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Electro-magnetic Flow Coupling for Liquid Metal Blanket
Applications

C. Mistrangelo, L. Biihler
Karlsruhe Institute of Technology, Postfach 3640, 76021 Karlsruhe, Germany

Abstract

In the framework of the development of liquid metal blankets to be tested in ITER and for applications in a
DEMOnstration reactor, magnetohydrodynamic (MHD) interactions between the electrically conducting lead lithium
alloy and intense magnetic fields have been investigated numerically. In all proposed liquid metal blanket designs the
presence of leakage currents that flow from one fluid domain into the adjacent one crossing electrically conducting
walls has to be taken into account since it influences significantly the flow partitioning in parallel ducts. The way
in which electrically coupled flows affect each other depends on orientation of common walls with respect to the
magnetic field, on flow direction in adjacent channels and on the path of leakage currents. The present paper aims at
providing an overview of main phenomena that occur in multiple channels where flows are coupled by an exchange of
electric currents. The understanding of those basic flows is required for the study of complex 3D coupling conditions.
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1. Introduction

In liquid metal blankets there are issues related
to the characteristics of the liquid metal used as
breeder and coolant. The interaction of the elec-
trically conducting fluid with the magnetic field
induces electric currents and electromagnetic forces
that influence velocity and pressure distribution
in the blanket and cause increased pressure drops
compared to hydrodynamic conditions. These addi-
tional pressure losses are proportional to the electric
current density induced in the fluid. The electrical
conductance of the circuit formed by liquid metal
and electrically conducting walls determines the
magnitude of the induced currents and therefore in
turn the pressure losses in the system. Therefore an
analysis of the current path and its resistivity gives
a good understanding of expected pressure drops.
Closing of electric current paths is also affected
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by multi-channel effects caused by an exchange of
current through electrically conducting walls that
separate different fluid domains [1]. The presence
of those leakage currents can lead to increased
pressure drops compared to the one in separated
channels and to non-uniform flow distribution in
parallel ducts. In a liquid metal blanket, engineer-
ing parameters such as structural stress, local high
temperature, corrosion rate and pumping power
are related to the flow rates in the channels and
therefore control of flow partitioning among parallel
ducts is of primary importance for the thermo-
dynamic efficiency of the system. Inhomogeneous
flow distribution in multi-channel configurations is
related to the non-uniformity of the electrical re-
sistance of the current path. Flow uniformity can
be enforced or enhanced by electrically coupling
of parallel ducts [2]. Hua and Picologlou [3] stud-
ied MHD flows in a manifold feeding electrically
coupled ducts and showed that non-uniform flow
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partition can be reduced by a proper choice of wall
conductances. The orientation of the magnetic field
and the direction of the flow in adjacent ducts have
also a significant impact on flow rates and pres-
sure losses [4] [5]. The occurrence of these coupling
phenomena is of relevance in particular for blanket
concepts where no electric insulation in the ducts
is foreseen, such as the helium cooled lead lithium
(HCLL) blanket design.

The goal of this paper is to gain insight in the
main effects of electrical coupling of MHD flows de-
pending on orientation of the magnetic field and di-
rection of driving pressure gradients. Moreover fully
developed flows are required as inlet boundary con-
ditions for simulations of 3D MHD flows in elec-
trically coupled bends as studied experimentally in
[6] [7]. Some preliminary 3D results in this complex
configuration are shown as well.

2. Description of the problem

For the present study two geometries are consid-
ered. The first one consists of a number of square
channels connected through common electrically
conducting walls, as shown in Fig.1. A magnetic
field is applied, which forms an angle o with the
z— axis. Dimensions of the channels and mater-
ial properties are taken according to the ones of
the experimental test section used by Stieglitz and
Molokov [7] for the analysis of MHD flows in parallel
electrically coupled bends.

)—>
duct 1 duct 2 duct 3

25 mm Y 1mm —> «—
X zZ
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o

Fig. 1. Reference geometry and coordinate system for the
study of electric flow coupling in parallel ducts. The middle
channel is referred to as duct 2, the lateral ones as 1 and 3.

