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ABSTRACT
The results of mathematical modeling of electrical and thermal processes in a graphitized cored (composite) electrode for alter-
nating current arc steelmaking furnaces are presented. A comparison is made with similar processes in a monolithic electrode 
and the regularities of these processes are determined. The calculations are performed using the developed mathematical model 
based on the finite element method with the introduction of a number of simplifications and assumptions. The distribution of 
current density, electric potential, magnetic induction and temperature in the electrode is studied, which allows predicting the 
operation of cored electrodes in arc furnaces. The estimated results of the calculations show that cored electrodes, when op-
erating on alternating current, similar to direct current operation, are also characterized by lower electrical losses and heating 
temperatures compared to monolithic electrodes, which makes them more energy and resource efficient. 
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INTRODUCTION
This work is a logical continuation of paper [1], which 
deals with electrical and thermal processes in graph-
itized cored (composite) electrodes for steelmaking 
direct current arc furnaces. This paper considers simi-
lar processes, but for electrodes of alternating current 
furnaces. This is natural, as 80 % of arc steelmaking 
furnaces in the world use exactly the alternating cur-
rent [2]. The capacity of such furnaces is equal to 
15–180 t of steel.

As electric steel production is extremely resource- 
and energy-intensive, extension of the service life of 
the high-cost graphitized electrodes and reduction of 
electrical energy consumption provides a significant 
resources saving and reduction in the negative envi-
ronmental impacts of the steel melting process. Also 
important is saving the high-cost materials, such as 
ferroalloys and alloying substances. Practical experi-
ence of using graphitized cored electrodes, which had 
been invented and developed at PWI for the first time, 
proved their positive role in solving the above prob-
lems [2‒4] in industrial AC electric arc furnaces of 
6–50 t capacity [5, 6].

The cored (composite) electrode being considered 
is similar to the monolithic graphitized electrode, 
but it has a through hole along the axis of symmetry, 
densely filled with materials containing chemical el-

ements with a low work function of electrons [3, 4]. 
This is the core.

Not all the studies of electrode functioning can be 
conducted directly on operating industrial furnaces, in 
connection with the high temperatures in them. There-
fore, it is rational to perform a number of investiga-
tions using the modern methods of mathematical mod-
eling of the electromagnetic and temperature fields to 
enable further prediction of the physical-chemical and 
diffusion processes in the core-electrode system and 
in the arc working zone [7–9] and other processes.

The purpose of the work is determination of the 
main regularities of the electromagnetic and thermal 
processes taking place in graphitized cored electrodes 
for steelmaking AC arc furnaces.

The objective of the work is development of math-
ematical models and performance of modeling of 
electromagnetic and temperature fields propagation in 
the cored and monolithic electrodes, through which 
the alternating electric current of industrial frequency 
is flowing. Calculations are required for investigation 
and prediction of processes occurring in cored elec-
trodes of steelmaking AC arc furnaces and determina-
tion of the influence of these processes on the techni-
cal and economic indices of steel melting, compared 
to monolithic electrodes.

In terms of methodology, the work is based on 
the regularities of propagation of the electromagnet-
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ic and temperatures fields, using Maxwell equations 
for the electromagnetic part of the problem, Fourier 
equations, allowing for thermal radiation and con-
vective heat exchange from the surface into the en-
vironment for the thermal part of the problem, and 
Joule–Lentz law, which combines both the parts of 
the problem. Finite element method is used, which 
combines the integral characteristics with the char-
acteristics of the studied electromagnetic and tem-
perature fields. The skin-effect is taken into account, 
which even though slightly, but is still manifested 
in the significantly heated areas of the studied elec-
trodes, in connection with an increase in electrical 
resistance of the electrode body graphite. Tempera-
ture dependence of the material thermal-physical 
characteristics is taken into account.

The work should result in deriving the computed 
patterns of the distribution of current density, electric 
potential, magnetic induction and temperature in the 
cored and monolithic electrodes in the case of their 
heating from the start of the process and in a station-
ary mode, and revealing the main regularities of their 
distribution.

