature-
controlled water circuits such that they can be
kept at constant temperatures T, and T, to gen-
erate the horizontal temperature gradient driv-
ing the flow. The pipes are made of copper and
they have an inner core to ensure as good iso-
thermal conditions as possible. They are
coated with a thin layer (2 um) of silicon car-
bide that provides electrical insulation and pre-
vents corrosion that could occur at higher tem-
peratures in contact with eutectic gallium-
indium-tin, which is used as model fluid. The
entire test section is instrumented with 71 ther-
mocouples, 416 electrodes and 3 UDV trans-
ducers to record simultaneously temperatures,
electric potentials at the walls, and velocities.
Additionally, flowrates and temperature
drop/rise along both pipes are also monitored
to evaluate the amount of heat exchanged be-
tween the pipes. More details about the test
section and the instrumentation can be found
in [18].
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Figure 20 Photo of the instrumented test section par-
tially thermally insulated before insertion in the magnet
gap of the MEKKA laboratory.

Experiments were performed for Hartmann
numbers up to 3000 and Grashof numbers
ranging from 2.0-108 to 1.0-10%, corresponding
to temperature differences AT=T,-T; im-
posed between the pipes varying between
1.4 °C and 69.5°C. Whenever possible, the
temperature of the pipes was chosen such that
average temperature of the liquid metal
T = (T, + T,)/2 was close to the temperature
inside the magnet gap — set to 30 °C — in an
effort to limit as much as possible the external
heat exchanges.

The temperature distributions were measured
at the center of the box, on the middle of the
sidewall (on the heated side, z* = -2.00) and on
the back plate (x* =-1.98), as well as on the
middle of the top cover (y* =1.00) and in both
pipes. Results obtained are scaled and plot as
nondimensional temperature T* defined as fol-
low:

., T-T
T AT/2

For hydrodynamic experiments, performed in
the absence of magnetic field (Ha = 0), a con-
vection cell forms in the center of the cavity,
between the two pipes. The buoyant flow re-
sults in a thermal stratification with the hot fluid
staying on the top and the cold fluid on the bot-
tom as seen on the non-dimensional tempera-
ture profile measured at the center probe
shown in Figure 21.
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Figure 21 Nondimensional temperature profiles meas-

ured at the center of the test section (x* =-0.13 &
z* =0) for Ha=0.

Magnetohydrodynamic experiments exhibit
quite different temperature distributions de-
pending on the strength of the applied mag-
netic field. At the lowest Ha numbers, the tur-
bulence suppression by the magnetic field first
results in larger temperature gradient within
the flow (Figure 22), i.e. the thermal stratifica-
tion becomes stronger. As the magnetic field
further increases, the convection motion is
damped by the Lorentz forces induced in the
liquid metal. Consequently, the vertical thermal
gradient at the center of the cavity progres-
sively diminishes until the horizontal thermal
stratification has completely disappeared.
Eventually, convection motion is so damped
that thermal conduction emerges as the domi-
nating heat transfer mechanism and the tem-
perature distribution becomes symmetric with
respect to the vertical middle plane of the test
section at the highest Ha numbers.

This result is confirmed by the measurement of
the heat transfer coefficient. The intensity of
the convective heat transfer has been quanti-
fied by deriving the amount of heat re-
leased/absorbed at the hot/cold walls, respec-
tively, from the energy balance in both water
pipes. The heat fluxes at the pipes can be then
evaluated knowing the exchange area and ex-
pressed in nondimensional form as Nusselt
number

me, AT, L

Nuy=———
U dik(T,, - T)
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Here, m denotes the mass flow rate of water in
the pipe and ATy the temperature drop/rise. k
and ¢, are the thermal conductivity of galinstan
and the specific heat of water, respectively,
and d and | are the diameter and length of the
pipes (see Figure 23). The characteristic
length of the problem L considered here is half
distance between the pipes which is equal to
the half size of the box measured along mag-
netic field lines (Hartmann length).

Figure 23 Sketch for the definition of parameters used
to derive the Nusselt number.

The results are presented in Figure 24 where
Nu is plotted against the quantity Gr/Ha? repre-
senting the ratio of the buoyancy force over the
electromagnetic force. The competition be-
tween buoyancy forces, promoting the convec-
tion, and the electromagnetic forces, suppress-
ing the flow, lead to 2 distinct heat transfer
regimes:

- For Gr/Ha? < 10, Nu is constant and close
to unity indicating that heat transfer is
purely conductive. Almost all convection
motion has been suppressed by the Lo-
rentz force.

e
A
R0 Bg o o L
N 05— ¢
. . A ‘3/,&4_\
4 = / 4
. we e
— 0 "y S
O Ha= 0 B RN, A
N -
02 A Ta= lo0 N }5 <
¥ Ta= 200 SR g
04F| 9 Ha= 300 Hat /A0 T, ]
% Hao 300 / g e
0.6 B Ha= 750 g QV_D'B'
o Ha- 1000 Y B-g-
W= -
08 v Ha=2000 & iﬁ
X Ha = 3000
-1 L
@2 s a4 w05 o 0.5 1 15 2

- For 50<Gr/Ha?< 4000, the intensity of
heat transfer increases with Gr/Ha?. In this
regime, a scaling law has been established
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Figure 24 Nusselt numbers measured for several
Grashof and Hartmann numbers.

As Gr/Ha? grows further, the pace at which Nu
increases slows down and eventually the flow
becomes turbulent as proven by current exper-
imental results. While this work already pro-
vides valuable data, extended investigation will
be carried out focusing on the onset of turbu-
lence in magneto-convective flow.

Further work

In addition to the topics described above, the
MHD group at ITES KIT contributed in the re-
porting period 2020 with scientific papers to the
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Figure 22 Nondimensional temperature profiles measured for Gr= 2-10” and Ha ranging from 0 to 3000 (a) on the
middle of the top wall (x* =-0.13 & y* = 1) and (b) at the center of the test section (x* =-0.13 & z* = 0).
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development of fusion technology [19], [20],
[21], [22], [23], [24], [25].
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