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Abstract: The paper deals with the numerical modeling of pumping molten metals based on the principle of the magnetohy-
drodynamic effect, i.e. force effect of an external stationary current field and magnetic field on an electrically conductive liquid.
Described is the physical essence of the effect that represents the starting point for the formulation of its mathematical model. The
theoretical analysis is illustrated on two examples. The first pump works with practically uniform electric field in a hydrodynamically
less favorable channel of rectangular cross-section while the second one with nonuniform electric field in hydrodynamically more
advantageous circular channel. The conclusion is devoted to the discussion about the possibilities of optimization of the device.
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INTRODUCTION

Electromagnetic pumping or dosing of nonferrous
molten metals represents a process based on the effects of
electrodynamic forces in melt. The relevant devices differ
from one another particularly by the manner how these
forces are produced. The main systems work on the
electrodynamic and magnetohydrodynamic principles
that are described in numerous references (see, for
example, [1-3]).

On the other hand, all devices of this kind are
characterized by consumption of a considerable amount
of energy. Finding of their optimal arrangement is,
therefore, a must. But increasing of their efficiency
cannot be done without a detailed knowledge of all
physical phenomena taking place in them. And this is a
relatively complicated business, because from the
viewpoint of the mathematical and computer modeling,
the process of pumping usually represents a complex
coupled problem characterized by the interaction of
several physical fields (generally electric field, magnetic
field, temperature field, field of flow) and other possible
accompanying effects.

The paper is devoted to the verification of possibili-
ties of pumping molten metals based on the principle of
the magnetohydrodynamic effect, i.e. force effect of an
external stationary current field and magnetic field on
electrically conductive liquids. Described is the physical
essence of the effect that represents the starting point for
the formulation of its mathematical model considered as a
coupled electromagnetic-hydrodynamic problem. The

theoretical analysis is illustrated on two examples. The
first pump works with practically uniform electric field in
a hydrodynamically less favorable channel of rectangular
cross-section while the second one with nonuniform
electric field in hydrodynamically more advantageous
circular channel. Both versions are evaluated from the
viewpoint of the pumping lead. The conclusion is de-
voted to the discussion of the possibilities of optimization
of the device.

1 FORMULATION OF THE PROBLEM

The principle of the magnetohydrodynamic effect for
pumping electrically conductive liquids (including molten
metals) is indicated in Fig. 1. The column of liquid 1 is

flown through by direct current I, whose density J, is a

vector parallel to axis x, perpendicularly to the axis of
the channel. This current enters and departs the liquid on
two (in the case of molten metal) heat-proof electrodes 2
and 3. The conductors 4 forming a system of saddle coils
surrounding the channel carry direct current [, that
produces in the liquid medium stationary magnetic field.
The vector of its magnetic flux density B, is oriented in

direction y, that is perpendicular both to the axis of the
channel and vector J,. The interaction of the above
current and magnetic fields gives rise to the volume
Lorentz forces in melt. Their integral value (vector Fj )

is oriented in direction z and pushes the conductive
medium upwards.



Fig. 1. The principle of a MHD pump for electrically
conductive liquids
1 — electrically conductive liquid
2, 3 — heat-proof nonferromagnetic electrodes
4 — conductors of the saddle coils
5 — ambient air
In the paper we consider three
arrangements of the pump channel:

a) channel of a rectangular cross-section, the
conductors 4 being arranged in plane x = const,
see Fig. 2a,

b) channel of a circular cross-section, the conductors
4 being arranged in plane r =const, see Fig. 2b,

¢) channel of a circular cross-section, the conductors
4 being arranged in plane x =const, see Fig. 2c,
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Fig. 2a. The channel of a rectangular cross-section, the
conductors 4 being arranged in plane x = const

2 MATHEMATICAL MODEL OF THE PUMP

The mathematical model of the investigated MHD
pump describes stationary electric and magnetic fields in
electrically conductive, Nonferromagnetic liquid medium
in channel 1 (Figs. 2a, b, c). If the length of the channel is
assumed much larger than its cross-section, the problem
can be considered 2D and formulated in Cartesian coor-
dinate system x,y.

Fig. 2b. The channel of a circular cross-section, the con-
ductors 4 being arranged in plane r =const
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Fig. 2c. The channel of a circular cross-section, the con-
ductors 4 being arranged in plane x = const

2.1. The definition area
The definition area of the problem is given by unifica-

tion of all mentioned subdomains: 2 =02, =0 =1+2+3
+4+5, see Figs. 2a, b, c. The area is bounded by a ficti-
tious artificial boundary /7, placed in the air 5, at a

sufficient distance from the channel 1.