The originality of the work consists in the conduct-
ed research of the distributions of the current density, 
electric potential and temperature in the cored elec-
trode, which allows predicting the operation of such 
electrodes in steelmaking AC arc furnaces.

Practical importance of the work consists in the pos-
sibility to determine by mathematical modeling the ten-
dencies of the influence of cored electrodes on the en-
ergy, technological and economical components of the 
working process of the steelmaking arc furnaces.

In this connection, it is relevant to study the elec-
tromagnetic and thermal processes in the graphitized 
cored electrodes, in case of their operation on com-
mercial frequency alternating current.

When plotting the mathematical models, the fol-
lowing simplifications and assumptions were taken in 
order to perform approximate calculation of the elec-
tromagnetic and thermal processes in the graphitized 
and monolithic electrodes. First, the processes in the 
arc were not considered. Second, the electric contact 
of the current conduit with the electrode was consid-
ered ideal, without allowing for contact resistance, de-
pending on the electric field intensity, current density 
and volumetric heat release. Third, the temperature 
of furnace gases around the electrode and the furnace 
wall temperature along their height were assumed to 
be such which change linearly; and the temperature 
on the molten slag surface is constant; temperature 
of the arc active spot at the electrode tip, contacting 
the cathode or anode region of the arc in the case of 
the current polarity change in each of its half-periods, 

was set as a constant and averaged value between the 
temperatures of the cathode (lower temperature) and 
anode (higher temperature) of the spots under the con-
ditions of the arc supply by direct current of reverse 
or straight polarity, respectively. This is admissible as 
the characteristic time of the temperature change at a 
massive electrode tip is much greater than the charac-
teristic time of current polarity change for the 50 Hz 
industrial frequency of current, supplied to the arc. 
To confirm this, we will write the Fourier differential 
equation, for instance along coordinate r (electrode 
radius for an axisymmetric task):

1 ,p
T TC r
t r r r

∂ ∂ ∂ γ = λ ∂ ∂ ∂ 

where γ is the material density; Cp is the specific heat 
capacity of the material; T is the temperature; t is the 
time; λ is the heat conductivity.

This equation can be presented in the form of a 
record for the growth of functions and arguments:

1 1 ,p
T TC r
t r r r

∆ ∆ γ = λ ∆ ∆ ∆ 

from where the time increment

2.pC
t r

γ
∆ = ∆

λ

The latter formula is the base of the Fourier cri-
terion.

Δt value can be interpreted as a characteristic time 
of the change of electrode material temperature. For a 
graphitized electrode from 10 to 200 mm in diameter 
and its temperature from 20 to 4000 °C this value can 
be in the time range of the order of 1–104 s, and the 
change in the cathode and anode spots at the electrode 
tip for 50 Hz current frequency occurs during a much 
shorter characteristic time of 10‒2 s.

Fourth, as the diffusion processes in the core-elec-
trode system are still at the research stage, they were 
so far considered as cases of insignificant diffusion of 
elements which is indirectly taken into account by a 
certain change in the specific electrical resistances of 
the electrode and the core under the impact of tem-
perature. All the other electrical and thermal-physical 
parameters did not depend on temperature. Fifth, the 
electric current path was selected through the entire 
conditionally stationary surface of the arc active spot 
on the electrode lower tip. Six, a single electrode is 
considered, which is separated from the three-elec-
trode system of the furnace [2, 6, 10]. That is, the 
combined action of the magnetic fields of a three-
phase system of power supply to the current-carrying 
conductors (electrodes), is not taken into account, and 
the effect of closeness and Lorentz force, which in the 
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three-phase system is the cause for an axisymmetric 
burn-out of the electrode tips relative to the vertical 
axis of symmetry, is not allowed for, accordingly. In 
a separated single electrode the burn-out of its tip is 
symmetrical, which enables solving the problem in 
an axisymmetric representation. This simplification 
allows facilitating the comparison of the influence of 
alternating and direct currents on separated electrodes 
[1] in the case of their similar effective values and the 
same overall dimensions of the electrodes. Seven, as 
the conduction current in the conductor (electrode) is 
significantly higher than the bias current, the later can 
be neglected. 

