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Abstract. Coal serves not only as a starting material for the production of electrode and carbon graphite products, but
also acts as an active resistance when loading a graphite furnace, reducing agent and heat insulator. Its electrical resistivity
has a significant effect on the uniformity of the distribution of electrical power in the working space of the furnace, which, in
turn, affects the quality of the final product and the energy consumption of production. The relevance of the work lies in
studying the possibility of using high-ash coals for the production of complex ferroalloys necessary for the metallurgical
industry, including the production of ferroalloys. The Saryadyr and Borly coals were chosen as the objects of study.
Laboratory tests were conducted in a high-temperature Tamman laboratory furnace. The study of the electrical resistivity of
coal was carried out at a pressure of 0.02-0.04 MPa. The study of changes in the electrical conductivity of the coal was carried
out in the temperature range from 25 to 1600 °C with a heating rate of 15 °C/min. The main patterns of the formation of
electrical resistivity of charge materials as a function of temperature have been identified. This allows for the acquisition of
detailed information about the physico-chemical properties of the charge materials using the proposed measurement method.
It has been established that, during the melting of high-ash Saryadyr coal, which has a constant electrical resistivity at high
temperatures, an optimal regime can be achieved.

Key words: electrical resistivity, high-ash coal, complex ferroalloy, temperature, Tamman furnace.

Introduction

An analysis of the world raw material base for metallurgy shows that every year there are fewer
and fewer high-quality ore raw materials, and the requirements for metal quality, on the contrary, are
growing. In this regard, there is a need for materials with new complex properties. In order to improve
the quality of the metal and introduce new promising technologies, it is necessary to conduct in-depth
physico-chemical research. This determines the increased role of physical chemistry, which is the basis
for obtaining a metal with given properties.

The effectiveness and feasibility of using any ferroalloys is determined not only by their chemical
composition (concentration of the main elements and associated impurities), but also by their physico-
chemical properties (granulometric composition, density, surface quality, melting point, etc.). The
practice of steelmaking production determines not only the chemical composition of ferroalloys when
assessing their quality, but also their physical properties (melting point, density, etc.) mainly determine
the effectiveness of alloying steel in a bath.

The concept of the value of mineral raw materials is based on a whole complex of characteristics.
In this case, the cost of raw materials should be divided into economic and metallurgical. The economic
value of raw materials is explained by the costs of its extraction from the subsurface and preliminary
preparation (crushing, sorting, enrichment, etc.). Factors determining the metallurgical value include: the
amount of the leading element; the content and multiplicity of slag, determining the amount and
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composition of waste rock; harmful impurities (phosphorus, sulfur, non-ferrous metals, etc.); the ability
of ore to enrich; physical and physicochemical characteristics (strength, granulometric composition,
porosity, moisture capacity, reduction capacity, melting point, etc.); the size of the deposit, the conditions
for the formation of ores and its geographical and economic conditions. The existing methods of
metallurgical assessment of mineral raw materials can be divided into estimated, experimental and
manufactured, respectively, on the basis of production indicators (according to the final technical
economic indicators of the functioning of the enterprise, aggregate, etc.), which differ in different levels

of accuracy for these specific conditions [1, 8].

The electrical resistance of materials is of important practical importance in the production of
ferroalloys in electric ore-thermal furnaces in industry. With a change in the electrical resistance of the
raw material located in the ore thermal furnace, the main parameter of this furnace — a change in the
operating voltage-is associated. The power of the furnace, its electrical and heat losses, Cos ¢, and
therefore one of the most important technical and economic indicators of the technological process — the
actual consumption of electricity depends on the amount of operating voltage.

Materials and methods of research

A lot of work has been devoted to the study of the electrical resistance of various raw materials
components of electric ore-thermal furnaces and much attention has been paid to the problems of
electrical resistance of individual concentrates and raw materials used for smelting various ferroalloys
during the development of the production of ferroalloys in high-power electric furnaces [2, 2-5].

