APPROXIMATE MODELING AND CALCULATION
OF ARCLESS ELECTRIC SMELTING PROCESSES

G. S. Nus UDC 621,745,35

The rules of approximate modeling of the operating process of ore-thermic slag electric fur-
naces are worked out. A new method of engineering calculation of the main geometric and elec-
tric parameters of the indicated furnaces is proposed.

A general and simplified model of the operating process of an ore-thermic slag electric furnace in an
arcless regime was proposed in [1, 2], *

The simplified model is reduced to a steady-state process of convective heat transfer governed by the
presence of internal sources of Joule heat and ponderomotive forces in a viscous Newtonian fluid in an al-
ternating sinusoidal electromagnetic field with appropriate boundary conditions.

The results of further simplification of the problem are given below, and the rules of approximate
modeling and methods of calculating the main parameters of electric smelting furnaces are proposed.

In industrial furnaces the depth of penetration of the electro-magnetic wave into the slag melt is an
order of magnitude greater than the linear dimensions of the region of spreading of the current, and there-
fore the skin effect and consequently the nonpotentiality of the electric field can be neglected. The integro-
differential equations and modeling rules for this case were considered in [1, 2],

It is of interest to determine the effect of ponderomotive forces on the circulation of the slag melt.
An analytical evaluation of the role of ponderomotive forces in the given case is difficult. Therefore, a
special experiment was set up in which the ponderomotive effect was singled out from the total factors
promoting circulation of the melt.

The idea behind the experiment was that in an electrolytic model of an electric slag furnace, after it
is brought under a voltage, the ponderomotive effect should appear practically instantaneously, whereas
the convection of heat should occur with some delay owing to the thermal inertia of the bath.

1t is obvious that in the initial stage of this experiment the melt can be regarded as an isothermalmed-
ium in which heat release and heat transfer are absent. In this case the terms expressing the forces of
gravity and static pressure, the sum of which is equal to zero, drop out of the equations of motion. The
equation of motion in this case should reflect the equilibrium of the frictional (viscosity) forces, pondero-
motive forces, electromagnetic pressure, and inertia.

The fundamental equations for this case in a steady regime are written so:
rote’=0; dive =0; (44)

p(v, grad)v = —grad p 4 py*v + —12 o Im [e exp (jor)]
c

(v

o Im [e exp (jor) - 1°
*The present article is a continuation of [1, 2] and the enumeration of the equations is given in accordance
with [1, 2].
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divv = 0. (46)

The boundary conditions

i = 1/—1_2_ j edl_; (47)
i
m
on the boundaries with solid media
v =0; 48)
on the free surface of the melt
p=0. (49)

An analysis of equations (44)-(49) leads to a functional relation of the determining and determinable
dimensionless numbers in the general form:

Re=Re(l) =Re(X, ¥, Z, Ly, L, ..., Ly, U);
K = K(II); Eu = Eu(TD),

(50)

where
1 i
X="v=Y . 7=2 1Ly = Lt
1, I, I, I
) -
;M, Re = vlp ; KEO'Ze”" ; EUE—p-.
Ce b i ciov? pv?

In accordance with the dimensionless relation (50) we fabricated a Plexiglas model of 1/10 natural
size. As the model fluid we use a 25% aqueous solution of NaCl. The electrodes of the model were graphi-
tized with a diameter of 100 mm. The experiment was conducted at U = 3.4 - 10%, which exceeds the value
of this complex for industrial furnaces.

After applying a voltage to the colored electrolytic cell, which was preliminarily held for a long time
at room temperature, circulation of the electrolyte under the effect of ponderomotive forces was not ob-
served at all for 1-2 sec. Then the electrolyte began to move intensely as a consequence of convection of
heat.

Hence it follows that the pondermotive forces in a slag melt can be neglected.

Thus, after simplifications the investigated process reduces to a steady regime of free convection of
the slag melt in the presence of internal distributed sources of Joule heat governed by the quasi-steady and
potential electric field. The modeling roles for this case are presented in [3].

A further simplification of the problem is related with a determination of the role of molecular heat
conduction in the process of heat transfer in the slag bath.