INVESTIGATION RESULTS

MATHEMATICAL MODEL EQUATIONS 
We will write the Maxwell’s general basic equations 
for the electromagnetic problem (of the electric and 
magnetic fields), which are used in mathematical 
modeling:
∇J = 0; ∇×H = J; J = σE; E = – ∇V – jωA;  B = ∇×A,

where ∇ is the Nabla operator; J is the current densi-
ty vector; H is the magnetic field intensity vector; σ 
is the specific electrical conductivity of the material, 
σ = 1/ρ; ρ is its specific electrical resistance; E is the 
electric field intensity vector; 1j = −  is the condi-
tional unit; ω is the angular frequency of the current; 
V is the scalar electric potential; A is the vector mag-
netic potential; B = μ0μrH is the magnetic induction 
vector; μ0 is the magnetic constant; μr is the relative 
magnetic permeability of the environment.

The Ampere’s law and conservation of current is 
also used:

∇×(μ0
–1μr

–1B) + σ∇V + jωσ·A = 0.
We will white the boundary conditions for the electric 

and magnetic fields. First, the electric (except for surfac-
es of current supply and removal) and magnetic isolation 
of the computational region, including the closed region 
of the gas environment around the electrode between the 
surfaces of current supply and removal:

n·J = 0; n·A = 0,
where n is the unit normal vector.

Second, the electric potential on the upper terminal 
V = 0. Current value I0, flowing in the electrode (am-
plitude value for alternating current) is assigned at the 
arc active spot on the electrode lower tip.

Fourier equation for a nonstationary (time variable) 
thermal problem, which describes the temperature field 
distribution for heat exchange in the electrode:

( ) ( ) [ ( ) ] ,p
TT C T T T Q
t

∂
γ −∇ λ ∇ =

∂

where Q is the specific power of the heat sources 
(during the body heating by electric current the distri-
bution of volume heat release in it Q = J2/σ). Parame-
ters γ, Cp, λ here depend on temperature T.

The first term determines the nonstationarity of the 
heat exchange process, the second determines heat 
transfer due to heat conductivity.

In the case of a stationary problem, the first term 
in this expression will be equal to zero, and it will 
disappear from the equation.

The region of the gas environment around the elec-
trode between the surfaces of current supply and re-
moval is not involved in the thermal problem.

Boundary conditions for the thermal problem are 
as follows. First, the condition of the 1st kind applies 
to the arc active spot on the electrode tip lower sur-
face — the isothermal condition of a constant value 
of temperature: for monolithic electrode T0 = 4440 °C 
[8]; for the cored electrode T0 = 4000 °C. For the 
cored electrode the temperature value was calculat-
ed from the relationship of arc temperatures for the 
monolithic [11] and cored [12] electrodes, where the 
temperature of the cored electrode arc is by 15–20 % 
lower than that of the monolithic electrode arc. An as-
sumption was made that the temperature of the arc 
cathode spots for such electrodes has approximately 
the same difference [1], and for the cathode-anode arc 
spots it is smaller – 10–15 %. Second, a condition of 
the 3rd kind applies over the total electrode surface 
area, except for the arc active spot, which allows for 
heat dissipation qh due to convective heat exchange 
with the environment

–n∙[–λ(T)∇T] = α(Text – T) = qh.
Here, α is the convective heat exchange coefficient 
which can be set differently on different regions of the 
surface; Text is the ambient temperature, which can be 
different in different parts of the electrode.