6

1-carbon-graphite tube; 2 - copper clamping ring; 3 - water - cooled cap; 4 - water - cooled body; 5 -
alund glass; 6 - test device; 7-protective nail; 8-thermocouple; 9-bottom electrode; 10-digital
ohmmeter; 11-graphite bottom for alund cans; 12-top electrode; 13-water cooling; 14-cargo; 15-lever;
16-electronic device for measuring shrinkage

Figure 1. Installation (cross-section) for determining specific electrical resistance and shrinkage
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So, in experimental practice, the method proposed by V. I. Zhuchkov was widely used, which
makes it possible to determine the electrical resistance at high temperatures with a simultaneous
establishment of the degree of softening (shrinkage) of materials [3, 2].

To measure the specific electrical resistance during heating, the coarseness of the source material
(for all raw component materials) was 3-5 mm. Measurements were carried out in the Tamman high-
temperature laboratory furnace. Studies on changes in the electrical conductivity of raw materials were
carried out in the range of 25-1600 °C, the heating rate is 15 degrees/min. Resistance measurements by
the Agroskin and Shumilovsky method are made every 50 °C. To increase the information content of the
received data, it is recommended to automatically record the electrical resistance in the computer's
memory every 30 seconds.

For this purpose, a special scheme was developed for connecting transducers to the Tamman
laboratory furnace (Figure 1). The experiment unit consists of a Tamman furnace in which the material
is heated. The starting material with a height of 4 cm is placed in a cavity of alund glass (5) (vial diameter
3 cm) installed in the Tamman furnace.

Data recording was carried out using converters of signals coming from the thermocouple (8),
electrodes (9, 12) and a device for measuring shrinkage. Graphite electrodes (9,12) with holes in the
thermocouple (8) were installed on both sides of the material to supply voltage. The lower electrode is
fixed motionless, and the upper electrode has the ability to decrease when the material shrinks under the
influence of load. The weight (14) constantly presses the top electrode against the material, thus creating
a tight bond. The pressure on the material was 0.02-0.04 MPA. Through the bottom electrode of the alund
tube, a thermocouple is placed to isolate it from electric current.

A.A. Agroskin and S.N. Lyandyros studied the change in coal resistance in the cooling process
after preheating. Studies have shown that when cooling coal heated to 400 °C, its electrical resistance
returns its value to the original value. In this case, the lg p value of coal heated to 600 °C at room
temperature is approximately halved from the initial temperature and corresponds to the resistance of
coal at 400 °C. The electrical resistance of coal heated to 800 °C is slightly restored when cooled, and
the electrical resistance of coal heated to 1000 °C is practically unchanged.

The electrical resistance of coal depends on the degree of their metamorphism. Coals in the middle
stage of metamorphism have a maximum specific electrical resistance. Coals in the low stage of
metamorphism are characterized by a fairly large electrical conductivity, and materials in the high
carbonization stage with minimal electrical resistance [4, 7-8].

The amount of specific electrical resistance is affected by the amount of mineral impurities. With
the increase in ash, the electrical resistance of low and medium carbonation coal at room temperature
decreases, and at high temperatures it increases. This phenomenon is explained by the fact that organic
matter in coal at a low stage of metamorphism has a significantly higher electrical resistance than mineral
impurities. When heated, the electrical resistance of all coal increases with an increase in their ash content
[5, 5-9].

The electrical resistance of the bulk layer of carbon materials consists of the resistance of the
material itself and the resistance of the transition contacts between the reducing parts. The electrical
resistance of the raw component increases with a decrease in the size of the carbon reducing agent. The
bath of the ferroalloy furnace is a volumetric conductor of the electric field. The distribution of current
and power here depends mainly on the electrical resistance of the raw component, which, in turn, is
determined by the electrical conductivity of the reducing agent.

Results and their discussion
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Figure 2. Electrical resistance of coals depending on temperature

Figure 2 shows the dependence of the temperature effect on changes in the electrical resistance of
«Borly» and «Saryadyr» coals. The curve can be divided into three temperature parts. The first is from
200 to 400 °C, where there is a slight decrease in resistance, the second is from 400 to 1000 °C, and the
last section is from 1200 to 1600 °C.