The physical parameters of the molten slag are characterized by the following quantities: Ax < 0.002
kW/m.deg; cx > 0.8 kW-sec/kg-deg; px > 2000 kg/m®. The characteristic dimension of the bath I; > 0.5 mm,
For a velocity of the slag v > 0.0001 m/sec the Peclet number is

Pe = Ay <2.5.1072,
804050l
Consequently the molecular heat conductivity must be taken into account at a slag velocity v < 0.1 mm
/sec. According to the measurement data [3], such values of the slag velocity in the operating regime
of the furnace are possible only in the laminar sublayer in the immediate vicinity of the boundaries with the
solid media. We will estimate the thicknessofthe laminar sublayer and magnitude of the temperature
gradient in it.

The useful heat flows from the slag melt to the solid charge in practice do not extend beyond the
limits gin = 100-800 kW/m?2.  When Ax < 0.002 kW/m-deg the normal temperature gradient in the melt at
the interface with the solid charge should be accordingly

ot = 918 —500—4000 deg/cm,

on Ay
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In actuality, according to the results of direct measurements on furnaces and models [3] the tempera-
ture gradient in the slag melt at a distance of 1 em from the interface with the solid charge is about 200
times less, Hence follows that the thickness of the laminar sublayer through which heat is transferred only
by molecular heat conduction should be of the order 0.05 mm, and the temperature gradient on this thick-
ness is accordingly 3-20°, which is less than the accuracy of measuring the temperatures in the melt (1600-
1800°K).

It is obvious that under these conditions we can neglect the thickness of the laminar sublayer and
temperature gradient in it, i.e., we can eliminate the laminar sublayer from the area of investigation.

In comparison with the useful heat flows, the flows of heat losses to the ambient medium through the
lining and electrodes in industrial furnaces are insignificant and can be neglected also.

Thus for the indicated simplifications we can neglect molecular heat conductivity in the entire volume
of the slag melt.

As is known, two regimes of free convection are possible: the viscosity —gravitationregime, the so-
called "creeping" movement, in which we can neglect the inertial forces in comparison with viscosity forces,
and the inertia—gravitation regime, in which we can neglect the viscosity forces in comparison with the
inertial forces.

With consideration of the simplifications made, we will consider these two limiting cases on which is
subsequently based the proposed method of calculating the main parameters of electric smelting furnaces.

1 Case, A steady-state viscosity—gravitation regime of free convection in the presence of internal
distributed Joule heat sources. We neglect the inertial forces and molecular heat conductivity. The physi-
cal parameters of the slagu, o, p, and ¢ depend on the temperature.

The fundamental equations:

rote = 0; div(oe) = 0; (51)

pg — gradp + 2 div(uT,)—2/3 grad (u divv) =0; (52)
div (pv) = 0; (53)

%(Im & —v, grad(cpgt) = 0. (54)

The boundary conditions with respect to the electric field strength for the steady-state regime are sub-
stantiated in [1]:

. 1 .
4 =-— | edlm. 55)
va) (
Im
On the interface melt—wall, solid material and electrodes
U, = 0; (56)
on the free surface of the melt
; =0. (57)
The boundary conditions with respect to the temperature at the melt—charge interface
=1, = const; (58)
on the interface melt—electrodes, walls
ot
— =0.
P (59)

An analysis of Eqs. (51)-(59) leads to the functional dependence of the determining and determinable
dimensionless numbers in the general form:

©=0(0)=6(X, Y, Z L Lu ..., L, U) K, = K(ll); FrRe
= FrRe(I1y); Eu:Fr = Eu:Fr (11, (60)
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where

1 -
XEL, vy=41. ZEZ—,LIH ,,,,, e LI
L L [ I
U H*G*\U2 0 — ¢ K = efol
1— 3/2 / ’ = —, 1= ;
0«8l Cils ty ogetv
2
FrRe = og! ; Eu:Fre=—P_
v pgl

The modeling rule consists!in that in the model and specimen the determining dimensionless numbers
Ly, Log, - - o Ly, U; should be equal accordingly; the dimensionless dependences of the physical proper-
ties of the slagu, o, p, and ¢ on temperature (characteristic functions) should be accordingly identically
the same,

As calculations and modeling experience shows, the indicated rule is easily fulfilled with an accuracy
sufficient for practice in the case of a continuous covering of the melt by a solid charge and use of acidified
glycerol (slag) and stearin (solid charge) as the model materials.

In this case the linear scale of the model can be selected suffipientlysmall,l/lo, and can be changed
as the experimenter wishes within wide limits, since the condition U; = idem is easily fulfilled by an ap-
propriate change of the electric strength onthe electrodes of the model u.