The second geometry consists of three electrically
coupled rectangular bends (Fig.2). A magnetic field
is applied in y— direction. Dimensions of the cross-
section are as shown in Fig.1 [7]. In liquid metal blan-
kets this geometry represents a situation in which
the liquid breeder flows first radially and then it
turns in toroidal direction along the main compo-
nent of the magnetic field. This configuration was
for instance proposed for cooling of the first wall in
self-cooled blanket designs [8]. A comparison of the
numerical results with the experimental data allows

to further validate the code in case of complex 3D
flow conditions.

B

z v

Fig. 2. Three bends with square cross section electrically
coupled through common walls. Contours of electric poten-
tial on the fluid-wall interface and velocity profiles. Flow at
Ha = 1200 and N = 2370.

3. Mathematical formulation

The system of non-dimensional equations describ-
ing the MHD flow of an incompressible, electrically
conducting fluid includes conservation equations for
momentum, mass and charge

1 Dv 1 9 .
V.v=0, V-j=0. 2)

The variables v, p, j and B indicate velocity, pres-
sure, current density and magnetic field normalized
by ug, cugB?L, ocugB and B, respectively. All di-
mensions are scaled by half of the size of the duct,
L = 0.0125m, and the characteristic velocity ug is
chosen as the average value in the cross-section of
the multi-channel geometry. Fluid properties such
as density p, electric conductivity o and kinematic
viscosity v, are assumed to be constant. The elec-
tric current density j is defined by the dimensionless
Ohm’s law as

j=-V¢+vxB, (3)

where ¢ is the electric potential scaled by ugBL.
The magnitude of the induced current density is de-
termined by the resistance of the current path. In



electrically conducting ducts the wall conductance
is the main parameter that controls the magnitude
of currents and the ratio between conductance of the
wall to the one of the fluid is expressed by the con-
ductance parameter ¢ = oty /(0 L). Here oy, is the
electric conductivity of the wall and ¢,, its thickness.
The equations are written according to the so-called
inductionless approximation that assumes that the
magnetic field induced by currents in the fluid is neg-
ligible compared to the externally imposed one. This
approximation is valid for small magnetic Reynolds
numbers, Re,, = poLug << 1, where y is the mag-
netic permeability. The dimensionless parameters in
(1) are the interaction parameter and the Hartmann
number:

LB?
N=""2  Ha=LB,]Z,
pug pv

which quantify the relative importance of electro-
magnetic forces to inertia and to viscous forces, re-
spectively. The Hartmann number provides a non-
dimensional measure for the strength of the imposed
magnetic field. At the fluid-wall interface the no-
slip condition, v = 0, is imposed and when the duct
walls have finite electric conductivity wall-normal
currents and electric potential are continuous

jn = jn,w and ¢ = d)w' (4)

The analytical solution used to validate the code
employes the so-called thin wall boundary condition
[9] that is valid when the duct walls are thin (¢, <<
L). According to this approximation the wall electric
potential is given by

¢

j'n:—%zv'(cvt%;)a (5)

where V,; denotes the components of the gradient
tangential to the wall and n is the inward unit nor-
mal to the wall. Since the wall is thin, it is assumed
that the current entering the wall turns immediately
to flow only in tangential direction and therefore the
potential does not vary along the wall thickness to
the leading order of approximation.

4. Numerical results

Equations (1)-(3) are solved, together with a Pois-
son equation for the electric potential, obtained from
Ohm’s law (3) when electric current conservation
(2) is satisfied, by using a solver developed in the fi-
nite volume open source package OpenFOAM [10].
The current density conservative scheme proposed

in [11] is employed and pressure—velocity coupling
is accomplished by a PISO (Pressure Implicit with
Splitting of Operators) algorithm, the central differ-
ence scheme has been used for spatial discretization,
while temporal discretization is first order accurate.

A typical feature of MHD flows in ducts is the for-
mation of two types of boundary layers. Those along
walls parallel to the magnetic field are called side
layers and their thickness scales as 65 ~ Ha~'/2, the
ones at walls where the magnetic field has a nor-
mal component are the Hartmann layers and they
are thinner, ép, ~ Ho~'. Benchmark calculations
showed that for achieving an accurate solution 7—10
mesh points are necessary within the Hartmann lay-
ers. Higher spatial resolution in viscous boundary
layers has been achieved by non-equidistant spacing.

