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Аннотация. Для повышения энерготехнологической эффективности работы ферросплавной печи проведены исследования выплавки 

45 %-ного ферросилиция углеродотермическим способом. Для исследования технологии выплавки ферросплавов в ряде случаев приме-
няют способы замера и изменения удельного электросопротивления шихтовых материалов при температурах до 1900 К для выплавки 
марганцевых сплавов из различных руд, углеродистого феррохрома, ферросилиция, ферросиликомарганца и ферросиликоалюминия. 
Для серии плавок 45 %-ного ферросилиция проводили замеры полезного напряжения, силы тока электрода, коэффициента мощности. 
По мере выплавки рассчитывали сопротивление ванны и для реакционной плавильной зоны (плавильного тигля) определяли удельное 
электросопротивление в одноэлектродной печи при различных подэлектродных промежутках. Выплавка по технологии с увеличенным 
подэлектродным промежутком выполнена в крупномасштабной опытной электропечи мощностью 130 – 290 кВ·А. Увеличение подэлек-
тродного промежутка от (0,6 ÷ 0,9) до 6,0 диаметров электрода приводит к эффекту повышения в 2,5 раза сопротивления, напряжения 
и мощности в ванне (каждого показателя), но при этом несколько снижается удельное электросопротивление плавильной зоны печи при 
неизменном диаметре (150 мм) электрода. Определен оптимальный подэлектродный промежуток (расстояние электрод – подина) в ванне 
одноэлектродной печи по изменению удельного электросопротивления. Оптимальным является значение 3,33 диаметра электрода. При 
допущении отклонений около ±5 % от этой величины возможно проводить эффективную выплавку 45 %-ного ферросилиция в диапазоне 
3,2 – 3,5 диаметров электрода для подэлектродного промежутка при рудовосстановительном процессе с закрытой дугой. 
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Abstract. To increase the energy-technological efficiency of a ferroalloy furnace, the author studied the smelting of 45 % ferrosilicon by a carbon-thermal 

method. In some cases, methods for measuring and changing the specific electrical resistance of charge materials at temperatures up to 1900 K are 
used to study the technology of smelting ferroalloys for smelting manganese alloys from various ores, carbonaceous ferrochrome, ferrosilicon, 
ferrosilicon manganese and ferrosilicon aluminum. For a series of heats of 45 % ferrosilicon, measurements of the useful voltage, electrode current, 
and power factor were carried out. As smelting progressed, the bath resistance was calculated and for the reaction melting zone (melting crucible), 
the specific electrical resistance in the single-electrode version of the furnace was determined at various sub-electrode gaps. Smelting using tech-
nology with an  increased sub-electrode gap was performed in a large-scale experimental electric furnace with a capacity of  130 ‒ 290 kV·A. 
As a result, it was found that an increase in the sub-electrode gap from (0.6 ÷ 0.9) to 6.0 of electrode diameters leads to the effect of a 2.5-fold 
increase in resistance, voltage and power in the bath (each indicator), but at the same time to a slight decrease in the specific electrical resistance 
of the melting zone of the furnace with a constant diameter (150 mm) of the electrode. The optimal sub-electrode gap (electrode – substrate distance) 
in the bath of a single-electrode furnace was determined by changing the specific electrical resistance. The optimal value is 3.33 of the electrode 
diameter. Assuming deviations of about ±5 % of this value, it is possible to efficiently smelt 45 % ferrosilicon in the range of 3.2 ‒ 3.5 electrode 
diameters for the sub-electrode gap during the ore recovery process with a closed arc. 
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 Introduction

The smelting of  ferroalloys using the  carbon-ther-
mal method is one of  the most energy-intensive [1] and 
material-consuming processes  [2] in ferrous metallurgy. 
The efficiency of a ferroalloy electric furnace depends on 
numerous factors, including the  technological specifics 
of smelting from ore materials [3; 4]; electrical parame
ters and operating modes  [5; 6]; energy technology 
parameters, particularly the thermal operation of the fer-
roalloy furnace bath; and the design features of melting 
units. 

One of the key parameters in ferroalloy production is 
the  sub-electrode gap – the distance between the elect
rode and the  furnace substrate within the  furnace bath. 
For traditional ferroalloy electric furnace designs, when 
smelting silicon, chromium, and manganese alloys using 
the carbon-thermal method, the sub-electrode gap typi-
cally ranges from approximately 0.6 to  0.9 electrode 
diameters  [7]. Electric furnaces operate in a combined 
mode of  resistance and electric arc, characterized 
by  high electrode current values (tens of  kiloamperes) 
and relatively low voltage, resulting in low active bath 
resistance. 

