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Purpose. The purpose of this work is the theoretical determination of current spreading ways in the internal vol-
ume of  the ore-thermal furnace bath. Using the obtained results, it is possible to determine where and in what electri-
cal energy amount is allocated in the working space. It will allow to calculate the bath temperature field. 

Methodology. In the course of research work the theory of electrical circuits was used to describe electrical proc-
esses and the method of cylindrical coordinates to represent the working space of a bath as a set of mono-volume com-
ponents. 

Findings. The proposed chain of steps to determine the current spreading ways and the calculation formulas to 
find out the electrical energy input amount to each allocated elemental component of the ore-thermal furnace volume 
are used. The mathematical formulae to construct the current trajectory flow are proposed. 

Originality.  For the first time, it was assumed that the trajectory of current flow in the furnace working space has 
the shape of an arc. It passes between two electrodes and exists both in the horizontal and in the vertical flats of the 
bath due to the electrical conductivity of the charge materials. The latter, in turn, varies depending on the temperature 
value. This fact is taken into account when calculating the amount of energy input because of electric current. 

Practical value. Subsequently, the implementation of the proposed method for determination the paths of current 
spreading on a mathematical or physical model allows to obtain data on the amount of electrical energy input at any 
point in the furnace. Since the process of energy input is one of the first steps in the process of obtaining ferroalloys, the 
proposed above will allow to calculate various parameters as for one elemental volume (point) and as for the whole 
furnace bath volume. 

Keywords: ore-thermal furnace; elemental volume; current spreading paths; electrical energy.

I. INTRODUTION 

Modern electric arc and ore-thermal furnaces are 
quite complex installations with a variety of electrome-
chanical equipment. They consist of a power supply (fur-
nace transformer), a kiln (baths with electrodes) and a 
short network connecting them together. 

Ore-thermal furnaces (OTF) are direct-heating fur-
naces used to produce ferroalloys, carbides, silicon, phos-
phorus and other products. The technological processes 
occurring in its bath are very diverse. Some of them pro-
ceed continuously, while others require full melting of 
loaded materials. The most important parameter of the 
OTF (ore-thermal furnace) is the electrical resistance of 
the bath, which depends on a significant number of fac-
tors: the strength of materials loaded in the bath, the geo-
metric sizes of the bath, as well as the number and size of 
the electrodes. 

Thermal energy, spent on phase transitions and re-
covery processes, is released when the electric current 
passes through the conductive environment. The trans-
formation of electrical energy into heat energy occurs in 
zones with different aggregate states of materials. In the 
furnace there is a mixed mode of transformation of elec-

tric energy into a heat one. 

II. ANALYSIS OF LAST RESEARCHES 

Modern electric arc and ore-thermal furnaces are 
complex installations with variety of electromechanical 
equipment. They consist of a power supply (furnace trans-
former), a kiln (baths with electrodes) and a short electri-
cal network connecting them together. Traditionally, the 
furnace working space is divided into three main zones, 
which are characterized by the nature of energy processes 
in them [1]. This is an area of materials with relatively 
low electrical conductivity, an arc zone, and a zone where 
solid and liquid materials with high electrical conductivity 
are located. The energy distribution  between these zones 
characterizes the specificy of a concrete process and a 
concrete furnace. 

The spreading of electric current in an ore-thermal 
bath has been the subject of study for many years. Many 
theoretical and experimental studies are devoted to this 
issue. M.S. Maksimenko, F.Ya. Tsybakin, D.A. Diomi-
dovsky, R.A. Sysoyan, P.V. Sergiev and R F. Platonov 
[2]-[3] studied the current distribution in a single-phase 
and a three-phase baths on electrolytic models. V.T. 
Zherdiv gives great importance to the study of the current 
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distribution directly in the operating furnaces [4]-[6]. A 
mathematical simulation of electric fields of three-phase 
ore-thermal furnaces was also carried out [7]. 

The studies conducted for ore-thermal furnaces of 
average power (7.5 MB • A) for the phosphorus and cal-
cium carbide production allowed to obtain fields for the 
distribution of the volumetric energy density and the in-
tensity of the electric field in the space between the elec-
trode and the bottom of the furnace [8]. Also, the obtained 
data on the volumetric energy density distribution and 
electric field strength allowed to determine the length of 
the arc and the voltage drop on the arc in furnaces for the 
phosphorus and calcium carbide production [9]-[10]. 