The bend of the curve between 200 and 400 °C is due to the high moisture content in the sample,
which helps to increase the conductivity, and when moisture is removed at high temperatures, the
resistance level is equalized. The resistance of coal is slightly reduced from 400 to 1000 °C. This is
explained by the release of volatile substances with a slightly increased electrical resistance. At 800 °C,
a sharp decrease in electrical resistance can be observed.

Conclusions

The high electrical resistance of the raw component allows you to increase the working voltage,
and therefore the power of the furnace. At a given power of the furnace, increasing the component of the
raw-compound conduction current reduces the arc conduction current. The high electrical conductivity
of the upper part of the bath leads to heating and agglomeration ("hot shock™) of the koloshnik, a low
position of the electrodes. The use of a carbon reducing agent with a high electrical resistance contributes
to a deep and stable seating of the electrodes, a decrease in the conductivity current of the raw material
and the concentration of heat in the lower areas of the bath.

The physico-chemical properties of high ash coal used for smelting complex ferroalloys were
studied. It was found that the specific electrical resistance of coal from the «Borly» and «Saryadyr»
deposits is relatively high when heated from 25 to 1600 °C, which satisfies the process of complex
ferroalloy smelting in an ore-thermal furnace with deep immersion of the electrode.
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Anparna. Kemip 21eKTpo1 )koHE KOMIPTEKTi rpaduT eHiMIepiH OHAIpYAiH OacTanKel MaTepHalbl PEeTiH/e FaHa eMec,
COHBIMEH KaTap rpaduraiys YIIiH [eKe, TOTHIKCHI3IaHABIPFBIIITH )KOHE KBUTY OKIIAYJIAFBIIITHI )KYKTSY Ke3iHIe OenceH i
KapCBUIBIK POIiH aTKapaasl. OHBIH MEHIIIKTI JIEKTp KeAePTici MEIITiH KYMBIC KCHICTITIHAE 3JeKTP KyaThIHBIH OipKenki
TapanyblHa alTapIIBIKTal dcep eTei, OYI o3 Ke3eriHae COHFBI OHIMHIH CallachblHa YXOHE OHIPICTIH YHEPTUs IIBIFBIHAAPBIHA
ocep eteni. JKYMBICTBIH ©3€KT1IIT METaTyprus eHepKociOiHe, OHBIH imIiHAe GpeppoKopHITHaTIap OHIIpiciHe KaXeTTi KeIIeH I
(beppokophITHaap bl OATKBITY YIITiH dKOFAPhI KYJI1I KeMipiepai KoJaHy MYMKIHIILIITT 3epTTeNai. 3epTTey HhICaHbI pETiHIe
«Capbiajipipy» xaHe «BopibDy KeMipiiepl TaHAanbl. 3epTXaHAIBIK 3€PTTEY JKYMBICTAPhI JKOFAphl TeMrepaTypaisl TamMman
3epTXaHAIBIK Hemrinae opsrHaangsl. Kemipaid MeHmmikTi anektp keaepricid 3eprrey 0,02—0,04 MIla KbICBIMMEH XYPTi31imi.
KemipaiH 3meKkTp OTKI3rimTiriHiH e3repyi OOWBIHIIA 3epTTeylep KbI3y JKBUIIAaMABIFBI 15rpag/muuyrra 25-1600°C
TeMIepaTypa apanbFblHAa Kyprizimmi. Temmeparypara OailaHBICTBI MIMKIKYpaM MaTepUAITapAblH MEHIIIKTI 3JIEKTP
KeJeprici maima OONYBIHBIH HETi3Ti 3aHIBUIBIKTAPHI AHBIKTANIBL. Y CHIHBUIFAH OJIIey ojici OOWBIHIIA MIMKIKYpam
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MaTepHANIapBIHBIH (PH3UKa-XIMUSUTBIK KACHETTEepi Typasibl TepeH akmapaT aixyFa MYMKiHmik Oepemi. YKorapsl Kymmi
«Capslafplp» KeMipi JKOFaphel TeMIIepaTypaja TYPakThl MEHIIKTI 3JEKTp KeaepriciHe me 0oia OTHIpHIN, OaiKy KesiHae

