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Аннотация. В работе рассмотрен вопрос повышения производительности печей электрошлакового переплава. В качестве наиболее 

эффективного метода предложена технология ведения переплава на постоянном токе. Описание технологии затрагивает положительные 
и отрицательные эффекты, влияющие как на удельную производительность плавки, энергопотребление, так и на качество получаемых 
слитков в части их физико-механических свойств и химической чистоты. Способ ведения электрошлакового переплава с вращением 
расходуемого электрода предложен в качестве новой технологии, осуществлено краткое сравнение с используемой технологией 
наложения внешнего магнитного поля. Продемонстрированы схемы, которые наглядно показывают принцип управления формой 

  inbox@ivanalekseev.ru
Abstract. The paper describes the problem of increasing the productivity of electroslag remelting (ESR) furnaces. The remelting technology on direct 

current is proposed as the most effective method. The description of the technology touches upon positive and negative effects affecting the specific 
productivity of smelting, energy consumption, and quality of the obtained ingots in terms of their physical and mechanical properties and chemical 
purity. The authors proposed the electroslag remelting method with rotation of the consumable electrode as a new technology, and realized a 
brief comparison with the external magnetic field application technology. The schemes that clearly demonstrate the principle of controlling the 
crystallization front shape and the thermal center localization in the slag bath are considered. A stationary numerical model for the slag bath of the 
operating semi-industrial furnace ESR A-550 on direct current with polarity reversing ability was developed. The mathematical apparatus consisting 
of electrothermal, hydrodynamic and convective parts was constructed. The authors designed the mesh domain for a slag bath located between the 
consumable electrode and the water-cooled crystallizer with diameters of 60 and 90 mm, respectively. The height of the sub-electrode zone is 10 mm. 
The current limit is 800 A and the voltage is 46 V. Numerical fields of current density and temperature distribution in the slag bath volume are obtained. 
The range of temperature values is located in the range from 1400 to 2200 °C at the peripheral and subelectrode zones of the slag bath, respectively. 
The scheme of the ESR furnace modernization is given in terms of mechanical part automation and transferring to direct current. 

Keywords: electroslag refining, electrothermy, consumable electrode, finite volume method, computational fluid dynamics, computer simulation, 
mathematical modeling, technology, rotating electrode, direct current
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 Introduction

One of the promising directions for improving electro-
slag remelting (ESR) technology, as well as other indus-
trial electrometallurgical processes, involves optimizing 
the technical and economic performance of smelting fur-
naces. The prevalent design of ESR equipment consists 
of furnaces operating on alternating current at industrial 
frequency [1]. In line with electrical engineering prin-
ciples, direct current has an advantage over alternating 
current in minimizing energy losses due to the absence 
of inductive reactance in the main current-carrying circuit. 
Using this characteristic of electric current, it is rational 
to carry out remelting using direct current, which not only 
reduces energy losses, but also facilitates the arrange-
ment of polarization in the slag bath. This directly impacts 
not only the localization of heat generation following 
the Joule–Lenz law, also known as Joule heat, but also 
enables electrolysis reactions [2; 3]. The inclusion of elec-
trolysis stands as a pivotal aspect of utilizing direct cur-
rent, notably employed in vacuum arc remelting (VAR) 
furnaces to eliminate hydrogen from the chemical com-
position of remelted steels and alloys. Direct current is 
acknowledged to have a significant adverse effect, nota-
bly evident in continuous liquid and gas environments, 
termed magnetic blowout [4]. In engineering, the preva-
lent method to counteract the negative impacts of mag-
netic blowout in direct current welding involves control-
ling the behavior of the electric arc, particularly in manual 
electric welding [5]. During direct current ESR, magnetic 
blowout distorts the crystal structure of the ingot, comp-
letely compromising its isotropic physical and mechani-
cal properties. There exist methodologies to mitigate 
the influence of magnetic blowout on metal during direct 
current ESR, incorporating the utilization of a symmet-
rical current conductor to the tray and the consumable 
electrode. However, it remains challenging to entirely 
eliminate the adverse effects of magnetic blowout due 
to the presence of a current-conducting crystallizer, lead-
ing to magnetic blowout when employing current conduc-
tors with a pipe–spike arrangement. Consequently, ESR 

with direct current is exclusively performed at the maxi-
mum achievable fill factor, using reverse polarity, thereby 
enhancing the refining capacity of the remelting process 
and optimizing heat utilization, primarily emanating from 
the consumable electrode’s end [6].