4.1. Benchmarking against analytical solutions
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Fig. 3. Axial velocity along the transverse direction z for the
MHD flow at Ha = 1000, ¢ = 0.028 and different dimension-
less thickness t,, of the duct wall. In the subplot the rela-
tive deviation of maximum velocity and of pressure gradient
from the analytical solution are plotted as a function of t,,.

In order to perform simulations of 3D MHD flow in
coupled bends fully developed solutions are required
as inlet boundary conditions. Results for MHD flows
in a single duct with B = § have been compared
with an analytical solution to define a proper mesh.
By considering dimensions of the duct according to
[7] (Fig.1) a deviation of the numerical results from
the analytical solution has been observed. The rea-
son for this discrepancy is that the analytical solu-
tion employes the thin-wall boundary condition (5)
to describe electrically conducting walls. The code
used for the numerical simulations instead is based
on the solution of coupled equations solved both in
liquid metal and in walls with interface conditions



(4). A systematic study has been performed for var-
ious ¢ and Ha and an example is shown in the fol-
lowing.

The influence of the finite thickness of the duct
walls on the velocity distribution is shown in Fig.3
where the axial velocity is plotted along the trans-
verse direction z for the flow at Ha = 1000, ¢ =
0.028 and various dimensionless thicknesses t,, of the
duct wall. By reducing t,, the solution approaches
the analytical results valid for ¢,, — 0. For ¢, ~
0 the relative error for the maximum velocity in
the side layer is still Aupax >~ 5% (see subplot in
Fig.3). However, for all considered ¢,, the error for
the driving pressure gradient Vp = —k is Ak < 2%.

4.2. MHD flows in three electrically coupled ducts

Numerical simulations have been performed to
study MHD flows in three electrically coupled ducts
(Fig.1). Various flow conditions have been investi-
gated. Let us consider the MHD flow in ducts cou-
pled at the side walls (o« = 90°, B = §) for Ha =
2500. In the three channels the flow is driven by con-
stant pressure gradients ky = ko = k3 = k. If pres-
sure drops in the ducts are equal, multi-channel ef-
fects result in a non-uniform flow partitioning. This
type of coupling occurs in HCLL blankets for in-
stance in the slender channels formed by cooling and
horizontal stiffening plates. In Fig.4 current stream-
lines are plotted on the cross-section of the chan-
nel together with contours of electric potential. The
current crosses the common dividing walls that be-
have as if they were perfectly conducting. As a result
no high velocity jets are present in the side layers
along the internal walls, while at the external par-
allel walls, where currents flow tangential to them,
the velocity in the boundary layers increases signifi-
cantly as expected for MHD flows in electrically con-
ducting channels. The velocity profile along z at y =
0 is visualized in Fig.4. The velocity distribution is
analogous to the one in a single electrically conduct-
ing duct with width 6L; there is a uniform core and
velocity jets in the side layers that form along the
external walls parallel to B. The average velocity in
the outer channels is higher than in the middle one
because the two side layers at the outer side walls
carry a large fraction of the volume flux. These flow
conditions yield a strong electric coupling of flows
in neighboring ducts.

Let us consider now the case in which the ducts
are coupled through the Hartmann walls (o = 0°,
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Fig. 4. Velocity profile along the central line of three ducts
coupled at the side walls, B = §, Ha = 2500, ¢ = 0.038.
The subplot shows contours of electric potential and current
streamlines.

B = ). In Fig.5 contours of electric potential and
current streamlines are displayed on the duct cross-
section. This type of electric coupling is similar to
the one that establishes in a row of HCLL blanket
breeder units that are electrically connected through
the vertical stiffening plates. Practically no current
is exchanged between adjacent ducts and no sig-
nificant multichannel effects are observed for equal
forcing pressure gradients, as shown by the velocity
profiles in the middle of the ducts (Fig.5).
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Fig. 5. Velocity profiles along y in the middle of ducts coupled
at the Hartmann walls, B = z, Ha = 2500, ¢ = 0.038.
The subplot shows contours of electric potential and current
streamlines. Main current loops are marked in red in half
geometry.