OHTAMIIBI PEXKHUMIe KOJI XKETKi3yre OOJIaThIHABIFEI AHBIKTAJIIBL.
Tyiiin ce3aep: amekTp Kemeprici, Korapsl KyJAi KeMip, KemeH i (eppoKOphITIIa, TeMIepaTypa, TaMMaH Iei.
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AHHOTanusl. YTOJIb CIY)KUT HE TOJIBKO UCXOAHBIM MaTEPHAIOM UIS IPOM3BOACTBA IEKTPOJHOH U yriaerpadguToBoi
MIPOIYKIIUH, HO TAK)KE BBIMOJIHIET POJIb aKTHBHOTO CONIPOTHBIICHHS IPH 3arpy3Ke MeUH IS Tpa(UTALNH, BOCCTAHOBHUTEIS U
TEIUION30ATOpa. Ero yaempHOe 3IEKTPUYECKOE COMPOTHBIECHHE OKAa3bIBAET CYLIECTBEHHOE BIMSHUE HA PABHOMEPHOCTH
pacrpeneneHus 3JIeKTPUIECKOH MOIIHOCTH B pabodeM MPOCTPAaHCTBE MEYH, YTO, B CBOIO OUYepe/b, BIMACT HA KauecTBO
KOHEYHOTO TPOIYKTa U SHEPro3aTpaThl MPOU3BOCTBA. AKTYaIbHOCTh pabOTHI 3aKITIOYAETCSI B UCCIIEAOBAHUT BO3MOKHOCTH
MIPUMEHEHHMS BBICOKO30JIbHBIX YIIIEH VIS MOTyYeHHsI KOMIUIEKCHBIX (DeppOCIIIIaBOB, HEOOXOIMMBIX JUIS METAJLTYPrHYeCKOH
MIPOMBILIJICHHOCTH, B TOM YHCJIe [UIsl IPOU3BOICTBA (heppociiaBoB. B kauecTBe 00beKTa HCCIEJOBAHHS ObUIN BEIOPAHbI YTIIH
«Capslanpip» u «bopnbiy. JlabopaTopHbIe HCCIEIOBaHUS NMPOBOIMINCH B BBICOKOTEMIIEPAaTYpHOI JTabopaTopHOW meun
Tamman. MccrnenoBanue yJelbHOTO 3IEKTPUYECKOTO COMPOTUBIEHUS yriis mpoBoawiochk npu nasieHun 0,02-0,04 Mlla.
W3ydeHne U3MEHEHHH 3JIEKTPOIIPOBOIHOCTH YIS MPOBOAMIOCH B Hana3oHe Temiepatyp ot 25 1o 1600 °C co ckopocTsio
HarpeBa 15 °C/mMuH. BbUIM BBISBICHBI OCHOBHBIC 3aKOHOMEPHOCTH (OPMHUPOBAHHS YACIBHOTO 3JICKTPUYECKOIO
COTIPOTHUBIICHUS] IIMXTOBBIX MAaTEpUAJIOB B 3aBUCHMOCTH OT TEMIEpaTypbl. OTO MO3BOJSIET IOJYyYUTh MOIPOOHYIO
nHopmannio o (PU3MKO-XMMHYECKHX CBOMCTBaX MIMXTOBBIX MAaTEpHAJIOB C HCIIOIb30BAaHMEM IPEIJIOKEHHOTO METona
n3MepeHnil. Y CTaHOBJIEHO, YTO MPH IIABJICHUH BBICOKO30JILHOTO YIiIsl «CapblabIpy», 001aai0MIero NOCTOSHHBIM Y IeTbHBIM
JIEKTPUUECKUM CONPOTHBIICHHUEM TIPH BBICOKHX TEMIIEpATypax, MOKET OBITh JOCTHI'HYT ONTHMAIIBHBIA PEXXHM.

KnioueBble ci0Ba: 3JIEKTPHUECKOE COIPOTHBIICHHE, BBICOKO30JbHBIH Yrojib, KOMIIEKCHBIH (eppociuias,
TeMIeparypa, nedb TaMMmaHa.
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