CALCULATION OF THERMAL AND ELECTRIC FIELDS
IN LARGE-DIAMETER INGOTS UNDER VARIABLE
CONDITIONS OF ELECTRICAL SLAG MELTING

G. F. Ivanova ) UDC 536.421.1:621.365.3

The procedure shown in (1] for calculating thermal fields is applied to ingots with large di-
ameters. Numerical resulis are obtained for two such ingots.

In [1} we have formulated the thermal and electrical problem of the electrical slag melting process,
have proposed a procedure for numerical calculations, and have shown an illustrative calculation of the
temperature field in a small-diameter laboratory ingot. A somewhat modified procedure is used for cal-
culating large-diameter industrial ingots under variable melting conditions, including the formation of
shrinkage cavities. Without delving into the mathematical description of the problem, we will now bring
out only those modifications which pertain to 1arge—diametér ingots.

In the original formulation of the problem in [1] it was assumed that droplets of metal trickling from
the electrode onto the ingot surface release heat (if T = ®,) or absorb heat (if T > @,) at the ingot surface.
For calculating large-diameter ingots we assume that droplets of metal at temperature ®, fall into a metal
bath and penetrate deeper into it, with all their heat becoming distributed uniformly within the region

D={0<r<Ry, H<z<H+Hy T> 86y,

where the depth of droplet penetration Hy is assumed equal to half the depth of the liquid metal pool. In
view of this, in the equation of heat conduction for an ingot at points of region D there appears a term
g1(T) which represents the volume concentration of heat sources:

R% U (£) ey (O, —T)
gl(T) = R?Hd

In calculating industrial ingots it is necessary to consider the possibility of variable melting condi-
tions, when the voltage u* applied to the electrode varies as some function of time. Since stabilization of
the electric field in a slag bath occurs usually much faster than the variation of voltage u*(t) at the elec-
trode, hence in the steady-state electrical problem one may replace the unknown voltage u(r, z, t) by a new
unknown function ¢(r, z) = u(r, z, t)/u*{t). Function ¢(r, z) is described by the steady-state Laplace equa-
tion with boundary conditions which are independent of time t. For the concentration of heat sources in a
slag bath we obtain the following expression:

o= Lol 2+ ()]

In this way, having once solved the problem for ¢ and having thus also determined the field of its deriva-
tives with respect to r and z, we find the field of heat sources at every instant of time t from formula (1).

For a numerical solution of the thermal problem one uses the Peaceman—Rackford method of vari-
able directions {2}, taking into account the latent heat of phase transformation [3, 4] by the Oleinik—Kameno-~
mostskaya method. For solving the problem of determining function ¢, the Laplace equation is replaced
by the equation A¢ = 3¢/8t and the steady-state solution is found by the same Peaceman-Rackford method.
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TABLE 1. Variables vi, Tymax, Hs, Hy and zj 2. We will show the results of numerical cal-

as Functions of Time for Ingots with Diameters culations made for two steel ingots with diameters
1100 mm and 1500 mm 1100 mm and 1500 mm, respectively. The initial
, 5 values for the 1100 mm ingot are: R; =Ry = 0.4375
t,h |vi(9, m/h lleax, °C | Hy,m ‘ H,m % zi(t), Tl m, R=0.55m, h=0.05m, H=0.46m, 7 =0.01m,
‘ = 0.008 m, py = 2500 kg/m?, pos = 7600 kg/m?, gL
Ingot diameter 1100 mm = 6900 kg/m’, ;g = o1, = 838 J/kg - °C, c41, = 1466.5
’ J/kg-°C, cgg = 586.8 J/kg°C, kyg = 2.33 J/m - sec
0,26 2611 0,048 | 0,276 | 0,41 R ~
é,’g ojzgg 2284 0,045 | 0,569 } 0,89 -°C, k1, = 168.8 J/m -sec-°C, kyg = 39.6 J/m - sec
5,4 0,256 2549 0,037 | 0,747 | 1,35 e _ . o - ot @
6.3 | 0,247 2593 | 0,035 | 0.778 | 1.58 C, ko, = 79.2 J/m -sec-°C, @ 150050’ 8 =8,
7,2 0,245 2508 8,02;) 8,791 é 2(5) =1650°C, g; = 0.8, g = 0.7, y=2.4-10°J/kg, uy =y
10,8 2,161 2311 ,00 ,621 . _ opo _ o R o I 0
12,6 0,132 l 2211 0,013 | 0480 | 28l =20°C, uy = 1600°C, T, = T, 1002(3: T, = T3 = 150°C,
| T4:T5:200C,a2:a3:408<]/m 'SEC‘OC, pS:2.8
Ingot diameter 1500 mm ‘ £-m, py, = 0.00324 & -m;
041 ; 65, 0Lt L8,
,087 2372 0,13 0,252 4 ‘
alﬁg 8,227 2236 0,12 0,695 | 1,10 u*(ty =y — 2t 485, 812,
7,2 0,185 2146 0,10 0,910 | 1,65 l 55, > 12
8,1 0,166 2120 0,063 | 0,930 | 1,81 _
12,6 3,135 2046 0,016 | 0,772 2,47 (u*(t) in volts). The initial values for the 1500 mm in-
187 8%&» l %gélz}; 818%8 8:223 3’,?% got differ from those for the 1100 mm ingot inasmuch

\ ashere R, =R, =0.6m, R=0.75m, h=019m, H
=0.56 m, and @, =as= 128 J/m?-sec-°C;
(—1L5e+70, 1< 126,

u*(x) ={ — 7.08x + 64.425, 1.26 < x < 2.46,
]\ — 3,75x + 56.225, x > 2.46,

x=H4 1421 ().
The ingot begins to melt after 41 min in the 1100 mm ingot and after 54 min in the 1500 mm ingot.