Third, to allow for the radiation heat losses qε over 
the entire electrode surface area, expect for the arc ac-
tive spot, condition of the third kind is applied, and 
the following expression is assigned:

–n∙[–λ(T) ∇T] = εδ(Tamb
4 – T4) = qε,

where ε is the Stephan‒Boltzmann constant; δ is the 
surface emissivity; Tamb is the temperature of the sur-
faces, exposed to the beams from the radiating body.

In the stationary thermal mode of the furnace, 
the averaged temperature of molten slag is equal to 
1620 °C; temperature of furnace gases in the region 
of the electrode lower side surface is 2500 °C, and 
in the zone of the upper side surface of the electrode 
in the furnace vault it is 1800 °C; temperature of the 
surface of the furnace side wall above the molten slag 
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is 1700 °C; temperature of the surface of the furnace 
side wall near the vault is 1500 °C.

Figure 1 gives the dependencies of specific elec-
trical resistances ρ on temperature T: 1 — monolithic 
graphitized electrode for: 1′ — graphitized part (body) 
of the cored electrode, in which certain diffusion pro-
cesses occurred in the core-electrode system, which 
reduced its specific electrical resistance, compared to 
the monolithic electrode resistance; II is the core of 
experimental composition No. 11 [1] with elements 
with a low work function of electrons [2‒4].

One can see from Figure 1 that up to the tempera-
ture of approximately 1900 °C the value of the core 
resistance is greater than electrode resistance 1′, and it 
decreases with temperature rise. At high temperatures 
the core becomes more electrically conductive than 
the graphitized body of the electrode and the electri-
cal losses in significantly heated regions of the cored 
electrode become smaller than the losses in similar 
regions of the monolithic electrode.

CASE OF ELECTRODES SEPARATED 
FROM THE FURNACE AND THE ARC
In order to analyze the temperature field in the cored 
electrode in the case of an alternating electric current 
flowing through it and to compare it with the mono-
lithic electrode, let us first consider the case, when 
the electric current flows through electrodes separat-
ed from the furnace and the arc, which are located in 
open air with 20 °C temperature. The electric current 
is supplied between the contact of the upper current 
conduit (electrode holder) and contact-simulator of 
the dimensions of the arc active spot at the electrode 
lower tip. The first boundary condition of the thermal 
problem changes from the isothermal one of the 1st 
kind to a homogeneous adiabatic condition of the sec-
ond kind, when the area of contact with the arc active 

spot dimensions is thermally insulated and the ther-
mal flow does not pass through it.

For a commercial cored electrode being consid-
ered, the diameter of the through hole for its filling 
with the core is equal to 50 mm. For the conducted 
modeling it is taken that the cored and monolith-
ic electrodes have the same shape, as the electrodes 
in the furnace, for which the diameter (225 mm) in 
the lower part is smaller than the initial diameter 
(350  mm) in the upper part in connection with the 
electrode burnout. The height of the system of elec-
trodes in the furnace (electrode candles) was assumed 
to be 3680 mm. The approximate calculated distance 
from the electrode lower tip to the furnace vault and 
to the lower tip of the upper current supply is equal 
to 2530 and 2820 mm, respectively. The height of the 
upper current supply (electrode holder) is 500 mm. A 
variable sinusoidal current with the effective value of 
11 kA flows through the electrodes for all the calcula-
tion options. The diameter of the contacts simulating 
the active arc spot for a cored electrode is taken to be 
115 mm, and for the monolithic electrode it is 50 mm. 
The electrode sections are connected to each other by 
monolithic graphite nipples with specific resistances 
15 % lower than that of a monolithic graphitized elec-
trode and by 5 % lower for the lower nipple, which 
is exposed to high temperatures in the furnace for a 
longer time, and in which diffusion processes between 
it and the electrode have taken place.

Considered is an axisymmetric problem in a sys-
tem of coordinates with axes 0, z and 0, r (z is the ver-
tical axis in the axial direction, r is the horizontal axis 
in the radial direction) with graphic representation of 
half of the computational region from the vertical axis 
of symmetry in the Figures.

