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ABSTRACT
The thermal state in submerged-arc furnaces (S.A.F.) producing ferro alloys is important for the conditions
of both the grade of alloy produced as well as specific energy consumption. The temperature profile in the
S.A.F. is affected by the endothermic chemical reactions and the rate of gas evolution . The gas evolution commences at about 900 C due to the reduction of iron in the ore. A first-principle-based 2-D model has been
developed to predict the temperature profile in the furnace. In this study, four ores of different grades have
been considered in order to simulate the thermal profile in the S.A.F. The influence of the composition of the
ore on the thermal profile and its significance in rationalisation of charge distribution to optimise the process
are discussed.
1.

PRODUCTION OF FERRO-CHROME IN S.A.F.

The submerged-arc furnace has been the work horse for the production of ferro alloys, for many decades. It
is a fairly energy-efficient furnace and is employed for tonnage-production of ferro manganese, ferro silicon,
silico-manganese, ferro chromium etc. Three phase power supply is introduced in the process through three
electrodes in a cylindrical refractory-lined steel shell. A schematic diagram of the submerged arc furnace can
be seen in literature[1]. The charge which consists of a mixture of ores, coke and flux is heated by electric
power supplied through carbon electrodes. The dimensions of the furnace considered for predicting the thermal profile are given in Table 1. Table 2 provides information on the major operating parameters. As the
charge moves through the furnace, the oxides are reduced to iron and chromium and subsequently to the carbides. Whereas iron is produced at relatively low temperatures, starting at 900 °C, production of chromium
requires higher temperatures, above 1200 °C, typically. Models to predict the temperature profile inside the
SAF have been developed[2,3]. The kinetics of reduction of chromite ores with carbon has been studied by
several authors.[4-10]. From these studies, it is possible to estimate the extent of reduction at different temperatures and different intervals of time. It was assumed that these estimates derived on the basis of experiments in the laboratory would be valid for the process inside the SAF also. Therefore, the heat required for
the various reduction reaction along the axial and radial directions of the furnace could be estimated using
thermodynamic data available in literature[11,12].

Table 1 : Major dimensions of the submerged arc furnace(mm) [1]
1. Diameter of the hearth
2. Diameter of the top
3. Height from the top of the charge bed to the hearth level
4. Diameter of the electrode
5. Pitch circle diameter of the electrodes
6. Thickness of the refractory at the bottom
(a) Carbon Blocks
(b) Magnesia castable
7. Thickness of the refractory at the side walls
(a) carbon blocks

- 7910
- 8860
- 3190
- 1350
- 3290
- 800
- 500
- 750
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(b) Alumina castable
8. Distance from the tip of the electrode to the hearth

- 100
- 1100

Table 2: Operational data of the S.A.F used in the thermal profile model [1]
1. Temperature at the bottom of the hearth (on the shell) below the electrodes - 85 oC
2. Inlet temperature of the cooling wa
- 25 oC
3. Outlet temperature of the cooling water
- 34 oC
4. Flow rate of water
- 400 m3/h
(cooling around the steel shell of the furnace from a level of 0.5 m from the top).
2.

DESCRIPTION OF THE TEMPERATURE PROFILE MODEL
The temperature profile in the S.A.F was simulated based on the following considerations[1]:

a) Plug flow of charge descent in the furnace. Radial or inclined movement of lumps or fines was not considered.
b) Channelling of gases, was not considered.
c) Heat generation due to combustion of gases above the charge bed was neglected.
d) Charge was assumed not to sinter inside the furnace.
e) Decrepitation of charge-constituents due to chemical and physical processes was neglected.
f) Thermo-physical properties of charge materials were taken to be functions of temperature.
g) Heat transfer co-efficient along the height of the furnace wall was assumed to be constant.
h) Temperatures measured at the bottom of the electrodes were used to evaluate the heat flux through the
furnace bottom.
i) A two-dimensional single electrode system was assumed in the place of a three-dimensional three electrode industrial situation.
The thermal profile inside the S..A.F. is influenced by the interaction between the solid particles moving in
the direction of gravity and gases such as CO and CO2 moving in the opposite direction. The gases are generated by the reactions between the solid oxides in the ore and the coke in the charge material. The gases are
heated by the heat dissiptaed in the arc region and in the liquid slag and metal due to resistance heating. The
gases carry the heat to the upper regions of the furnace and pre-heat the descending charges. Then endothermic reduction reactions consume heat. The heat required for these reactions and the heat carried away by the
top gas are two prominent factors that determine the temperature distribution in the furnace.
3.

MATHEMATICAL MODEL
Mass and energy transport for the solid and gaseous phases were described by [1]:
Cpi Gi.dT/dZ = d/dZ(KdT/dz) + 1/r[d/dr(KdT/dr)] + Si

(1)

(CpiGi) /dZ = dT ah(Tg-Tch)

(2)

With the boundary conditions:
dT/dr = 0

along furnace centre line

KidT/dr = q1

at furnace wall.