To enhance energy-technological parameters and 
enable furnace operation at higher voltages, a smelting 
technology with an increased sub-electrode gap (exceed-
ing the  traditional values of  0.6 ÷ 0.9 electrode dia
meters) was proposed. This approach improves energy 
efficiency. By significantly increasing the  bath depth, 
this technology eliminates the need to  reduce electrode 
penetration into the charge while increasing active bath 
resistance, operating voltage, power factor, and the elect
rical and thermal efficiency of the furnace [8]. The criti-
cal challenge, however, lies in determining the optimal 
distance to  which the  electrode–substrate gap can be 
increased. Increasing this gap also expands the melting 
zone, including its vertical dimensions within the  fur-
nace bath, which necessitates a significant increase in 
bath depth. 

The aim of  this study was to  smelt 45 % ferrosili-
con using the  carbon-thermal method and to  determine 
the  optimal value for the  sub-electrode gap (electrode–
substrate distance) in the bath of  a single-electrode fer-
roalloy furnace. The goal was to  achieve this without 
reducing electrode penetration into the  charge or nega-
tively affecting the smelting parameters for ferrosilicon. 
This investigation was conducted using a large-scale 
experimental electric furnace.

 Research method

To study ferroalloy smelting technology, methods for 
measuring and adjusting the specific electrical resistance 
of  charge materials at temperatures up to  1900  K are 
commongly applied. These methods have been used for 
various materials, including manganese alloys derived 
from Kazakh ores  [9], carbonaceous ferrochrome, fer-
romanganese, 75 % ferrosilicon, ferrosilicomanganese 
MnSi17  [10], ferrosilicoaluminum [11], chromium 
alloys  [12], and carbonaceous reductants  [13]. Most 
research has concentrated on measuring the specific elect
rical resistance of  non-traditional carbonaceous reduc-
tants for ferroalloys [14; 15] and silicon [16; 17].

In the present study, a series of heats was conducted 
to  smelt 45 % ferrosilicon. Measurements were taken 
for useful voltage, electrode current, and power factor, 
while bath resistance and the reaction melting zone (mel
ting crucible) were calculated to  determine the  specific 
electrical resistance in a single-electrode furnace under 
various sub-electrode gap conditions. 

Before smelting, the  furnace bath lining was gra
dually heated with current applied to  coke for at least 
24 h. After preheating, the  current load was increased, 
and the  first portions of  the  charge were introduced 
to  initiate smelting with a closed arc. The first tapping 
of ferrosilicon through the spout occurred no earlier than 
two hours after the furnace started operating, with a gra
dual buildup of the burden level achieved by adding small 
portions of  the charge. Subsequent ferrosilicon tappings 
were performed hourly, accompanied by periodic addi-
tions of the charge. Throughout the process, the electrode 
current (or current density) was maintained within con-
sistent limits, close to  the  maximum allowable values 
for the  150 mm diameter graphitized electrode used in 
the  furnace. During stable furnace operation, the  work-
ing voltage and sub-electrode gap were gradually 
increased without changing the electrode penetration into 
the charge between tappings or reducing the ferrosilicon 
temperature at the furnace outlet [18].

 Smelting unit description

The smelting unit was a single-electrode shaft fur-
nace powered by alternating current at a frequency 
of 50 Hz, supplied to  the working graphitized electrode 
and the electrically conductive carbon substrate. The fur-
nace featured a tapping spout for ferrosilicon, with an 
electrode diameter of  150 mm and an electrode current 
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of approximately 4.7 kA. The insulating part of  the  lin-
ing was composed of fireclay bricks and granules, while 
the working layer of the walls was made of chromomag-
nesite bricks. To enhance durability, the furnace hearth (its 
lower section) was lined with carbon blocks up to a height 
of one electrode diameter. The substrate lining consisted 
of sheet asbestos, fireclay granules, four layers of fireclay 
bricks, two layers of carbon blocks, and a packing layer 
of  electrode paste. The bath and electrically conductive 
substrate had a cross-section of 500×500 mm, with a bath 
depth of  1200 mm. During smelting, the  smelting unit 
operated at a power range of 130 to 290 kV·A [8].

 
 Results and discussion

The smelting of  45 % ferrosilicon was conducted 
using traditional charge materials, including quartzite, 
coke, and iron turnings. The electrode penetration into 
the charge was maintained at no less than 1.5 – 1.7 elect
rode diameters. As a baseline for comparison, the initial 
smelting was performed with a traditional sub-electrode 
gap of  0.6 ÷ 0.9 electrode diameters. During prolonged 
smelting, the  electrode–substrate distance was gradu-
ally increased by incrementally raising the  operating 
voltage while maintaining a constant electrode current. 
The maximum sub-electrode gap achieved was 6.0 elect
rode diameters. The active bath resistance increased from 
4.8 to 12 mΩ, representing a 2.5-fold rise. Similarly, fur-
nace power and voltage increased at this electrode–sub-
strate distance without reducing the electrode penetration 
into the charge, facilitated by the significant increase in 

the  furnace bath depth. Notably, the bath resistance did 
not change linearly with the  increase in the  electrode–
substrate distance. Consequently, despite the  significant 
rise in bath resistance, a decrease in the  specific elec-
trical resistance of  the  melting zone was observed  [19] 
(see Figure).