Figure 2, a shows a computational distribution of 
the temperature field in the cored electrode in the case 
of its heating by 11 kA current in open air with 20 °C 
to a stable temperature after two hours, and Figure 2, 
b presents 4 pairs of temperature distributions along 
the electrode height (coordinate z) on the electrode 
axis of symmetry (greater temperature in the pairs) 
and on the straight side surface (lower temperatures 
in the pairs) with a 30 min step. Figure 2, c, d shows 
similar temperature fields in the monolithic electrode. 
In Figure 2, a, c the conditional boundary of the arc 
active spot (contact-simulator boundary) is marked by 
a line below the electrode tip.

During operation in an alternating current furnace 
the working surface of the cored electrode tip takes 
on a characteristic concave dome-shaped form with 
upward-curved ends, which is due to the through hole 
with the core. In a monolithic electrode the tip is con-
vex. This is due to the fact that the arc of the cored 

Figure 1. Dependences of specific electrical resistances ρ on tem-
perature T: 1 — monolithic graphitized electrode; 1′ — graphi-
tized part (body) of the cored electrode, where diffusion processes 
took place in the core-electrode system; 11 — core of an experi-
mental composition No. 11 [1]
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electrode differs significantly from the monolithic 
electrode arc by its geometrical and electrical param-
eters. The AC core arc is defocused, and its diameter 
is approximately equal to 1/2‒3/4 of the electrode tip 
diameter. It is highly stable in a broad range of lengths 
and current loads, elastic and spatially stable, concen-
trated practically in one place and does not migrate 
over the electrode tip, it is characterized by a high 
thermal inertia and lower temperature and density 
of current, compared to the monolithic electrode arc. 
Now, in the monolithic electrode the arc is concen-
trated, the arc active spot is small-sized and migrates 
continuously over the electrode tip surface, burning 
it out and overheating the melt surface, leading to in-
tensification of evaporation of the main and alloying 
elements from it. Accordingly, the current in the area 
of the active arc spot in cored electrodes flows more 
uniformly due to a larger area of the active spot. Its 
density is only slightly higher than the current densi-
ty in the electrode body and heating of the electrode 
lower part by current is not as significant, as in the 

monolithic electrode, where the current is concentrat-
ed in the arc active spot of a small area.

In the case of electrodes separated from the fur-
nace and the arc, a more than double the difference 
in the temperatures of the cored — 544 °C (Figure 
2, a and b) and monolithic — 1387 °C (Figure 2, e 
and  f) electrodes is observed in their lower parts. 
During modeling the lower contact simulating the 
arc active spot, is stationary and it does not take 
into account the spot movement for the monolithic 
electrode. This yields a somewhat higher tempera-
ture, but the tendency to temperature distribution is 
preserved. The general specific resistive electrical 
losses in the entire volume of the cored electrode 
in Figure 2, a (from the upper tip of the electrode 
holder to the lower tip of the electrode) are equal 
to 0.1094 W/cm3, and those in the monolithic elec-
trode in Figure 2, c are 0.2113 W/cm3. Two times 
greater losses in the monolithic electrode are due to 
higher current density in the electrode lower part 
(in the contact-simulator zone).

Figure 2. Temperature field in the cored electrode when heated by passing current of 11 kA in open air from 20 °C to a stable tempera-
ture after 2 h (a) and 4 pairs of temperature distributions along the electrode height (coordinate z) on the electrode axis of symmetry 
(higher temperatures in the pairs) and on the rectilinear side surface (lower temperatures in the pairs) with a 30 min step (b), and similar 
data for the monolithic electrode (c) and (d)
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Thus, in the case of electric current flowing through 
the electrodes, located in open air, the electrical losses 
and temperatures in the cored electrode are practical-
ly two times lower than those in the monolithic elec-
trode. This allows predicting a higher energy efficien-
cy of cored electrodes than that of monolithic ones, 
as well as lower burnout of cored electrodes and their 
greater resource efficiency. 