2.1. The differential equations
The electric field (see [4], [5]) in the domain £2, is

described by the Laplace equation for the scalar electric
potential ¢(x,y)

Ap=0. ey
This field produces in electrically conductive liquid 1 in
the channel currents of density

Je=i-Jo (6,7)+i e (5y) )
that is given as
Je ==, gradg 3)
where ¥, is the electrical conductivity of the liquid me-
dium.

The magnetic field (see [4], [5] again) in the domain
£, may be described by the magnetic vector potential
A=i0+jO+Kk A (x,y). In the area of conductors 4
carrying DC current [, the potential satisfies equation

rotrotA =p, J, (@)
with condition



I, = j& J,, -dS 5)

where S, is the cross-section of conductor 4. Otherwise
there holds
rotrotA =0 (6)
Magnetic flux density in this region in the form
B=i-B, (xy)+j B,(x,y) follows from relation
B=curlA. 7
The resultant Lorentz force F; =i-0+j-0+Kk-F,
acting on the liquid medium in space V; of channel 1 is
then given by relation

F; :IVI (Je (x,y)xB(x,y))dV. (8)

The pumping lead A of the pump (following from

the balance of forces) is then given as

-t ©)
pmgSI

where p,, 1is the specific mass of the liquid medium 1

hy,

and S is the cross-section of the channel.

2.3. Boundary conditions
The boundary conditions for both fields (of the first
and seconds kinds) follow from the physical context of
the problem. The same holds for the interface conditions.

3 COMPUTER MODEL AND ACCURACY OF SO-
LUTION

The mathematical model described in paragraph 2
was solved numerically by the FEM-based professional
code QuickField. Attention was paid to the convergence
of solution with respect to the position of the artificial
boundary and density of the discretization mesh. In order
to obtain three nonzero valid digits for the force Fj, it
was necessary that the mesh contained about 120000-
150000 nodes, in the dependence on the shape of the
channel 1 (see Figs. 2a, b, ¢).

For an illustration, Fig. 3 shows the calculated distri-
bution of equipotentials and vectors J. of the current
field for the arrangement a) and Fig. 4 depicts the distri-
bution of the force lines for the same version. It is obvi-
ous that such figures provide sufficient information about
the suitability of the corresponding arrangements: the
more uniform are both fields and the denser are both
systems of the force lines, the higher is the total Lorentz
force F; and pumping lead A; . A more detailed discus-

sion to these aspects is in the following paragraph.

4 ILLUSTRATIVE EXAMPLE

The aim of the presented example is to evaluate three
considered arrangements (see par. 1) of the MHD pump
from the viewpoint of their pumping lead #; and also
other aspects that may (for the particular arrangement)
have some influence on this quantity.

4.1. Input data
The arrangement and basic dimensions of all three
versions of the pump are obvious in Figs. 2a, b, c.

Fig. 3. Calculated distribution of the equilines and vec-
tors of current density J. in the cross-section of the

channel (version a), a =0.05 m, see Fig. 2a)
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Fig. 4. Calculated distribution of the force lines in the
cross-section of the channel (version a), a =0.05 m, see
Fig. 2a)

The cross-section of the channel 1 is in arrangement:
a) §;=ab,a=0.05m, b=0.1m, §; =0.005 m? (Fig. 2a),
b),¢) S, =, r, =0.04m, S, =0.005m* (Fig. 2b, c).

The working height of the channel (height of the

channel 1 affected by both electric and magnetic field and
Lorentz force F; ) 4 =0.1m (corresponds to the volume

Vi, see (7)).

The physical parameters of particular materials are
listed in Tab.1.



Tab. 1. Physical and other parameters
of individual parts of the pump

Item  Element Material Physical quantities
1 liquid molten T, =930°C
medium Al 3 3
p =2.375-10"kg/m
Y. =7.664-10°S/m
Jo =5-10° A/m* (¥)
2 electrodes  austenitic 7.=1.5-10°S/m
steel [7] ¢
H =1
1,=5-10° A(*¥)
3 shell molten Y. =12S/m
basalt
=1
4 hollow Cu Tmax ! Tmin = 8/4mm
conductors 7
7. =5.6-10"S/m
w=5-10" A/m*
I,=5-10°A (¥)
5 ambient air Y. =0S/m
medium

(*) holds for all arrangements of the pump
(**) holds just for arrangement a)

4.2. Results and their discussion

The basic qualitative evaluation of the individual ver-
sions of the pump can be carried out (as was said in para-
graph 3) on the basis of graphical image of the corre-
sponding electric and magnetic fields.

For example, Figs. 5a, b show the influence of the ar-
rangement (see paragraph 1) of channel 1 on the uniform-
ity of the electric field in the working medium in the
pump for the case of the circular cross-section of the
channel. The most uniform field we obviously obtain for
the arrangement a) (Fig. 3) — rectangular channel, while
arrangements b) and ¢) provide less uniform and practi-
cally identical fields.

- MO) .