The scientist conducted mathematical modeling of 
electric fields of three-phase ore-thermal furnaces, and 
also developed the method for conducting theoretical 
studies with the help of conformal mappings for the de-
termination of physical fields in an ore-thermal melting 
furnace [11]. Qualitatively, the electric field of the fur-
nace is sufficiently illuminated, but the available informa-
tion is not enough to calculate accurately the power, elec-
trical transformations and temperatures at each point of 
the bath volume. 

In contrast to the steelmaking furnaces, the current 
of the electrode in the OTF passes not only through the 
arc, but also through the charge, where the density and 
electrical resistance vary as a result of heating [12]. This 
is the reason of the complexity of obtaining data on arc 
parameters. In this paper, the method for determining the 
electric current distribution in the working space of the 
furnace is proposed by means of simulating the ways of 
its spreading. 

Also, there is a need for further study of the interac-
tions between the parameters of power supply systems 
and physico-chemical processes occurring in the furnace 
under various external influences, in order to increase the 
efficiency of energy and heat and mass exchange proc-
esses [13] 

III. FORMULATION OF THE WORK PURPOSE 

The purpose of this work is the theoretical determi-
nation of current spreading ways in the internal volume of  
the ore-thermal furnace bath. With the help of the ob-
tained results it will be possible to determine: 

– where in the furnace volume is an electric current; 
– in what amount the electrical energy is released in 

the working space of the furnace due to the electrical re-
sistance of the charge materials. 

In the future, the application of the obtained results 
will allow to calculate the temperature field of the bath 

IV. PRESENTATION OF BASIC MATERIAL AND 
ANALYSIS OF RECEIVED RESULTS  

As indicated in [14], to determine the amount of 
electrical energy input into each elemental volume of the 
furnace, it is necessary to establish how exactly the cur-
rent spreads in the working space of the bath. The charge 

for smelting ferroalloys is an environment where currents 
flow through certain trajectories between the electrodes. 
Let’s assume they will have an arc shape and will be di-
rected to the edges of the bath and to its center in the 
horizontal plane. In the vertical plane, they will pass be-
tween the ends of the electrodes towards the bottom of the 
bath. This assumption is made on the basis of scientific 
papers [9]-[10] in which trajectories of currents flow in 
the sub-electrode space are depicted as lines directed from 
the electrode to the bottom of the bath of the OTF and 
have an arc type.  

Simulating melting area occurs in Hc- parameter – the 
depth of bath charge filling. The zero point is the upper 
limit of its filling. The paths of current flow between the 
electrodes in the horizontal plane can be represented as 
arcs with radii passing through the centers of the elec-
trodes and shifted in the direction towards the edges of the 
bath Ra+ and to its center Ra-. 
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Figure 1.  Ways of current spreading between the elec-
trodes of A and B phases. 

In order to hold the arcs between the electrodes, it is 
necessary to know its radius and coordinates of the cen-
ters. The latter are on a line passing through the third elec-
trode perpendicular to the shortest path between the two 
other ones. The radius and the length of each arc can be 
calculated using formulae. The latter were received and 
somewhat modified by the well-known geometric depend-
encies for finding different circle parameters. 

We modulate the paths of current flow between the 
electrodes of A and B phases in the direction towards the 
edges of the furnace bath. Between the centers of the elec-
trodes, a length Le line is made. Calculate the radius 
changing step of the arc: 
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where Le is the distance between the centers of the elec-
trodes; ka.c.+ is the number of the accepted current spread-
ing paths between the A and B electrodes in the direction 
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towards the edges of the furnace bath. 
Now we draw a zero arc with Ra0AB + and with the 

center located in the middle of the indicated Le line. Its 
radius and length are determined by the formulae (2)-(3). 
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In order to draw the next arc, we calculate its radius 
and shift of the center point to the distance from the Le line 
toward the center of the furnace along the LAB line passing 
between the centers of the furnace bath and the third elec-
trode in the C phase using the formulae (4)-(5): 
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For any type of an arc, (3)-(5) formulae take the fol-
lowing form (6)-(8): 
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where i is an arc number, which varies from 0 to ka.c.+ 

To simulate current spreading paths between the 
electrodes of A and B phases in the direction to the center 
of the furnace bath, the following calculations are re-
quired. As noted above, all points of the arc centers are on 
the LAB line, and the zero reference point is its intersection 
with the Le line. In this case we adjust the zero reference 
point by moving it to distance +c.p.Ra0 and calculating the 
radius of the zero arc Ra0AB-, with the  radius changing step 
Δka.c-: 

 eАВа RR =−0   (9) 
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where ka.c- – is the number of ways of distributing current 
between A and B electrodes in the direction towards the 
center of the furnace bath; Re is the radius on which the 
electrodes are located relatively to the center of the fur-
nace bath. 