CASE OF THERMAL INFLUENCE 
OF THE ACTIVE ARC SPOT, MELT SURFACE, 
FURNACE GASES AND FURNACE WALLS 
ON THE ELECTRODE 
Further on we will consider the established thermal 
modes in the case of the influence of the abovemen-
tioned factors on the electrode.

Figure 3, a shows the calculated temperature 
field in the cored electrode, and Figure 3, b pres-
ents the temperature dependencies along the elec-
trode height (coordinate z) along the electrode axis 
of symmetry (curve 1) and on the straight side sur-
face (curve 2). Figure 3, c and d gives similar de-
pendencies for a monolithic electrode (c) and (d). 
Comparing these dependencies one can see that the 

temperature distributions in the electrodes up to 
tentatively, 1900 °C are very close, although in the 
cored electrode the temperature is slightly higher, 
as the specific electrical resistance of the core (Fig-
ure 1) up to the temperature of 1900 °C is higher 
than that of the graphitized electrode body and heat 
release in the cored electrode is higher in its greater 
part. Above the 1900 °C temperature the specific 
electrical resistance of the core becomes smaller 
than that of the graphitized electrode body and the 
heat release in the electrode becomes smaller, as in 
the case of the monolithic electrode.

In the monolithic electrode the higher temperature 
values are recorded in the zone of a small-sized active 
spot of the arc, where the current is directed, caus-
ing significant changes in its density and intensive 
heating of this electrode zone. The temperature of the 
arc active spots also makes a significant contribution 
into the temperature level in the electrode tips. As the 
area of the arc active spot in the cored electrode is not 
much smaller than that of the electrode tip the heat 
flows from it heat the electrode tip to a considerable 
depth. However, the temperature of the arc active spot 

Figure 3. Temperature field in the cored electrode (a) and temperature dependences along the electrode height (coordinate z) on the electrode 
axis of symmetry (curve 1) and on the rectilinear side surface (curve 2) (b); similar data for the monolithic electrode (c) and (d)
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proper of these electrodes is smaller than that of the 
monolithic electrode spot. Figure 3 illustrates the in-
crease in the temperature values at the electrode tips.

More than 2.5 times greater specific resistive 
electrical losses of 0.3804 W/cm3 (Figure 3, c) 
are observed in the total volume of the monolithic 
electrode, compared to those for cored electrode of 
0.1417 W/cm3 (Figure 3, a).

Let us consider the pattern of distribution of the 
effective values of current density in the electrodes.

Figure 4, a shows the distribution of current den-
sity in the cored electrode, and Figure 4, b is an en-
larged image of the electrode tip. Figure 4, c and d are 
the same for the monolithic electrode. One can see 
that the current density distribution in the electrodes 
correlates with their specific electrical resistances for 
different temperatures (Figure 1). In regions with a 
greater value of the core resistance the current density 
is smaller, than in the body of the electrode proper 
in the adjacent regions, and vice versa. The highest 
current density is observed near the active spot of the 
monolithic electrode arc, resulting in a high tempera-

ture in this zone and its increased tip burnout. Spe-
cific resistive electrical losses in the cored electrode 
are smaller than those in the monolithic electrode by 
approximately 63 %. As the electrical losses are pro-
portional to the square of current, it can be predicted 
that the current load in the cored electrodes can be 
raised by approximately 7–8 % during melting until 
the electrical losses in the cored and monolithic elec-
trodes are equalized. This will improve the efficiency 
of steel melting and power saving.

Figure 5 shows the curves of the change of current 
density along the electrode height (coordinate z) on 
the electrode axis of symmetry (curve 1), on the in-
terface of the core and the electrode body (curve 2), 
and on the electrode surface (curve 3): in Figure 5, 
a for the cored electrode, and in Figure 5, b for the 
monolithic electrode. The humps on the curves coin-
cide with the regions of the nipple location.

