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Electromagnetic force in electric glass melting
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Electromagnetic effects occur in electrically heated glass melts. Sometimes this fact causes disadvantages but it also offers the chance
to influence the glass flow beneficially. A Lorentz force can be generated by a strong external magnetic field called “Fremdfeld”
(foreign field). The Lorentz force in the “Eigenfeld” (eigenfield) that is caused by the magnetic field around the current density in
the glass can be neglected. A specific Lorentz force in the “Eigenfeld of the electrode” occurs in electric glass melting using rod
electrodes and results from the magnetic field around these electrodes.

The numeric JENA-HLX code was employed to calculate the current density distribution for complex voltages and the tempera-
ture-dependent electric conductivity. The magnetic field was built up according to the Biot-Savart law.

A first computer calculation shows that the Lorentz force will become the second driving force besides buoyancy near electrodes,
provided electrode currents are about 800 A or higher. A second numeric trial dealt with a side-wall, a bottom and a top electrode
in R-S-T connection. Here the most significant effect occurred at side-wall electrodes, where horizontal velocities increased.

The third test was carried out to learn more about the Lorentz force in an electrically heated crucible. Here the most interesting
effects were to observe when a Fremdfeld was applied to the electrically heated fluid. In modelling external horizontal and vertical
magnetic fields, the resulting fluid flow depends on the mutual orientation and the phase shift between current density and magnetic
field. For instance, the forced glass melt rotation around the electrodes is reversed if this phase shift changes from 0° to 180°. To

sum up, the Lorentz force offers various opportunities to control the glass flow.

1. Introduction

In glass melting technology up to now there is insufficient
understanding of electromagnetic effects that occur in the
case of electrically heated glass melts. Sometimes this fact
causes disadvantages but it also offers the chance to influ-
ence the glass flow in the desired direction. Because of new
products, new melting techniques and the growing import-
ance of the electric energy in the future, the object of this
paper is to discuss the different aspects of the electromag-
netic Lorentz force in molten glass.

2. Special kind of Lorentz force

It is quite known that there are two ways to generate an
electromagnetic force in fluids:

a) A Lorentz force can be generated by an external mag-
netic field that is called “Fremdfeld” (foreign field). There
is some experience in physical modelling and practice of
glass technology concerning that method [1 to 3]. An effec-
tive electromagnetic force results from strong magnets, e. g.
right and left of the feeder channel.

b) The Lorentz force in the “Eigenfeld” (eigenfield) is gen-
erated by the current density j in the glass and the magnetic
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field B around j (and created by j). According to [4] in glass
melting this force is rather small and can be neglected. It
may be important in other fluids (metal) which have high
electric conductivity.

The second way mentioned was discussed by Stanek [4].
But it is wrong to state that the Lorentz force in glass melt-
ing technology and modelling can be totally neglected. A
specific kind of that force occurs in electric glass melting
using rod electrodes. It must be considered in mathematical
modelling and explains some technological effects of the
melting practice.

This Lorentz force in the Eigenfeld of the electrode [5
and 6] is caused in the following way: there is the electrode
current 7, which is the origin of the magnetic field H and
the flux density B, concentric around the electrode. These
quantities form a maximum at the electrode dip and a mini-
mum at the top position. The current density j flows radially
into the glass bath. The vector product J X Bis the Lorentz
force density f; discussed here.

In a prior paper about that topic [5] we still assumed
that the magnetic flux density B = uH is concentric around
the dipping electrodes B(r) = u Iz/(2n r) and decreases lin-
early from the electrode dip to the electrode top coordinate.
The three-dimensional current density distribution was cal-
culated by the analytic solution of the electric potential
equation (Laplace type) around finite rod electrodes.
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Figures la. and b. Effect of the Lorentz force on the glass bath
velocity near two vertical electrodes and a horizontal one. Fig-
ure a) shows a vertical and figure b) a horizontal cross section
area. The magnitude is symbolized by the thickness of the ve-
locity arrows. The side-wall electrode pumps the glass from the
dip to the top.

In the present study we employ the numeric JENA-HLX
code to calculate the current density distribution by the elec-
tric potential equation (Poisson type) for all kinds of elec-
trodes, geometry, complex voltages and temperature-depen-
dent electric conductivity. The three-dimensional magnetic
field in the present paper is generated by the more rigorous
Biot-Savart law dH(r) = (j X 7) d V(4 r3) which is the solu-
tion of the governing differential equation rot # = j. In that
way H and B are results of the electrode currents and the
glass bath current density distribution. All the field quanti-
ties mentioned have complex amplitudes.

A further discussion of the meaning of the Lorentz force
/1 in electric glass melting may be helpful because there are
some statements that f; has only a slight impact on the glass
bath velocities near electrodes [4, 7 and 8].

The aim of this paper is to demonstrate the chance
which results from employing magnetohydrodynamics in
glass technology rather than to show the role of the electro-
magnetic force concerning modelling and electric melting
technology.

3. Computer experiments

Some numeric trials were carried out to study the effects
of the Lorentz force f;. The first one uses a three-parallel
electrode triangle configuration in R—S—T connection. For
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Figures 2a and b. Simulation of electric, temperature and veloc-
ity fields in glass heated by two electrodes in a crucible. Ge-
ometry and discretization of the (0.2 X 0.2 X 0.2) m? crucible;
a) x—y section, b) x—z section.

a given lead silicate glass a constant electric power is re-
quired [9]. Of course it depends on the temperature (or bet-
ter on the electric conductivity) which current-voltage con-
stellation occurs. And indeed buoyancy is the driving force
for the free convection of glass flow.