Il Case. A steady-state inertia—gravitation regime of free convection in the presence of internal
distributed Joule heat sources. We neglect viscosity forces and molecular heat conductivity. The physical
parameters of the slag o, p, and ¢ depend on the temperature.

Fundamental equations:

rote = 0; div(oe) = 0; {61)

p(v, grad)v - grad p— pg = 0; (62)
div(pv) =0; (63)

—"2— (Ime): —v, grad (cpgf) = 0. (64)

The boundary conditions are the same as in variant I: Eqs, (55)-(59),

An analysis of (61)-(64) and (55)-(59) leads to the relation of the determining and determinable dimen-
sionless numbers in the general form:

0=0()=06(X, VY, Z, L, Lu.. , L, U),

K, = K, (IL); Fr = Fr (I1,); Eu = Eu(I1,), (65)

where

1/2
u Oy . — E_ . = P
W( OxCaly ) = Fu P
The other dimensionless numbers are the same as in variant I, The modeling rule consists in that
in the model and specimen the determining dimensionless numbers 1q, LII’ ..+ Li_y, U, should be equal
accordingly; the dimensionless dependences of the physical properties of the slag on temperature (charac-
teristic function) should be accordingly identically the same,

Uy

The indicated rule is fulfilled with an accuracy sufficient for practice in the case of a continuous cover—
ing of the melt by a solid charge and use of salted water (slag) and stearin (charge) as the model materials.
In this case the linear scale of the model, as in variant I can be selected sufficiently small, 1/10, and can
be varied as the investigator wishes by changing the voltages on the electrodes 1.

The complexes fIi and sz represent dimensionless voltages on the electrodes of the furnace (model).
To use these complexes in engineering calculations it is expedient to find the expressions for the dimension-
less resistance and power of the furnace.

In a potential and quasi-steady electric field the resistance of a medium of any configuration as the
ratio of the voltage to the current can be expressed in the following way:

1595



re= | il e,0ds. (66)

An analysis of (66) leads to a functional relation of the determinable (dimensionless electrical resis-
tance Rg) and determining dimensionless numbers in the general form:

Re=Re(LI ’ LII, LRI ] Li_lr 2)1 (67)

where

On fulfilling the modeling rules formulated above for the I or-II case the conditions T = idem and
Li, s - -« » it = idem and consequently Re = idem will also be fulfilled. This permits transforming the
modelmg conditions with respect to the dimensionless voltages U; = idem and Uz = idem to the modeling
conditions with respect to the dimensionless powers respectively for the I case
12
W, = Ui _ ——w&“—4 = idem; (68)
Re {08 cutili

for the II case

2
W = —_.E- o J— ldem
=7 ] pecet g LR (69)

In this case the relation hetween the voltage u and the power w is determined from the equations ['Ii (2)
= idem and is expressed by the relations: for the I case

:al( Coly )0.125(9*%)(;,25 W75, (70)
My Ox

for the II case

(p*c* 1,)02 g03 xy

005 (71)

The shape factors a;, a,, which are constant for geometrically similar slag baths, are determined
from the experience of operating industrial furnaces by means of (70) or (71).

Thus for the assumptions made in accordance with the aforementioned modeling rules with observance
of geometric similarity of the slag baths and identical equality of the dimensionless dependences of the
physical properties on temperature (characteristic functions) and accordingly of conditions (68) or (69), the
electrical, temperature, velocity, and pressure fields in the slag baths of comparable furnaces will be the
same,

For the same slag melting points in comparable furnaces (tx = idem) the condition of similarity of
temperature fields, expressed by the equation

0= —f—- = idem,
t*

degenerates to the condition of equality of temperatures (t = idem) at similar points of the slag baths and,
in particular, at the boundaries with the furnace lining.

The conditions of identical equality of the dimensionless characteristic functions and melting points
of the slags {t» = idem) are fulfilled exactly on comparing furnaces of the same technology in which the
same charges are processed and slags that are the same in composition and physical properties are ob-
tained,

In this case conditions (68), (70) and (69), (71) are simplified considerably and are transformed to the
form; for the I case

; = bb%, (72)
1 = b0, (73)

for the II case
l; = b, (74)
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u=>byuf?. (75)

The coefficients by, by, by, b'z are constant for a given composition of the charge and slag and are
determined from the experience of operating industrial furnaces by means of the relations (72), (73) or (74),
(75), respectively.