Figure 6 presents the curves of the change in the cur-
rent density in the radial direction (coordinate r) at dif-
ferent height (sections 1–5, see Figure 4): in Figure 6, 
a in the cored electrode, in Figure 6, b in the monolith-

Figure 4. Distribution of current density in the cored electrode (a) and magnified image of the electrode tip (a), similar data for the 
monolithic electrode (c) and (d)
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ic electrode. Breaks on the curves in Figure 6, a in the 
cored electrode coincide with the interfaces of the core 
and body of the electrode, which have different values of 
the specific electrical resistances.

Distribution of the current density in the electrodes 
in Figure 5 and 6 also correlates with the values of 
their specific electrical resistances at different tem-

peratures (Figure 1). It is clearly visible that signifi-
cant values of the current density are observed closer 
to the lower electrode tips, which are by an order of 
magnitude higher than over the greater length of the 
electrodes.

Figure 7 gives the temperature curves in the radial 
sections (coordinate r) at different heights (sections 

Figure 5. Curves of current density along the electrode height (coordinate z) on the electrode axis of symmetry (curve 1), at the core 
and electrode body interface (curve 2), on the electrode surface (curve 3) in the cored electrode (a); in the monolithic electrode (b)

Figure 6. Curves of current density in the radial direction (coordinate r) at different height (sections 1–5, see Figure 4) in the cored 
electrode (a), in the monolithic electrode (b)

Figure 7. Curves of temperature in the radial direction (coordinate r) at different height (sections 1–5, see Figure 4) in the cored elec-
trode (a), in the monolithic electrode (b)
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1–5, see Figure 4): in Figure 7, a in the cored elec-
trode, in Figure 7, b in the monolithic one.

Figure 8, a presents the calculated distribution of the 
electrical potential (effective values) in the cored elec-
trode body, and Figure 3, b shows the curves of electrical 
potential along the electrode height (coordinate z) on the 
electrode axis of symmetry (curve 1) and on the rectilin-

ear side surface (curve 2). Figure 8, c and d are the same 
in the monolithic electrode. The electrical potential over 
the greater length of the cored electrode is higher than in 
the monolithic one, in connection with the fact that the 
electrical resistance of the considered core composition 
at temperatures close to 1900 °C, is greater than that of 
the monolithic electrode.

Figure 8. Electric potential distribution in the cored electrode body (a) and curves of electric potential along the electrode height (co-
ordinate z) on the electrode axis of symmetry (curve 1) and on the rectilinear side surface (curve 2) (b); similar data for the monolithic 
electrode (c) and (d)

Figure 9. Distribution of magnetic induction for the cored electrode (a); for the monolithic electrode (b)
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Figure 9, a shows the distribution of magnetic in-
duction (amplitude values) for the cored electrode, 
and Figure 9, b is the same for the monolithic elec-
trode. Greater values of magnetic induction are ob-
served near the lower electrode tips.

Conducted calculations show the significant ad-
vantages of cored electrodes over the monolithic ones 
in terms of resource and energy saving during AC op-
eration of the furnace. This is confirmed by multiple 
melts of the structural and corrosion-resistant steels 
in industrial steelmaking AC arc furnaces of 50–60 t 
capacity under the conditions of A.M. Kuzmin Elec-
trometallurgical plant “Dniprospetzstal” (PJSC “Dni-
prosptezstal”), Ukraine.

Further studies should be devoted to more pro-
found investigation of electromagnetic, thermal and 
thermochemical processes in the cored electrodes and 
improvement of the mathematical model, in particular 
allowing for simultaneous operation of the three elec-
trodes of three-phase AC furnace.

CONCLUSIONS
1. A mathematical model was developed for numer-
ical modeling of the electromagnetic and thermal 
processes in the graphitized cored (composite) and 
monolithic electrodes of the steelmaking AC arc fur-
naces, which are separated from the three-electrode 
system of the three-phase furnace.

