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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.

Keywords: ferroalloys, electric furnace, sub-electrode gap, electrode current, operating voltage, bath resistance, power factor, recovery rate

For citation: Shkirmontov A.P. Sub-electrode gap and specific electrical resistance of a ferroalloy furnace bath. Izvestiya. Ferrous Metallurgy.
2024;67(6):660—664. https://doi.org/10.17073/0368-0797-2024-6-660-664

NoA3NEKTPOAHDBIA NPOMEXYTOK
N YAENBbHOE 3/IEKTPOCOMNPOTUBNEHUE BAHHDI
®EPPOCMNNABHOMN NEYU

A. II. llIkupmMoHTOB ©
| ®unancosplii yausepcuret npu IlpaButenscrse Poccniickoii ®enepanuu (Pocens, 125167, Mocksa, Jlerunrpazckuit np., 49/2)

&3 aps-panor@yandex.ru

AHHOmMayus. ]Iy NOBBILIEHUS YHEPrOTEXHOJIOTHYECKOH d(eKTHBHOCTH pabOThl (eppoCIIaBHON NEYM MPOBEICHBbI MCCIIENOBAHUS BBIIIABKU
45 %-Horo (eppoCHINIUS YIIEPOTOTEPMUICCKIM CIIOCO00M. JIJIs HccIe0BaHNS TEXHOIOTHH BBIIIIABKY ()eppOCILIaBOB B PsLE CIydaeB IpHUMe-
HSIOT CIIOCOOBI 3aMepa U N3MEHEHHs YAEJIBHOIO HIEKTPOCONPOTUBIICHHS IIMXTOBBIX MaTepuaoB Ipu Temreparypax 10 1900 K mis BblruiaBku
MapraHIeBbIX CIUIABOB U3 PAa3IMYHBIX Py, YIIEPOTHUCTOro (eppoxpoma, (Geppocumunus, GpeppoCHINKOMapranna 1 (GpeppoCHInKOaTIOMUHUSL.
Jlist cepun mmaBok 45 %-Horo (heppoCHIIHIMS IPOBOIMIN 3aMepPhl MOJIE€3HOTO HANPSKEHUS, CUIIBI TOKA JIEKTPoja, KOG UIHEHTa MOIIHOCTH.
ITo Mepe BBIIITABKH PAaCCUUTHIBAIM CONPOTHUBICHNUE BAaHHBI U IV PEAKIMOHHOI IIaBUIBHOM 30HBI (IUIABHJIBHOTO THIVIS) OHPENEILUIN YACIbHOS
9JIEKTPOCOIPOTHBIICHIE B OJHOICKTPOAHOM MEUH MPH PA3IMYHbIX MOIICKTPOAHBIX IPOMEKYTKaX. BhIIIaBKa 110 TEXHOIOTUH C YBEIHMYCHHBIM
MOJIAIIEKTPOAHBIM POMEXKYTKOM BBIIIOJHEHA B KPYITHOMACIITAOHOH ONBITHON 2JIeKTporneyn MomHocThio 130 — 290 kB-A. VBennueHue noadex-
TpoaHoro npomexxytka ot (0,6 +0,9) 1o 6,0 anamMeTpoB 1eKTposia NPUBOAUT K (P(PeKTy MOBBILEHHUS B 2,5 pa3a CONPOTUBICHUS, HANPSKESHUS
U MOIIHOCTH B BaHHE (Ka)XKIOTO IIOKA3aTells), HO IPH 3TOM HECKOJIBKO CHIDKACTCS YASIbHOE 3JIEKTPOCONPOTHBICHHE IIABIIFHON 30HBI IEUH IIPH
HenzMeHHOM anamerpe (150 mm) anexrpona. OnpesnesieH OnTUMAIbHBIH TOAIEKTPOAHBIN IPOMEKYTOK (PACCTOSIHUE MIEKTPOJ — MOJMHA) B BAaHHE
OIHOJICKTPOIHOMN IIEYH TI0 U3MEHEHHIO YAEIBHOIO 3IEKTPOCONPOTHBICHHA. ONTHMAIBHBIM ABIACTCS 3HaueHHe 3,33 nuameTpa anekrpoza. [lpu
JIOMYILEHUH OTKJIIOHEHUH OKOJIO £5 % OT 3TOM BETMYUHBI BO3BMOXHO NPOBOANUTD d(P(PEKTUBHYIO BBIILIABKY 45 %-HOTo (heppoCHIIHIIHSA B IHAIa30HE
3,2 — 3,5 auamMeTpoB 3IEKTPoa I MOA3IEKTPOTHOTO IPOMEXKYTKA IPU PYJOBOCCTAHOBHTEIFHOM HPOLECCE C 3aKPHITOH TyTOH.
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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
MnSil7 [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].

[l 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 500500 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 mQ, 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
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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;
A — resistance of the furnace bath

M3MeHeHHe akTHBHOTO CONPOTUBIICHHUSI BAHHBI U Y/IEJILHOTO
9IIEKTPOCONPOTHBIIEHNUS TUIABUIILHOM 30HbI IIEYN
pH BbITIaBKe 45 %-HOro GpeppocHuuus B 3aBUCUMOCTH
OT MOZYIIEKTPOAHOTO IPOMEKYTKA:
@ — OTHOLIEHHUE Y/IEIILHOTO AIEKTPOCOIPOTUBICHHS K JUAMETPY
9NEKTPOAA; A — CONPOTHBIEHUE BAaHHBI IIEYN
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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/d_ )" (1)
pld, = 18.69(h/d_ ), 2)

where R is the resistance of the furnace bath; A/d, is
the sub-electrode gap, expressed in electrode diame-
ters; p/d, 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 9% 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 Q-cm for 45 % ferrosilicon;

—0.50 + 1.25 Q-cm for 75 % ferrosilicon;

—0+2.00 Q-cm for high carbon ferrochrome;
—0.20 + 0.55 Q-cm for high carbon ferromanganese;
—0.25 + 0.38 Q-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.
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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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