To draw the following arcs, we will use the above-
described algorithm and formulae (6)-(8) but with i vary-
ing in the range from 0 to ka.c-. As a result, we obtain a 

picture of current spreading between the electrodes shown 
in Fig. 1. Similarly, the process of the current spreading 
paths simulating between the BC and CA phases. 

The ore-thermal furnace bath has a volume; thus, by 
analogy with the step Δz along the Hc axis, we repeat the 
process of current spreading paths simulating to the depth 
of the electrodes immersion in the charge. Since the cur-
rent flows in the sub-electrode space of the bath, it should 
be also considered. To do this, it’s necessary to change 
the direction of the straight line on which the arc centers 
are located, under the selected angles relative to the hori-
zontal-vertical component of the furnace bath. 

To simulate the process of distributing energy in an 
ore-thermal furnace bath, first of all, it is necessary to 
break its internal area into elemental volumes. There are a 
lot of methods for this; we have chosen and somewhat 
changed the method based on the system of cylindrical 
coordinates, which was used earlier to construct a dy-
namic temperature field model in an electric heat accumu-
lating converter [15]. 

The geometric bath of an ore-thermal furnace, where 
the melting process takes place, can be represented as a 
cylinder of height H and radius R. We break it into a series 
of elemental volumes in the form of a sector with the sides 
ΔR, Δz and the angle Δφ, as represented on Fig. 2. We will 
place further calculation points in the geometric centers of 
the elemental sectors selected in this way. 

 
Figure 2. Breakdown of the OTF bath on elemental vol-
umes. 

Let's introduce the following notation: Rl – radius of 
the bath; ΔV – the volume of the elemental sector; k – 
number of elemental volume behind the axis R; Nφ is the 
number of segments Δφ of the broken cylinder's volume 
in an angle φ; Nz – the number of intervals Δz of the bro-
ken cylinder's volume at the height Нc filling the bath 

RΔ

ϕΔ

zΔ

R

53



ISSN 1607-6761 (Print)       «ЕЛЕКТРОТЕХНІКА ТА ЕЛЕКТРОЕНЕРГЕТИКА» № 2 (2019)          

ISSN 2521-6244 (Online)               (Розділ «Електроенергетика»)                  

 
 

with the charge; R, φ, z are the coordinates of the center; 
Δτ is the time interval. 

The specified parameters Δz and Δφ are calculated as 
follows: 
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Assuming the constant value ΔV for each elemental 
volume, we define the intervals ΔRk for the R axis: 
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After determining all the necessary parameters for 
this break, it becomes possible to represent the OTF bath 
as a set of single-volume elements. Due to arbitrary val-
ues of ΔV, Nφ and Nz, you can change the total number of 
elemental volumes, thus providing the necessary predic-
tion error when performing various mathematical calcula-
tions. 

So, if you make a very fractional volume break, the 
speed of the necessary calculations is slowed down 
through a large array of data. When the working space of 
the furnace is divided into a small number of elemental 
volumes, this can lead to inadequacy of the resulting 
model. 

After the current spreading paths have been deter-
mined, using the proposed version of the partition of the 
OTF working space on the elemental volumes, we obtain 
a two-dimensional image presented in Fig. 3 in the hori-
zontal plane and in the sub-electrode space as in Fig. 4. 

LАВ

BA

C

0

R0 +AB

R1 +AB

R2 +AB

R0 -AB
R1 -AB

Le

 
Figure 3.  The current spreading paths between the three 
electrodes in the working space of the bath, the volume of 
which is pre-divided into elementary components 

1 3

4

5

2

 
1 – electrodes; 2 – charge in solid state; 3 – elementary volume; 4 – 

ways of current spreading; 5 – liquid melt. 

Figure 4.  Ways of current spreading between the elec-
trodes in the sub-electrode space 

The charge in each single volume of elemental com-
ponent ΔV at a certain temperature has its specific electri-
cal resistance [16]. The average electrical resistance can 
be calculated as: 

 VtX zRzR
Δ⋅= )(,,,, ϕρ

ϕ
, (15) 

where ХR,φ,z – the average value of the electrical resistance 
of the element; ∆V – the volume of the elementary part; 
ρR,φ,z(t) – the specific resistance of elemental volume. 