Kb dT/dz = q2

at furnace bottom.

Kel(dT/dr)el=Kch(dT/dr)ch at charge-electrode interface.
where ‘i’ stands for the respective solid and liquid phases and 'g' for the gaseous phase. K,Cp and G represent
thermal conductivity, specific heat at constant pressure and mass flow rate respectively.
a = 6(1-ε)/dp

(3)
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where ε is the bed porosity and dp is the average diameter of lumps in the charge.
The gas-solid heat transfer rate was determined as a function of Reynold's number, determined from the local gas flow rate using the Nusselt relation given in literature[13].
Ohmic(resistance) heating was estimated in the electrode and the slag metal systems using the relationship:
Q=[1/σ]{|j|2 }

(4)

|j| = ( jr2+jz2)1/2

(5)

where

jr and jz were estimated from proportionate conditions of axial and radial current densities[14]. σ is the electrical conductivity of the phase under consideration. The shallowness of the layers of slag and metal; good
mixing between the two phases above the hearth region and strong magneto-hydrodynamic flow in the two
phases facilitate the assumption of a continuous phase for estimating the relevant physical properties.
The endothermic reactions occurring in the S.A.F. form the major source of heat consumption. The heat
consumption is different in the different regions of the furnace and is controlled by the kinetics of reduction
of the chromite ore. The kinetics of reduction measured through experimental studies in the laboratory was
assumed to be valid under the conditions prevailing inside the S.A.F. The total amount of gas generated in
each region also was a function of the extent of reduction. The finite difference method was used to solve the
simultaneous governing equations (1) and (2). A 60*60 node grid gave satisfactory accuracy.
4.

RESULTS AND DISCUSSION

The temperature profiles prevailing inside the S.A.F. for four different ores were constructed. The chemical
compositions of the ores considered are given in Table 3. The temperature profile obtained in the cases of ores
1 and 2 are reproduced in Figures 1 and 2 for the sake of illustration. The temperature inside the S.A.F varied
from about 250 °C at the top of the charge bed to about 2500 °C at the tip of the electrodes. The temperature
increased in the axial direction towards the hearth from the top. It decreased away from the electrode region
and closer to the walls of the furnace. Figures 1 and 2 show distinct differences in the temperature profiles.
All the parameters used in the mapping of the temperature profile were kept constant in the two cases. Only
the chemistry of the ore used in the process differed. The overall charge composition used in generating the
profiles is given in Table 4.
Table 3: Composition of the four ores considered (mass%)
Ore

Cr2O3

Fe

MgO

Al2O3

CaO

SiO2

A

31.75

8.169

22.33

6.25

2.52

23.10

B

43.5

10.28

10.88

12.39

0.34

17.56

C

43.0

14.43

6.98

13.53

0.36

5.31

D

37.03

7.578

17.58

4.04

1.44

10.97

Table 4: Composition of the charge (in tonnes/day)
1. Ore
2. Quartzite
3. Coke

294
68
33

The location of the isotherm 1750 °C was considered to examine the influence of the composition of the ore
on the thermal profile. Table 5 gives the location of the terminus of the profile on the hearth as the distance
from the centre of the furnace, in the four cases considered. Comparing this table with Table 3, it is found that
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Figure 1: Temperature profile inside a submerged-arc furnace charging ore A
the location of the terminus is a function of the percentage of Cr2O3 in the ore. Higher is the chromium oxide
content of the ore, closer is the location of the terminus to the center of the furnace. This distance is plotted
as a function of %Cr2O3 in Figure 3. It is found that the distance between the centre of the furnace and the
terminus of the isotherm can be expressed as a logarithmic function of the level of chromium oxide in the ore
expressed as mass percent. Higher is the level of Cr2O3 in the ore, higher is the heat required for the reduction
of this oxide. Therefore, less heat is available for heating the slag and metal at the hearth level to higher temperatures. Therefore, the isotherm is restricted closer to the center of the furnace. This isotherm plays an important role in the smooth operation of the furnace since it represents the average temperature at which the
slag is tapped from the furnace. If this isotherm does not extend closer to the wall of the furnace, it is possible
that a solid skull is formed near the wall and the tap-hole and the tapping of slag is hindered.
The location of the terminus of the 400 °C isotherm along the vertical wall of the furnace was considered.
This terminus was located at 1.09, 1.03, 1.02 and 1.09 m, respectively, from the hearth when the four ores
were used as feed materials. This trend is caused by the higher amount of heat required for the endothermic
reduction reactions. With a higher level of Cr2O3 in the ore, more heat is required. Therefore, the isotherm
gets shifted towards the hearth. A reversal of this trend is noticed when the 250 °C, isotherm is considered.
In this case, on moving from Ore A to Ore D, the terminus shifts from 1.67 m to 1.74 m from the hearth. It
remains almost at the same level subsequently. With an increase in the amount of reducible oxides in the ore,
the amount of gas generated increases. The gas serves to pre-heat the charge descending through the furnace.
Therefore, the isotherm gets shifted towards the top of the charge bed. At this isotherm, the effect of endothermic heat requirement is not prominent since the reduction reactions effectively take place at locations far
below this isotherm in the S.A.F.
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Figure 2: Temperature profile of submerged-arc furnace charging ore B
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Figure 3: Influence o Figure 3: Influence of level of Cr2O3 in the ore on the location of the 1750 °C
In practice, the ferro alloy producers use a blend of different grades of ores in the S.A.F. Seldom is a singe
ore used in the production process. The discussion above shows that different ores can generate different thermal profiles. A rationalised distribution of the different ores and other associated charge materials on the top
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of the charge bed would help in obtaining the optimum thermal profile to ensure optimisation of energy consumption and maximum recovery of metallic values.
Table 5: Location of terminus of 1750 ×C isotherm from the centre of S.A.F.