The crucial role of the electrical coupling in deter-
mining the velocity distribution can be clearly seen
when the forcing in ducts differs. As an example we
consider a case where no pressure gradient is applied
in lateral channels and only the flow in the central
duct is driven by a given k (k1,3 = 0, k2 = k). This
case is studied for « = 90°, i.e. B = . The velocity



profile along z at y = 0 is shown in Fig.6 by a blue
curve. The core velocity in the lateral ducts remains
zero, while high velocity jets are observed in the side
layers along the common internal parallel walls. In
the lateral ducts the electric potential varies only
across the side layers at the internal walls.
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Fig. 6. Velocity profiles along the central line of three ducts
coupled at the side walls, B = y, Ha = 2500, ¢ = 0.038.
The blue curve shows the case when the flow is driven in the
central duct (k1,3 = 0, k2 = k); the red line the case with
k1,3 =k, k2 =0.
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Fig. 7. Profile of electric potential along z for B = ¥,
Ha = 2500, ¢ = 0.038. The flow is driven in the central duct
(k1,3 =0, k2 = k). Contours of potential are also displayed.

Jets in channels 1 and 3 have opposite direction
compared to the ones of the driving flow in the mid-
dle duct. This can be explained by considering the
potential distribution across the side layers as visu-
alized in Fig.7. Here the potential is plotted along
the central line of the ducts at y = 0 and contours
of potential are also displayed. The electric poten-
tial gradient across the side layers has opposite sign
in the two adjacent ducts. Since according to Ohm’s
law (3) the electric potential gradient is proportional
to the velocity (0.¢ ~ uB), the jets flow in opposite

direction in the central and in the lateral channels.
The current induced in the fluid in the core of duct
2 closes its path mainly through the side layers and
the separating internal walls. A similar effect of elec-
trical flow coupling can be observed when the flow
is driven only in the lateral channels and no forcing
is applied in the central one (k1 3 = k, ko = 0). The
core velocity in channel 2 remains zero and high ve-
locity jets develop in the side layers along the com-
mon parallel walls (red curve in Fig.6).

Another interesting case is the coupling of ducts
across side walls, where the flow in the central duct is
driven by a pressure gradient of opposite sign (k1,3 =
k, k2 = —k). As aresult the electric current induced
in the core is also reversed compared to the case
with k123 = k. Current streamlines are visualized
in Fig.8 with contours of electric potential. Profiles
of velocity and electric potential are plotted along
the central line of the ducts at y = 0 in Fig.9. The
larger flow rate along the internal walls is due to
the fact that the electric current along these walls is
higher since it results from two fluid regions.

Fig. 8. Contours of electric potential and current stream-
lines. Ducts coupled at the side walls, B = §, Ha = 2500,
¢ = 0.038. The pressure gradient in the central duct has
opposite sign compared to the one driving the flow in the
lateral channels (k1,3 =k, k2 = —k).
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Fig. 9. Velocity and electric potential profile along the cen-
tral line of three ducts coupled at the side walls (B = §),
Ha = 2500, ¢ = 0.038. The flow in the central duct is driven
by a reversed pressure gradient (k13 =k, k2 = —k).



While the results for k1 3 =k, ks = —k and B =
¥ are not surprising, more unexpected are those ob-
tained for k13 = k, ko = —k when B = 2. Fig.10
shows for this latter case the velocity profiles along y
in the middle of the three ducts. Although the flows
are driven by opposite pressure gradients, the core
flow in all ducts moves in the same direction. The
outer ducts force the core flow in channel 2 along
their own flow direction. Only in the side layers of
duct 2 the flow occurs in the direction expected ac-
cording to the imposed driving pressure gradient.
The central duct acts as a short-circuit for the cur-
rent induced in the outer channels. The major part
of current closes through the cores and bypasses the
common walls. This can be seen in Fig.11 where cur-
rent streamlines and contours of electric potential
are displayed.
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Fig. 10. Velocity profile in the ducts along y— lines in the
middle of the three channels, for the flow at Ha = 2500,
¢ = 0.038 and B = 2. The velocity scale in the core region
is enlarged in the subplot.

