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Abstract. Electric arc melting of oxide materials under the influence of an external
electromagnetic field is a high-current and high-temperature technological process, accompanied
by powerful electric and magnetic fields and complex structural motion of the melt. In the general
case, the movement of the melt in the bath of an electric arc installation is determined by a
combination of thermocapillary, thermal concentration, thermal and electromagnetic convections.
In this work, based on the analysis of convective flows and the calculation of the integral vortex
field of Archimedes forces and electromagnetic forces in the bath, using the OKB-2126A
ore-thermal furnace for melting oxide refractory materials as an example, an assessment of thermal
and electromagnetic convections was carried out. For the first time it has been established that the
value of the integral vorticity of the field of electromagnetic forces in the depth of the bath exceeds
the integral vorticity of the field of Archimedes forces by 3-4 times. In real objects, this difference
is even greater, since, compared to those accepted in the calculations, the actual current density in
the bath is higher, and the temperature difference is lower. Thus, electromagnetic convection in
ore-thermal furnaces for melting oxide materials significantly exceeds thermal convection and
makes a decisive contribution to the formation of the structure and intensity of melt movement.

Keywords: ore-thermal furnace, electrovortex flow, electromagnetic mixing, electromagnetic
force, Archimedes force, electromagnetic convection, thermal convection, field vorticity.

1. Introduction

During electric arc melting of oxide refractory materials, under the influence of an external
electromagnetic field, powerful electric and magnetic fields, high temperatures are formed, and
under their influence complex structural movements of the melt occur. The resulting convective
currents can speed up or slow down the movement of the melt in the bath and thus provide
numerous options for non-contact control of heat and mass transfer processes in furnaces. The
intensification of the process of melting refractory materials, increasing the productivity of
furnaces and reducing the specific power consumption, improving the homogeneity of the melt
depend on the ability to control heat-mass transfer and hydrodynamic processes in a liquid bath
and create optimal conditions for the flow of technological processes.

In the general case, all processes of electric arc melting of oxide refractory materials in an
electromagnetic field are described by the interrelated equations of Maxwell, Navier-Stokes and
Fourier heat transfer [1-4]. In general, the movement of the melt in the bath of an electrothermal
installation is determined by a combination of electromagnetic, thermo and hydrodynamic
processes, consisting of thermocapillary, thermal concentration, thermal and electromagnetic
convections [5-7]. According to the estimates of works [6, 7], the intensities of thermocapillary
and thermoconcentration convections are insignificant. The main mechanisms of heat transfer in
the melt in such installations are electrovortex and thermogravitational convection. However, the
issues of interaction between electrovortex and thermogravitational convection for multielectrode
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furnaces are still insufficiently developed. There are no studies on the interaction of electrovortex,
thermogravitational and electromagnetic (under the influence of an external field) convection in
ore-thermal furnaces for melting oxide refractory materials. At the same time, MHD processes in
electrotechnological units also have a natural origin, which also has a significant impact on its
operating modes and the nature of the flow of technological operations, which can be both positive
and negative.

Electromagnetic convection in the form of electrovortex flows can arise as a result of the
interaction of the electric current in the melt bath with its own magnetic field [8-10], as well as
during interaction with an external magnetic field [11, 12]. Electrovortex flows, i.e.
electromagnetic convection, formed by the interaction of an electric current with its own magnetic
field, becomes noticeable only at very high currents of the order of several tens of kiloamperes
[7,9].

Ore-thermal furnaces for smelting refractory materials operate at currents up to 10-13 kA
[13, 14]. In this regard, electrovortex flows under such conditions cannot create sufficiently
noticeable convective flows in the furnace bath. Therefore, in ore-thermal furnaces for smelting
oxide materials, in order to intensify the smelting process and increase the homogeneity of the
physical and chemical composition of the bath, it is necessary to use additional electromagnetic
influence from the outside [15, 16].