Using ways of current spreading in the OTF working 
space and breaking the bath into elemental volumes on 
the base of the proposed method, it is possible to calculate 
the amount of electrical energy introduced into them for a 
certain period of time. To do this, it is necessary to allo-
cate a specific trajectory of current flow and calculate its 
full electrical resistance. The latter can be defined as the 
total resistance of all charge sections through which the 
described current passes: 

 zRt XX ,,ϕ∑= .  (16) 

where Хt – full electrical resistance of any trajectory of 
current flow; ХR,φ,z – the average value of the electrical 
resistance of the element. 

Obviously, in the given coordinate system, it is nec-
essary to select only those elementary volumes where the 
current passed and the resulting resistance is summed up, 
which is calculated for a specific temperature of the 
charge. As a result, the value of the current spreading over 
the observed lines can be obtained: 

 
t

i X

U
I = , (17) 

where Іі – current strength on the i-th way; U – voltage 
between the corresponding phases; Хt – full electrical re-
sistance on the i-th path. 
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Consequently, substituting the expressions (16, 15) 
in formula (17), we obtain the dependence for defining 
the current strength along certain spreading trajectory: 

∑ Δ⋅
=

Vt

U
I

zR
i )(,,ϕρ

, 

where Іі – current strength on the i-th way; U – voltage 
between the corresponding phases; ρR,φ,z(t) – specific re-
sistance of elemental volume; ∆V – volume of elementary 
particle. 

As a result, the amount of energy emitted in the ele-
mental volume due to electric current over a time interval 
Δτ can be defined as:  

  τφϕ Δ⋅⋅= zRizRe XIQ ,,

2

),,( , (18) 

where Іі – current strength on the i-th way; ХR,φ,z – the 
average value of the electrical resistance of the element; 
∆τ – time interval. 

If, however, through one and the same elemental 
volume passes several different trajectories of current 
spreading, then the resulting value of the latter is deter-
mined as the sum of the components for each of them. 
Then the formula (18) will take the following form: 

 τφϕ Δ⋅⋅= ∑ zRizRe RIQ ,,
2

),,( )( , (19) 

where ΣIi is the sum of currents along the same spreading 
paths passing through the elemental volume under con-
sideration. 

The presented trajectories of current flow are condi-
tional. That is, in some paths current may not pass at all or 
its value will be negligible. It depends on the electrical 
resistance of the charge section. 

Determining the flow of current in the furnace bath 
is one of the components in the development of a com-
prehensive mathematical model of the work of the OTF in 
dynamics, which is the main purpose of the authors of the 
article. Therefore, the reliability of the proposed method 
will be possible to verify only after the implementation of 
the entire complex model on electronic computing. The 
given model of the current distribution in the furnace can 
be used in the simulation of electrical processes in all ore-
thermal furnaces, regardless of what grade of ferroalloys 
in them is smelted. 

As to the limitations for use, this technique can not 
be used for steelmaking furnaces, since technologically, 
electrodes in them are placed above the surface of the 
melt and the current flows in the air layer as a result of the 
closure between the electrode and the charge. That is, in 
such furnaces, the latter is not conductive medium, but 
only its surface, so to speak, is zero in an electric circle to 
form a powerful energy arc. The presented model is based 
on the fact that the current flows in the horizontal and 
vertical planes between the electrodes due to the electric 
resistance of the charge. 

As a result, with the help of the given algorithm for 
determining the current spreading paths, the methods of 
partitioning the internal working space of the OTF into 
the elemental volumes and the formulae used, we can 
watch electric energy distribution in the furnace bath in 
the three-dimensional space. 

V. CONCLUSION 

The process of electrical current spreading simula-
tion in the bath of an ore-thermal furnace is described in 
this paper mathematically. It is suggested to assume that 
trajectories of current passing through the charge have the 
form of arcs which are located between the centers of the 
electrodes and move in the direction towards the edges of 
the bath and to its center. On the basis of the presented 
model, it is possible to determine the volumes of the in-
troduced electricity and their distribution in the bath vol-
ume. 