2. The model allows determination of the distri-
bution of the electromagnetic and temperature fields, 
electrical potential and current density in the elec-
trodes, plotting the dependencies of the mentioned 
characteristics on a number of parameters taking into 
account the temperature dependencies of the specific 
electrical resistances of the core and electrode body.

3. For the cored electrode the value of the core 
electrical resistance at temperatures approximately up 
to 1900 °C is greater than the resistance of the graph-
itized electrode body. Accordingly, the resistance of a 
cored electrode region at these temperatures is higher 
than that of a similar region for the monolithic elec-
trode. With temperature rising above the specified 
level, the core electrical resistance becomes smaller 
than the resistance of the graphitized electrode body, 
and the cored electrode resistance in such a region 
becomes smaller than that of a similar region of the 
monolithic electrode.

4. In the performed analysis it is taken into account 
that the AC arc on the cored electrode is defocused 
(its diameter is approximately equal to 1/2‒3/4 of the 
electrode tip diameter), spatially stable, elastic, highly 
stable in a wide range of lengths and electrical modes, 
it has high thermal inertia and lower temperature. 
Now, in the monolithic electrode, the arc is concen-

trated, the arc active spot is small, and it constantly 
migrates over the electrode tip surface, burning it out 
and overheating the surface of the melt, leading to in-
tensification of evaporation of the main and alloying 
elements from it.

5. It is shown that the current in the area of the arc 
active spot in the cored electrode (spot diameter based 
on experimental data is taken equal to 115 mm) flows 
relatively uniformly through its enlarged area, has 
lower density, compared to the monolithic electrode, 
and heating of the electrode lower part by currents is 
not as significant, as that in the monolithic electrode, 
where the current is concentrated in the arc active spot 
of a small area (with 50 mm diameter taken from the 
experiments).

6. In the case of the variable electric current flow-
ing through an electrode separated from the furnace 
and the arc, which is located in open air at the tem-
perature of 20 °C, the electrical losses and the tem-
peratures in the cored electrode are lower than those 
in the monolithic one, allowing prediction of a higher 
energy efficiency of the cored electrodes, compared 
to the monolithic ones, as well as smaller burnout 
losses of the core material, and their higher resource 
effectiveness, accordingly. The temperature of the 
cored electrode lower part was equal to 544 °C, and 
that of monolithic electrode was 1387 °C. The total 
specific resistive electrical losses in the entire elec-
trode volume under the same conditions (outside of 
the furnace) and with effective current value of 11 kA 
are equal to 0.1094 W/cm3 for the cored electrode, 
and 0.2113 W/cm3 for the monolithic one. Two times 
higher losses in the monolithic electrode are due to 
current concentration near the contact simulating the 
arc active spot.

7. Under the condition of thermal impacts on the 
electrode of the active arc spot (4440 °C for the mono-
lithic electrode, T0 = 4000 °C for the cored electrode), 
melt, furnace gases and furnace walls the calculated 
total specific resistive electrical losses in the entire 
volume of the studied cored electrode were equal to 
0.1417 W/cm3, and they are smaller than those in the 
monolithic electrode (0.3804 W/cm3) approximately 
by 63 %. It can be predicted that the current load in 
the cored electrodes during melting can be increased 
by approximately 7–8 % up to equalizing of electric 
losses in the cored and monolithic electrodes, which 
will increase the steel making productivity and will 
ensure energy saving.

8. Based on the results of the conducted calcula-
tion with the simplifications and assumptions accept-
ed in the mathematical model, it can be stated, that the 
cored electrodes have smaller electrical losses, lower 
temperature of the electrode working tip, compared 
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to monolithic electrodes, making the first more ener-
gy- and resource-efficient. This is also confirmed in 
practice during application of this type of electrodes 
in industrial steelmaking AC arc furnaces under the 
conditions of A.M. Kuzmin Electrometallurgical 
Plant “Dniprospetzstal”.
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