The linear casting rate of an ingot vi, the core temperature of a slag bath T,,%, the height of the
cylindrical portion of a liquid metal bath H;, the depth of the liquid metal pool in the bath H,, and the
height of the cast ingot zj are all shown in Table 1, as functions of time, for the 1100 mm and the 1500 mm
ingot.

The test data for the 1100 mm ingot include the trend of the T = 1465°C isotherm (solidus line) and
the height of the cast ingot after t = 3.6 hand t = 6.3 h. The calculated and measured data are compared
in Fig. 1. The discrepancy between the calculated and the measured depth of the liquid metal pool after
3.6 and 6.3 h is 8 and 12%, respectively, while the discrepancy in the height of a cast ingot after the same
melting times is 6 and 8%, respectively.

Of great practical importance in the casting of ingots is the final stage of the process: the proper
choice of the operating voltage mode u*(t) during the final, to avoid the formation of shrinkage cavities
which would form if the metal on the ingot surface were solid while inside the metal there still existed a
liquid region. For the 1100 mm ingot we show the results of the following melting mode: I) u*(t) = 0 at
t = 12.6 h and II) u*(t) = ~9.167t + 170.5at 12.6 =t =< 18.6 h. The changes in the T = 1500°C isotherm for
the ingot (z = 0.46) under conditions I) and IT) are shown in Fig. 2. In mode I), when the voltage during
the final stage is switched off instantly, already 1 h later (t = 13.7 h) there forms a large shrinkage cavity.
If the voltage during the final stage is decreased linearly from 55 V down to zero within 6 h (mode II)),
however, then no shrinkage cavity forms and the ingot is completely crystallized within 2.8 h of the {inal
stage. In Fig. 2 is alsoc shown the shift of the T = 1340°C melting isotherm for slag in the glag bath (0 < z
< 0.46) under mode II).

Calculations for the 1500 mm ingot were made according to the following operating modes: III) u*(t)
=~—8.4775t + 195 at 18 =t = 23 h and IV) u*({t) = —5.3t + 137.76 at 18 =t = 26 h. A gshrinkage cavity is
produced after 3 h of the final stage (t = 21 h) in mode III) and after 4 h in mode IV). The size of the
shrinkage cavity is much smaller in mode IV) than in mode III).

It is to be noted that calculations for the final stage are based on the same electric potential field
(normalized to unity) as calculations for the entire process, although at the end, when the slag bath begins
to cool and a solid slag crust appears, the potential field undergoes changes. In calculating the concen-
trations of heat sources g(r, z, t), however, the resistivity is assumed pg for the solid phase and pg, for
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the liguid phase.
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Fig. 1. Cofnparison between test values (dashed line) and
calculated values (solid line) for the 1100 mm ingot (v, z,
in m): 1, 2) trends of the 1465°C isotherm; 3, 4) heights of
the cast ingot; 1, 3) t=3.6h; 2, 4) t = 6.3 h.

Fig. 2. Shift 'of the T = 1340°C melting isotherm for slag
and of the T = 1500°C melting isotherm for metal, as a func-
tion of time, for the 1100 mm ingot during formation of
shrinkage cavities [in mode II), solid line, and in mode I),
dotted line]: 1) t =13 h; 2) 13.7 h; 3) 14 h; 4) 14.3 h; 5)
14.7h; 6)15h; 7) 12.6h; 8) 13 h; 9) 13.7h; r, m; z, m.

Inasmuch as pg and p1, differ by almost three orders of magnitude, heat sources are in

effect eliminated from the solid slag and this seems to agree closely with actual conditions.

Thus, the procedure developed here yields the temperature field in laboratory as well as in indus-
trial ingots under various melting conditions. The calculations were made on a BESM-4 computer.
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NOTATION

are the radii of the pool, the electrode, and the ingot, respectively;

is the depth of the electrode penetration into the slag;

is the height of the slag bath;

is the height of the cylindrical portion of the liguid metal bath;

is the depth of the droplet penetration;

is the thickness of the slag crust;

is the thickness of the mold; )

are the densities of the slag, the solid metal, and the liquid metal, respectively;
are the specific heats of the slag and the metal, respectively;

are the thermal conductivities;

are the emissivities of the metal and slag, respectively;

is the latent heat of the fusion;

is the melting temperature of the metal;

is the superheat temperature of the metal;

is the temperature of the metal droplet after passage through the slag bath;

are the initial temperatures of the electrode, the slag, and the metal, respectively;



Tmax is the core temperature of the slag bath;

Ty, Tyse.., Ty are the ambient temperatures at the respective segments of the ingot wall;
Uy, Oy are the coefficients of the heat transfer at the wall I'y and T';, respectively;
PL £S are the electrical resistivities of the liquid and the solid slag. respectively;
u* is the electrode potential {voltage);

Vi is the linear casting rate;

Zi is the height of the cast ingot.
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