Thermal (natural) convection is associated with the dependence of the melt density on
temperature and occurs when there is a significant temperature inhomogeneity in the bath. For
various electrothermal units, their operating modes, melt characteristics, the ratio of
electromagnetic and thermal convection is different. Therefore, in order to elucidate their
influence on the movement of the melt in the furnace bath, in each specific case, it is necessary to
evaluate their ratios.

2. Research methodology

To estimate the intensities of electromagnetic and thermal convection, it is necessary to
compare the values of the integral rotors of the Archimedes forces and electromagnetic forces in
the characteristic sections of the bath [5, 7].

Temperature inhomogeneity in the furnace bath leads to a change in the density of the melt
and the appearance of Archimedes forces:

fa=pg = —p,g(1 - BAT)E,, (1)

where p — is the average density over the volume of the bath; f — is the thermal expansion
coefficient; AT — is the temperature deviation from the average; p = p,(I — BAT) — the
Boussinesq approximation.

The condition for the appearance of thermal convection has the form:

i j ok
— (o o o] _ ., O0ta ata_qﬁ aT 5 B athO 5
fa—a @ E_exay ey ax_ex pqay ey poqax , 2
0o 0 f,

that is, for its occurrence, there must be a temperature gradient in the horizontal direction:
(AT)O =T, — Tw' (3)

The available literature data and our own experimental measurements of temperatures in the
bath of an ore-thermal furnace during the melting of oxide refractory materials show that the
temperature gradient decreases with depth. Moreover, it can be assumed that the change in the
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temperature gradient with depth occurs according to a linear law:
aT = (1, - T,) (1-3) 4)

where T, — is the temperature of the core of the melt; T,, — is the temperature of the furnace wall;
h — is the depth of the bath.

The largest temperature gradient in the bath of an electric arc furnace occurs between the
subelectrode, where the melt is overheated due to the increased current density and the presence
of an arc, and the peripheral zones. Thus, it is necessary to calculate the integral vorticities in the
vertical section of the pool passing through its center and the electrode axis (Fig. 1).

Z
Fig. 1. Typical vertical section of the bath, passing through its center and the axis of the electrode

The electromagnetic force density is expressed by the formula:

I

f.=j*B, (5)

where j — is the current density; B — magnetic induction of the external field.
The current density in the bath of a 3-phase ore-thermal furnace by the superposition method
[18] is determined as the sum of all currents from the expression:

> 3, 3, 21
j :Z j :Z j * cos [a)t(i—l)—]. (6)
i=1 i=1 3

Magnetic induction of the external field:

oA Z—Z 8

B, =— T, e 81(1=2)/7 x cos (a)t —ax+ @y — 9, ! + arctg—l), (7
NEETY T 8

BZ = M0A06—51(21_Z)/T * COS (a)t —ax + Qo — 62 L T ), (8)

where a = /7; f = Ja? + i5uowS; BT = 2 + iw; = 81 + 8,; Wy = opuwT?.

Substituting the values of j and B into Eq. (5) we get:

- 3 - R -
fe = Z Joci * cos[wt — 2m(i — 1) /3] * Bgy * iy
i=1
Z1—Z o) 3 2m(i—1
* COS (a)t —ax+ Qg — 8 ——+ arctg—l) + Joci * COS |wt — g 9
T 8, i=1 3

i Z) % e=-d1z1-2)/T,

*BBZ*{Zcos(wt—ax+(p0—é‘2

Averaging over time over the period of the electromagnetic force, we end up with:
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L L 5 2(i—1) Z,—Z 6, -
(f)=—z Jx 3 Bpx * iy * cOS [ax — @ + 9, —arctg—+ Bg, * i,
2 i=1 3 T 62

27T(l - 1) Iy Zl‘:z]}e_‘sl(zl_z)/f

(10)

* cos[ax — @q 3 2

The resulting expression allows you to calculate the electromagnetic force field in the bath of
a 3-phase ore-thermal furnace with an electromagnetic device.

The calculation of the electromagnetic force is greatly simplified if the formulas are presented
in relative units.