This study proposes the use of direct current in ESR 
technology along with a rotating consumable electrode, 
presenting an effective approach to enhance metal remelt-
ing. This method ensures the isotropic nature of physi-
cal and mechanical properties in resulting ingots without 
compromising the refining capacity inherent in ESR tech-
nology. Maintaining isotropy in physical and mechanical 
properties implies preserving a high-quality crystal struc-
ture characterized by a uniform orientation of dendrite axes 
aligned coaxially with the ingot’s geometric axis, as well 
as achieving a higher density of crystals. The chemical 
properties of metal are characterized by ensuring homo-
geneity in the chemical composition of the base metal and 
addressing the presence of harmful impurities and gases. 
Homogeneity, in this context, refers to the uniform dis-
tribution of the base metal and particles of detrimental 
impurities and gases throughout the body of the crystal-
lized ingot. This distribution occurs without permitting 
additional contamination during the remelting process.

The objective of this study is to acquire data 
of the electrothermal process occurrence within the slag 
bath of the A-550 ESR furnace by creating a digital twin, 
subsequently enabling its validation.

The research aims are as follows:
– development of a numerical model of current kine-

tics within the slag bath of an ESR furnace;
– acquisition of the distribution field of current density 

and temperature within the spatial confines of the slag 
bath, followed by comprehensive analysis;

– formulation of a schematic diagram designed 
to upgrade the A-550 ESR furnace, facilitating the imple-
mentation of a direct current-based system allowing 
rotation of the consumable electrode, alongside its sub-
sequent realization.

фронта кристаллизации и локализацией теплового центра шлаковой ванны. Разработана стационарная численная модель для рабочей 
зоны действующей полупромышленной печи ЭШП А-550 на постоянном токе со сменой полярности. Создан математический аппарат, 
состоящий из электротермической, гидродинамической и конвективной частей. Геометрическая расчетная область спроектирована для 
шлаковой ванны, расположенной между расходуемым электродом и водоохлаждаемым кристаллизатором с диаметрами 60 и 90 мм 
соответственно. Высота подэлектродной зоны составляет 10 мм. Предельная величина тока 800 А, напряжение 46 В. Получены числовые 
поля распределения плотности тока и температуры в толще шлаковой ванны. Диапазон значений температуры располагается в пределах 
от 1400 до 2200 °С на периферийной и подэлектродной зонах шлаковой ванны соответственно. Приведена схема модернизации печи 
ЭШП за счет автоматизации механической части и перевода на постоянный ток. 

Ключевые слова: электрошлаковый переплав, электротермия, расходуемый электрод, метод конечных объемов, вычислительная гидродинамика, 
компьютерное моделирование, математическое моделирование, технология, вращающийся электрод, постоянный ток

Благодарности: Работа выполнена за счет гранта Российского научного фонда № 22-29-20049, https://rscf.ru/project/22-29-20049/.

Для цитирования: Алексеев И.А., Чуманов И.В., Сергеев Д.В. Разработка технологии получения слитков при ЭШП на постоянном токе 
с вращением расходуемого электрода. Известия вузов. Черная металлургия. 2023;66(5):623–630.