Fig. 11. Contours of electric potential and current stream-
lines for the flow at Ha = 2500, ¢ = 0.038 and B = z. Main
current loops are marked in red to highlight the global cur-
rent circulation.

When the magnetic field is not aligned with the
walls of the duct, i.e. 0 < o < 90°, solutions for ve-
locity and electric potential become oriented along
the magnetic field lines due to the formation of inter-
nal layers that spread in the fluid from the duct cor-
ners following the magnetic field direction [12]. This

yields a stronger electric coupling of the flow in the
three channels due to the complex path of leakage
currents. An example is shown in Fig.12 where con-
tours of velocity magnitude and current streamlines
are depicted on the cross-section of the ducts for the
case of & = 45°. The internal layers divide the fluid
domains in 4 cores; 2 "internal" cores (cores 2 and 3
in Fig.12) characterized by a constant typical length
along magnetic field lines, called Hartmann length,
and 2 "external" cores (cores 1 and 4) where the
Hartmann length reduces with the distance from the
internal layers. The velocity increases significantly
in the internal layers, while in cores 2 and 3 it re-
mains relatively uniform. The latter ones are formed
by the electrical coupling of two regions that be-
long to hydraulically separated ducts. In the exter-
nal cores instead the velocity varies linearly along z.
Typical current paths are shown in Fig.12. A strong
electric coupling occurs and the current loops con-
nect all the three channels. The number of cores in-
creases if o # 45°. This is displayed in Fig.13 where
contours of velocity magnitude, current streamlines
and the axial velocity along the central line at y = 0
are plotted for the case with o = 67.5°.

2.0

| Ha=2500 c¢=0.038 |
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Fig. 12. Velocity profile along z in the middle of the ducts
at y = 0 for the flow at Ha = 2500, ¢ = 0.038 and o = 45°.
In the subplot contours of velocity magnitude and current
streamlines are depicted.

5. Conclusions

Numerical simulations have been performed to
study the effects of electrical coupling of adjacent
fluid domains caused by leakage currents across com-
mon dividing walls. The weakest coupling occurs
when ducts are coupled at the side walls and the
flow is driven in opposite direction in neighboring
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Fig. 13. Velocity profilealong z at y = 0 for the flow at
Ha = 2500, ¢ = 0.038 and o = 67.5°. In the subplot contours
of velocity magnitude and current streamlines are depicted.

channels. This configuration is similar to the cou-
pling between breeder units separated by horizontal
stiffening plates in a blanket column. The potential
profile shown in Fig.9 resembles the one obtained
experimentally in a HCLL blanket mock-up [13]. In-
tense multi-channel effects are present instead when
ducts are connected at the side walls and the flow is
driven in the same direction. In this case high veloc-
ity jets are present only at the external walls, while
the flow is homogenous in the internal channels.

When ducts are coupled at Hartmann walls and
the fluid is driven in the same direction by the same
forcing the coupling practically does not modify the
flows in the channels. This arrangement is analo-
gous to the coupling of columns of breeder units in
a HCLL blanket. A very interesting coupling occurs
for counter current flows in ducts coupled at Hart-
mann walls. In all duct cores the fluid flows in the
same direction independently of the direction of the
forcing. This coupling can therefore lead to unex-
pected flow reversals. When the magnetic field is not
aligned with the walls (0 < oz < 90°) the latter ones
are all Hartmann walls, since the magnetic field al-
ways has a wall-normal component. An intense elec-
tric coupling occurs and currents circulate from one
duct into the adjacent one connecting all fluid do-
mains.

Results for fully developed flows have been ap-
plied as inlet boundary conditions for simulating 3D
MHD flows in parallel bends. An example is shown
in Fig.2 for the case in which the flow is driven only
in the lateral ducts. Contours of electric potential
are plotted on the fluid-wall interface and profiles of
velocity are visualized at two different positions. At
the outlet the flow is fully developed. Velocity jets

appear in the side layers and in the middle duct the
flow is driven by the energy supplied by the neigh-
boring channels across the electrically conducting
walls (compare red curve in Fig.6). The aim of the
ongoing study is the comparison of results with ex-
perimental data to validate the code for complex 3D
flow conditions.
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