N
Fig. 5a. Electric field, arrangement b), r = const,
a=90°, see Fig. 2b
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Fig. 5b. Electric field, arrangement ¢), x = const,
a=90°, see Fig. 2c
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Nevertheless, comparison of Figs. 6a (arrangement b),
Fig. 2b) for & =120° and 6b for o =150° indicates, that

for some angle o, € (120", 150°> we obtain practically

uniform electric field.

)

Fig. 6a.

Electric field, arrangement b), r = const,
a =120°, see Fig. 2b

On the contrary, comparison of Fig. 4 and 7a, b pro-
vides information that there are no practical differences in
the uniformity of the magnetic field in channel 1 for all
three alternatives a), b) and c).

Somewhat more detailed, to some extent quantitative
evaluation of the individual versions may be carried out
through the analysis of graphs depicting the distribution
of vectors J. and B of the corresponding electric and

magnetic fields along the perimeter of the corresponding
channel 1 of the pump.
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Fig. 6b. Electric field, arrangement b), r = const,
a =150°, see Fig. 2b
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Fig. 7a. Magnetic field, arrangement b), r =const

Fig. 7b. Magnetic field, arrangement c¢), x = const

For example, Fig. 8a shows that the electric field in
channel 1, arrangement a) is strongly uniform (except for
small subregions near the corners of the channel — for
x=10.025m, y =30.05m, see Fig. 2a and also compare
Fig. 3). On the other hand, Fig. 8b shows that the electric
field in channel 1, arrangement b) is relatively nonuni-
form and the same holds in case ¢). The same conclusion
can be made, however, even form Figs. 3, 5a and 5b.
Comparison of the graphs 8a and 8b moreover says that
the vector J, is greater in case of the arrangement b) (the
cylindrical channel) and grows with the surfaces of the
electrodes (angle « , see Fig. 2b).
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Fig. 8a. Distribution of the component J., of vector J,
along the circumference y =0 and y=0.05 mm of

channel 1 for arrangement a), a = 0.05 mm, see Fig. 2a
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Fig. 8b. Distribution of the component J, of vector J,

along the circumference {I-11I-11} of channel 1 for ar-
rangement b), see Fig. 2b

In an analogous way, according to Figs. 9a and 9b it is
clear that the magnetic field in channel 1, arrangement a)
is relatively uniform (which is in accordance with Fig. 4),
but somewhat weaker than the magnetic field in the
channel of the circular cross-section, particularly in the
arrangement b) for r = const, compare Fig. 2b.

We may conclude that the most suitable (from the
viewpoint of its pumping lead A, ) is the arrangement b)

for r = const with the greatest electrodes 2 (& =150°).
An analogous conclusion can be derived from the nu-
merical evaluation of integral expression (8), compare the
Tabs. 2, 3 and 4. It can be realized, for example, by code



Matlab [9], while the distribution of vectors J, and B in
the cross-section of the channel 1 by code QuickField [6].
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Fig. 9a. Distribution of the component B of vector B

along the circumference y=0 and y=0.05 mm of

channel 1 for arrangement a), a =0.05 mm, see Fig. 2a
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Fig. 9b. Distribution of the component B of vector B

along the circumference {I-1I-111} of channel 1 for ar-
rangement b), see Fig. 2b

Tab. 2. Results for the arrangement a) for different widths
b of the channel

width of the channel (m)
b=0.05 b=004 bH=0.03
I A [ 5905 5005 5.10°
B, T 0.12 0.135 0.15
Ly
F, N 30.100 26.934 22.453
hy m 0.258 0.289 0.321

Tab. 3. Results for the arrangements b) for different an-
gles a of the electrodes

arrangement r =const

@=90°  @=120° a=150°
T A | 7167.105  8776-10°  9.783-10°
By, T 0.143 0.143 0.143
F. N |s1244 62748 69.948
B om | 0440 0.539 0.600

Tab. 4. Results for the arrangements c¢) for different an-
gles a of the electrodes

arrangement X = const

@=90°  a=120° a=150°
T AM | 7167.105 8776-10° 9.783-10°
By T 0.122 0.122 0.122
F. N |43710 53534 59.676
B om | 0375 0.460 0512

5 CONCLUSION

The analyzed MHD pumps for electrically conductive,
nonferromagnetic liquid medium (molten metals,
conductive liquids such as acids or electrolytes) represent
prospective and technically quite real devices. The
presented algorithm makes it possible to find such
geometrical and other parameters of the device that
satisfies the demands both from the viewpoint of the
pumping lead A; and technological aspects (the shape of

the channel, electrodes etc.). It is also necessary to
remind that substantial growth of the pumping lead can
be achieved by connection of several pumps of this kind
in series (from the hydraulic viewpoint) in one working
channel.

Next work in the field will be aimed at the
experimental verification of conclusions following from
the above theoretical analysis.
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