The current density of each electrode can be represented as components:

7L’=7ix*7x+7iy*7y+7iz*7z- (11)

The electromagnetic force is calculated by the formula:

[
fe=i*B=1j. J, Jj.|= ix % jy * By + 1y (j,Bx — jxB,) + 1 * jy * By. (12)
B, B, B,

Rotor electromagnetic forces:

Loi, i
> o o a|_- (ofz 0fy) > (0fz 6fx) ?(0fy GX>
rotf = ax oy | Lx(ay 0z ) T \ax "oz ) T\ ax ay/) (13)
i T

The values of the integral vorticity of the fields electromagnetic forces and of Archimedes
forces are calculated by the formulas:

frotfe ds = _szedl =ffxdx+f1;dx+ffxdx+f);dz, (14)
jrotfa ds = ffadl = dez = f(Tm,1 —T.)dz, (15)

Calculations in relative units were carried out for the OKB-2126A ore-thermal furnace used
for melting refractory materials with an electromagnetic stirrer installed under the furnace bath.
The technical characteristics of the OKB-2126A furnace are presented in Table 1.

Table 1. Technical characteristics of the OKB-2126A ore-thermal furnace

No Parameter Meaning
1 Bath diameter 1,8
2 Bath depth, m 0,4
3 | Electrode decay diameter, m 0,8
4 Electrode diameter, m 0,25
5 Rated line voltage, V 123-244
6 Rated current, A 4300
7 Apparent power, kVA 1800

The calculation of the field of electromagnetic forces and its rotor, integral rotors of the field
of electromagnetic forces and Archimedes forces was carried out using numerical methods
[19, 20] on the basis of a calculation program specially developed for this purpose.
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3. Research results

The results of calculations from the integral vorticity of the fields of Archimedes forces and
electromagnetic forces for the depth of the bath of the OKB-2126A ore-thermal furnace and
I =3 kA are shown in Fig. 2.

As can be seen from the graphs (Fig. 2), the integral vorticity of the field of Archimedes forces
increases with increasing depth of the bath within 0.00-0.20 m from 0 to 470. The integral vorticity
of the field of electromagnetic forces in the surface layers has a maximum value of 3980, then
with an increase the depth of the bath to 0.20 m is gradually reduced until 1700. Despite this, the
value of the integral vorticity of the field of electromagnetic forces, even in the depth of the bath,
exceeds the integral vorticity of the field of Archimedes forces by 3-4 times. In real objects, this
difference is even greater, since the current density in the bath is higher compared to those
accepted in our calculations, and the temperature difference over its volume is lower.

The results obtained are confirmed by the data of experimental melts of a number of oxide
refractory materials (forsterite, forsterite-chromite, corundum) with electromagnetic stirring. On
the entire surface of the bath of an ore-thermal furnace, when using electromagnetic influence, an
intense directed movement of the melt is observed. While in the absence of an external
electromagnetic field, movements occur only in the sub-electrode zones. The significance of
electromagnetic convection in the presence of an external electromagnetic field is also confirmed
by the fact that the blocks obtained in this way have a uniform dense structure.
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Fig. 2. Dependences of the integral vorticity of the fields of Archimedes
forces (1) and electromagnetic forces (2) from the depth of the bath

4. Conclusions

As a result of the research, it was found that the integral vorticity of the field of Archimedes
forces increases with an increase in the depth of the bath, and the integral vorticity of the field of
electromagnetic forces in the surface layers is maximum, then gradually decreases with increasing
depth of the bath. Despite this, the value of the integral vorticity of the field of electromagnetic
forces, even in the depth of the bath, exceeds the integral vorticity of the field of Archimedes
forces by 3-4 times.

Thus, as a result of the studies carried out, for the first time it was established that in
ore-thermal furnaces for melting oxide refractory materials, electromagnetic convection created
under the influence of an external alternating electromagnetic field is 3-4 times higher than the
thermal one and makes a decisive contribution to the formation of the structure and the intensity
of the movement of the melt.
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