From the practical data the operating process of industrial electric slag furnaces is described satis-
factorily by relations (68), (70), (72), and (73) for the I case for a value of the dimensionless power W,
> 5.10-% and by relations (69), (71), (74), and (75) for the II case with Wy <5-10"°, Here the cube root
of the size of the volume of the subelectrode slag layer corresponding to one electrode is taken as the deter-
mining dimension ;.

We will give an example confirming the correspondence of the results obtained to the practical data.

An empirical formula was obtained in [14] which generalizes the practical data on industrial phosphorus
electric furnaces within the charge wg = 12-50 MW:

1 = 285+ 11.4w;—0.04w? (76)

Calculation shows that for these furnaces W; ~10~% and consequently for comparison we must use (72)
for the I case. From (72)
b = byefs. (77)
For a value of the constant by = 110 in (77) the calculation results by Eqs. (76) and (77) practically
coincide.

By means of relations (74) and (75) for the II case we calculated the geometric parameters and volt-
age during intensification of the operation of the industrial electric furnace for processing tin-containing
raw material, for which W; #107%, With an increase of furnace output by 1.5 times the temperature re-
gime and degree of wear of the furnace scarcely changed.

The results obtained permit proposing the new method of calculating the main geometric and electrical
parameters of the ore-thermic electric slag furnace being designed.

The existing calculation methods are based on the condition of the equality of the specific surface
electric power (¢ = idem) in the "standard" furnace and furnace being designed. However, it is known from
practice that during operation it is possible to increase considerably the technical and economic indices of
the electric slag furnace without noticeably shortening the service life of the furnace lining by increasing
the specific power of the furnace in comparison with the design power.

The proposed method of calculation, unlike the existing ones, is based on the more concrete and
physically substantiated condition of equality of temperatures at identical points at the interfaces of the melt
with the lining in the "standard" furnaces and furnaces being designed (t = idem) and is consistent with the
practical data on intensification of electric smelting.

A furnace employing the new technology can be calculated by Egs. (68) or (69) and (70) or (71} in the
same way, but with a greater error (as a consequence of the inequality of the dimensionless characteristic
functions and melting points t«). It is expedient to compensate the inaccuracy of the calculation by selecting
additional voltage steps of the furnace transformer above and below the design value.

NOTATION

is the maximum value of the complex vector of quantity a;
is the complex value of quantity «a;

is the vector a;

is the speed of light in a vacuum;

is the imaginary unit;

is the angular frequency of alternating current;

is the time;

is the specific electric conductivity;

is the electric field strength;

is the effective voltage between electrode and zero point in melt (phase voltage);
is the temperature;

D RNe M

o
[e]

¢z 09 g -
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tx is the melting point of slag (at liquidus point};

g is the acceleration of gravity;

v is the velocity of melt;

p is the pressure;

A is the molecular heat conductivity;

c is the specific heat per unit weight;

o is the density;

U is the coefficient of dynamic viscosity;

X,V, 2 are the linear coordinates;

1y, 111, ..., 14 are the geometric parameters;

Im is the distance between the electrode and zero point in the melt in any direction;

1 is the radius vector whose start is at the current point and end is at a given point of
space;

10 is the unit radius vector;

F is the volume of melt;

9t/on is the temperature gradient along the normal to the interface;

din is the quantity of heat passing through a unit surface of the interface in unit time;

Ty is the strain rate tensor;

s is the equivalent surface of the electric field in the melt;

Te is the electric resistance of the melt reduced to one electrode;

w is the electric power generated in melt per electrode;

Wf is the total power generated in melt of furnace, MW;

¥ is the specific surface power of furnace, i.e., power generated in melt per unit area
of furnace hearth, kW/m?.

Subscripts

n normal components of the vector;

* physical parameters of the slag at t*.

LITERATURE CITED

1, G. 8. Nus, Inzh.-Fiz, Zh., 5, No. 8 (1962).

2. G. 8. Nus, Inzh, -Fiz, Zh., 6, No, 2 (1963).

3. G. S. Nus, Collection of Scientific Papers of the State Institute of Nonferrous Metals [in Russian].
No. 19, Metallurgizdat, Moscow (1962}, p. 504.

4, N. N. Postnikov and V. 1. Funtikov, in: Electrothermy [in Russian], Informstandartélektro, No. 71
(1968), p. 88.

1598