As it can be seen on Figure 3, due to the distance be-
tween the electrodes, the zones of the electric current flow 
inaccessibility appear. Therefore, there is such an optimal 
distance between them, when it is possible to cover the 
entire furnace bath working area in horizontal plane with 
the help of current spreading paths. Otherwise, in the ore-
thermal furnace space, the charge heating occurs only at 
the expense of heat transfer, and this is a long-time proc-
ess. 

This method of the OTF bath calculating with the 
help of elemental volumes based on the system of cylin-
drical coordinates is proposed here. Representation of the 
working space of the bath as a set of single- volume ele-
ments makes it possible to perform various mathematical 
calculations in the geometric centers of these elements. 
And this, in turn, will allow us to obtain a more precise 
picture of all physical processes occurring during the 
smelting of ferroalloys at different points of the OTF bath 
at any time. 
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Мета роботи. Метою даної роботи є теоретичне визначення траєкторій розтікання струму у внутріш-
ньому об’ємі ванни руднотермічної печі. За допомогою отриманих результатів стане можливим визначити де 
та в якій кількості виділяється електрична енергія в робочому просторі. Це, в подальшому, дозволить прово-
дити розрахунок температурного поля ванни.  

Методи дослідження. При проведення досліджень було використано теорію електричного кола для опису 
електричних процесів та метод циліндричних координат для представлення робочого простору ванни як суку-
пність однооб’ємних складових.  

Отримані результати. Запропонована послідовність для визначення шляхів розтікання струму та розра-
хункові формули для визначення кількості введеної електричної енергії у кожну виділену елементарну складову 
об'єму руднотермічної печі. Представлені математичні формули для побудови траєкторії протікання струму. 

Наукова новизна. Вперше зроблене припущення, що траєкторія протікання струму у робочому просторі 
печі має форму дуги. Вона проходить між двома електродами й існує як в горизонтальній, так і у вертикаль-
ній площинах ванни за рахунок електропровідності шихтових матеріалів. Останнє, в свою чергу, змінюється в 
залежності від значення температури. Цей факт враховано при розрахунках кількості введеної енергії за ра-
хунок електричного струму.   

Практична цінність. В подальшому реалізація запропонованого методу для визначення шляхів розтікання 
струму на математичній чи фізичній моделі дозволить отримати дані про кількість введеної електричної 
енергії в будь-якій точці печі. Так як процес введення енергії є одним із перших кроків в технологічному процесі 
одержання феросплавів, то запропоноване вище, в свою чергу, дасть змогу проводити подальші  розрахунки 
різних параметрів як одного елементарного об’єму (точки), так і ванни печі в цілому.   

Ключові слова: руднотермічна піч; елементарний об'єм; шляхи розтікання струму; електрична енергія. 
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Цель работы. Целью данной работы является теоретическое определение путей растекания тока во 
внутреннем объеме ванны руднотермической печи. С помощью полученных результатов станет возможным 
определять где и в каком количестве выделяется электрическая энергия в рабочем пространстве. Это, в даль-
нейшем, позволит проводить расчет температурного поля ванны. 

Методы исследования. При проведении исследований была использована теория электрических цепей для 
описания электрических процессов и метод цилиндрических координат для представления рабочего простран-
ства ванны как совокупность однообъемных составляющих. 

Полученные результаты. Предложена последовательность для определения путей растекания тока и 
расчетные формулы для определения количества введенной электрической энергии в каждую выделенную эле-
ментарную составляющую объема руднотермической печи. Представлены математические формулы для по-
строения траектории протекания тока. 

Научна новизна. Впервые сделано предположение, что траектория протекания тока в рабочем про-
странстве печи имеет форму дуги. Она проходит между двумя электродами и существует как в горизон-
тальной, так и в вертикальной плоскостях ванны за счет электропроводности шихтовых материалов. По-
следнее, в свою очередь, меняется в зависимости от температуры. Этот факт учтен при расчетах количе-
ства введенной энергии за счет электрического тока. 

Практическая ценность. В дальнейшем реализация предложенного метода для определения путей расте-
кания тока на математической или физической модели позволит получить данные о количестве введенной 
электрической энергии в любой точке печи. Так как процесс введения энергии является одним из первых шагов в 
технологическом процессе получения ферросплавов, то предложенное выше, в свою очередь, позволит прово-
дить дальнейшие расчеты различных параметров как для одного элементарного объема (точки), так и для 
ванны печи в целом. 

Ключевые слова: руднотермическая печь; элементарный объем; пути растекания тока; электрическая 
энергия. 
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