5.

Ore

Location, m

A

3.09

B

2.66

C

2.66

D

2.86

CONCLUSION

Mode-based simulations were conducted to predict the thermal profiles in submerged-arc furnace producing
ferro chromium. Four ores of varying composition were used in the simulations. The Cr2O3 content of the
ores varied from about 31% to about 43%. It was found that the thermal profile varied with the composition
of the ore. The 1750°C isotherm, which approximates the liquidus temperature of the slag was correlated with
the Cr2O3-content of ore. A logarithmic relationship was obtained between the Cr2O3-content of the ore and
the location of the terminus of the isotherm at the base of the hearth. This location was found to be farther
from the centre of the furnace for the ores containing less Cr2O3. It was found that the generation of gases,
due to reduction reactions, influenced the location of the isotherms at lower temperatures. These were shifted
towards the top of the furnace, with an increase in the generation of gases. Optimised charge distribution will
help in optimising the thermal profile and improving the efficiency of the process.
REFERENCES
[1] 1.S.Ranganathan : Iron making and Steelmaking, 1998, 25, (6), 466-471
[2] J.H.Downing and F.W.Leavitt: Electric Furnace Conf., Proceed., Dec. 1978, vol.36, Toronto, 209-216.
[3] J.H. Downing and F.W. Leavitt: in Proc. Conf. ‘ INFACON 80’, Second Intl. Ferro-Alloys Congress, Lausanne,
Switzerland, 12-16 Oct. 1980, Institut des Producteurs de Ferro-Alliages d'Europe Occidentale, 20 ave. de la
Gare 1003, Lausanne, Switzerland, 1981, 83-107
[4] R.H. Nafzieger, Jack E. Tress and Jack I. Paige: Metall. Trans. B, March 1979, 10B, 5-14.
[5] W.J. Rankin: Trans. Inst. Min. Metall. C, June 1979, C107-C113.
[6] William John Rankin, Arch. Eisenhuttenwes.:(1979), 50, (9), 373-378.
[7] R.H.Nafzieger, P.E. Sanker, J.E. Tress and R.A. McCune,: Ironmaking and Steelmaking, 1982, 9, (6), 267-277.
[8] H.G. Vazarlis and A.K. Lekatou: Ironmaking and Steelmaking, 1993, 20, (1), 42-52
[9] N.S. Sunderamurti and V.Seshadri: Trans. Indian Institute of Metals, Oct. 1985,38, (5), 423-425.
[10] D. Neuschutz: in Proc. Conf. ‘INFACON 6’, Proceed. 6th Intl. Ferro-Alloys Congress, Cape Town, vol.1, Johannesburg, SAIMM, 1992, 65-70
[11] O.Knacke; O.Kubaschaski; O.Hesselmann : Themochemical properties of Inorganic Substances, 2nd edition,
1991, Springer-Verlag, Berlin
[12] O.Kubaschewski, C.B.Alcock and P.J.Spencer, Materials Thermochemistry, 1993, Oxford, Pergamon Press.
[13] B.B.Bird , W.E.Stewart, E.N.Lightfoo : Transport Phenomena, Wiley, New York, 1961.
[14] E. Sridhar and A.K. Lahiri : Steel Research, 1994, 65(10), 433-441.
[15] S.Ranganathan and K.M. Godiwalla, Ironmakinga nd Steelmaking, 28(3), 273-278, 2001.
[16] S.Ranganathan and K.M.Godiwalla, Steel Research 69(12), 476-481, 1998.