The furnace power factor improved from 0.905 
to  0.976, while electrical efficiency increased from 
0.904 to  0.942. The relatively low thermal efficiency, 
typical of small furnaces, increased from 0.309 to 0.374. 
Specific energy consumption was reduced from 9020 
to  7168 kW·h/ton due to  the  introduction of  additional 
power into the  furnace bath. Over the  entire smelting 
campaign, silicon recovery into the  alloy ranged from 
91.9 – 92.1 %, with the tapping temperature of the alloy 
between 1650 and 1720 °C. The silicon content in 
the  resulting alloy was 42.3 – 45.6 % Si, fully meeting 
the standard requirements. 

Based on the studies of bath resistance and the specific 
electrical resistance of  the  melting zone as influenced 
by the sub-electrode gap during smelting in a ferroalloy 
furnace, the following relationships were derived: 

		        R = 5.61(h/de )0.40;	 (1)

		    ρ/de = 18.69(h/de )–0.60,	 (2)

where R is the  resistance of  the  furnace bath; h/de is 
the  sub-electrode gap, expressed in electrode diame-
ters; ρ/de  is the ratio of  the specific electrical resistance 
of the melting zone to the electrode diameter.

Despite the  significant increase in bath resistance 
observed during the  smelting of  45 % ferrosilicon, 
a  notable decrease in the  specific electrical resistance 
of  the  furnace melting zone was recorded as the  sub-
electrode gap (electrode–substrate distance) increased 
from 0.6 ÷ 0.9 to 6.0 electrode diameters (see Figure). 

According to monographs by B.M. Strunsky [20; 21], 
which consolidate findings by P.V. Sergeev [22], 
W.H.  Kelly, M.J. Morkramer, and other researchers on 
ferroalloy smelting in electric furnaces, the specific elect
rical resistance of  various alloys spans the  following 
ranges:

– 0.60 ÷ 0.95 Ω·cm for 45 % ferrosilicon; 
– 0.50 ÷ 1.25 Ω·cm for 75 % ferrosilicon;
– 0 ÷ 2.00 Ω·cm for high carbon ferrochrome;
– 0.20 ÷ 0.55 Ω·cm for high carbon ferromanganese;
– 0.25 ÷ 0.38 Ω·cm for ferrosilicon manganese.
Given that the relative sub-electrode gap for standard 

ferroalloy smelting typically ranges from 0.6 ÷ 0.9 elec-
trode diameters, variations in bath resistance are signifi-
cant and substantially affect furnace regulation.

Changes in the bath active resistance and specific electrical resistance 
of the furnace melting zone depending on increase 

in sub-electrode gap when smelting 45 % ferrosilicon:
 ‒ ratio of specific electrical resistance to the electrode diameter; 

 ‒ resistance of the furnace bath

Изменение активного сопротивления ванны и удельного  
электросопротивления плавильной зоны печи 

при выплавке 45 %-ного ферросилиция в зависимости 
от подэлектродного промежутка:

 ‒ отношение удельного электросопротивления к диаметру 
электрода;  ‒ сопротивление ванны печи
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By solving the  system of  equations derived from 
equation (1) (reflecting an increase in bath resistance) and 
equation (2) (indicating a decrease in the specific elect
rical resistance of  the  melting zone), the  optimal sub-
electrode gap was calculated. The results showed that 
the optimal sub-electrode gap for smelting is 3.33 elect
rode diameters. Under these conditions, the  furnace 
parameters for ferrosilicon smelting achieved favorable 
values: power factor up to 0.939; electrical efficiency up 
to  0.921; thermal efficiency up to  0.364. Allowing for 
a ±5 % deviation from this optimal sub-electrode gap, 
ferroalloy smelting can be effectively performed within 
the  range of  3.2 – 3.5 electrode diameters. However, 
operating with a larger sub-electrode gap would neces-
sitate further increasing the bath depth. 

 Conclusions

The smelting of  45 % ferrosilicon by the  carbon-
thermal method, with an increased sub-electrode gap 
ranging from 0.6 ÷ 0.9 to 6.0 electrode diameters, leads 
to  a  2.5-fold increase in bath resistance, voltage, and 
power. This increase is accompanied by a noticeable 
reduction in the  specific electrical resistance of  the  fur-
nace melting zone. The optimal sub-electrode gap was 
determined to  be 3.33 electrode diameters. With an 
allowable deviation of ±5 %, ferroalloy smelting can be 
effectively carried out within the range of 3.2 – 3.5 elect
rode diameters.
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