However, in the vicinity of electrodes the Lorentz force
becomes the second driving force if there are electrode cur-
rents of about 800 A and higher. The calculations were done
using a coupled electric-temperature-velocity iteration with
fixed boundary temperatures and power-constant control.

A second trial deals with a different geometry. We had
a side-wall, a bottom and a top electrode also R—S—T con-
nected. Figures 1a and b show the velocity distribution cal-
culated in the cross section area of the side-wall electrode.
The temperature and velocity field distributions either in-
cluding or not including the Lorentz force do not vary sig-
nificantly. There were no important differences between the
two cases concerning the general field distribution.

But if the velocities around the electrodes are observed
in detail, important differences and effects can be seen. The
calculated differences including the Lorentz force are as fol-
lows:

= For the modelled bottom electrode there is a 30 % higher
upstream velocity generated by f; .
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Figures 3a and b. Calculated current density (figure a) and
power density distribution (figure b) in respectively horizontal
and vertical cross section areas. An electric power constant con-
trol (2kW) and third-order temperature boundary conditions
were realized.
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Figures 4a and b. Calculated velocity distributions without (fig-
ure a) and with Lorentz force (figure b). By including f; the
maximum glass velocity increases from 2.8 to 5.2 X 1075 m/s.
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Figure 5. Calculated velocity distribution strongly influenced by
an external magnetic field. In the centre of the crucible a down-
ward flow can be observed also in the vicinity of the electrodes
(compare also figures 6a and b).
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Figures 6a and b. The buoyancy and the Lorentz force (Eigen-
feld of the electrodes) are responsible for the upward velocity
in the central area (figure a), the Lorentz force (Fremdfeld)
forces a downward flow (figure b).

— For the top electrode the maximum upstream velocity
decreases in our example by 30 %. This is an explanation
for the good melting characteristics of top electrodes.

But the most significant effect is shown by the electro-
magnetic force at side-wall electrodes where we observe
extremely increased horizontal velocities.
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Figures 7a to d. With external magnetic fields the fluid velocities depend on the mutual orientation and on the phase shift between
j and B. Here a rotation around the dipping electrodes is observed (figure a). This rotation is reversed (figure b) if the phase shift
changes from 0° to 180°. For more information figure c) shows the power density distribution and figure d) the velocity magnitudes.

The effect of f; within an electrically heated crucible is
now considered. The location of the two electrodes and the
material discretization may be taken from figures 2a and b.
The crucible contained a lead silicate glass melt. For all
calculations we realized a constant electric power control
P = 2kW.

The results of the calculated current and power density
distribution in the glass and in the electrodes are shown in
figures 3a and b. The electrode current was about 60 A, the
maximum magnetic flux density about 0.0013 Vs/m? and
the maximum Lorentz force density about 15 N/m?3. By in-
cluding f; into the calculation the maximum glass velocity
in the crucible increased from 2.8 to 5.2 X 107> m/s. In
figures 4a and b the velocity distribution in a cross section
at half the height of the crucible is shown. Between the two
electrodes on the left and on the right an upstream area is
observed. Symmetrically two downstream areas occur (com-
pare also figure 6a).

4. Employing an external magnetic field

Finally we discuss the effects which are to observe applying
an external magnetic field (Fremdfeld) to an electrically
heated fluid. In the past research work was done [1 to 3]
using physical tank modelling and some results measured in

hot glass. One of the aims of these investigations was to find
out whether electromagnetic effects can cause stirring in
feeder channels. Using mathematical modelling make it
easier to evaluate the effects intended.

To show the general mass flux behaviour we assume salt
water of different conductivity and molten glass in rec-
tangular or cylindrical crucibles. The current density j flows
from one electrode to the other determining the direction
of j. The direction of the external B-field may be varied. It
depends on where the north and the south poles of the ex-
ternal B-field are placed.

At first we discuss the behaviour of a lead silicate glass
melt in the cylindrical crucible used before (figures 2a and
b). An external and horizontal magnetic field was applied
crossing the main electric current density vector. As a result
of the calculation the velocity field changed completely (fig-
ure 5). Now a downstream flow (maximum velocity
1.3 X 1073 m/s) occurs in the centre of the crucible. The dif-
ferences are shown in figures 6a and b.

In modelling external magnetic fields the resulting fluid
velocities depend on_the mutual orientation and the phase
shift between j and B To learn more about possible effects,
B was arranged in the direction of the electrodes. The flow
pattern is shown in figures 7a and b. We notice a rotation
of the fluid around the dipping electrodes. This rotation is
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reversed if the phase shift between the electric and magnetic
flux density vectors changes from 0° to 180°. For more in-
formation figure 7c shows the power density distribution
and figure 7d the velocity magnitudes.

5. Summary

The knowledge about the electromagnetic force in glass
melting offers chances to influence the glass bath flux. The
Lorentz force (Eigenfeld of the electrode) increases the vel-
ocities near the dip positions of side-wall and bottom elec-
trodes and decreases the velocity around top electrodes. So
it allows for interpreation of the cause of corrosion and
different melting behaviour. The Lorentz force (Fremdfeld)
results from an external magnetic field and offers various
opportunities to control the glass flow. It depends on the
arrangement and the phase shift of the magnetic flux den-
sity in relation to the electric current density.
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