 https://doi.org/10.17073/0368-0797-2023-5-623-630

https://fermet.misis.ru/index.php/jour/search/?subject=электрошлаковый переплав
https://fermet.misis.ru/index.php/jour/search/?subject=электротермия
https://fermet.misis.ru/index.php/jour/search/?subject=расходуемый электрод
https://fermet.misis.ru/index.php/jour/search/?subject=метод конечных объемов
https://fermet.misis.ru/index.php/jour/search/?subject=вычислительная гидродинамика
https://fermet.misis.ru/index.php/jour/search/?subject=компьютерное моделирование
https://fermet.misis.ru/index.php/jour/search/?subject=математическое моделирование
https://fermet.misis.ru/index.php/jour/search/?subject=технология
https://fermet.misis.ru/index.php/jour/search/?subject=вращающийся электрод
https://fermet.misis.ru/index.php/jour/search/?subject=постоянный ток
https://rscf.ru/project/22-29-20049/
https://doi.org/10.17073/0368-0797-2023-5-623-630


Izvestiya. Ferrous Metallurgy. 2023;66(5):623–630.
Alekseev I.A., Chumanov I.V., Sergeev D.V. Development of technology for ingots production using electroslag remelting at direct current ...

625

 Materials and methods

The impact of rotating the consumable electrode 
on the metal mirrors the effect observed when applying 
an external magnetic field via a coil surrounding a water-
cooled crystallizer. In both scenarios, an active rotation 
of the slag and metal baths takes place. However, the expo-
sure to an external magnetic field at the interface between 
the slag bath and the metal film, located at the consumable 
electrode’s end, prompts the liquid slag to drag the liquid 
metal film due to interfacial surface tension forces [7]. 
In contrast, when employing the rotation of a consumable 
electrode, its structure captures the slag bath and transmits 
a co-directed rotational motion to it, gradually dissipating 
from the center towards the peri phery [8]. The external 
magnetic field generated by the coil predominantly affects 
metal droplets at the outer edge of the consumable elect-
rode’s end, influenced by surface tension, with limited 
impact on the central droplets. Conversely, the rotation 
of the consumable electrode directly influences the entire 
liquid metal formed at its end until it separates into drop-
lets due to gravitational forces. 

Both methods offer means to mitigate the effects 
of magnetic blowout. However, utilizing the consumable 
electrode’s rotation technology not only efficiently sup-
presses Ampere forces acting on the metal film and metal 
droplets during their transfer through the slag bath but 
also allows for tracking and controlling their trajectory 
within the slag bath and their landing on the metal bath 
surface. Fig. 1 presents a schematic diagram depicting 
the approximate trajectories of falling metal drops under 
two conditions: a stationary consumable electrode (or 
a consumable electrode rotating at an insufficient speed) 
and a rotating consumable electrode operating at an opti-
mal speed.

Fig. 1 illustrates that by using the impact of the con-
sumable electrode’s rotation, it becomes feasible to effi-
ciently mitigate the effect of magnetic blowout under any 
conditions while exercising control over the trajectories 
of falling metal drops. This control is achieved through 
the centrifugal force’s magnitude, which is directly reli-
ant on both the rotation speed and the diameter of the con-
sumable electrode.

Addressing the energy efficiency concerns of a DC 
ESR furnace involves managing the positioning 
of the heat center and the associated heat release, adher-
ing to the Joule–Lenz law. The utilization of direct cur-
rent facilitates the polarization of charges within the slag 
bath, directly influencing the placement of the heat cen-
ter. The intensity of Joule heat release correlates directly 
with the specific current density. Within the operational 
space of an ESR furnace’s slag bath, the specific elect-
rical conductivity remains relatively consistent but 
vari es proportionally with specific temperature. As metal 
droplets traverse the slag bath, they encounter regions 
of heightened electrical conductivity, momentarily crea-
ting branches of current flow. The refinement of droplets 
and their increased formation represent prerequisites 
for elevating the specific current density within the slag 
bath. Fig. 2 depicts a diagram illustrating the distribution 
of heat within a slag bath featuring both stationary and 
rotating consumable electrodes.

In Fig. 2 illustrates that when employing direct pola-
rity in direct current, the heat center within the slag bath 
resides at its interface with the metal bath. This displace-
ment results in the formation of a pronounced menis-
cus within the resulting ingot, with its vertical extent 
expanding due to axial metal droplet transfer. Notably, 
for the sake of comparative clarity with the techno logy 
involving the rotation of the consumable electrode, 

Fig. 1. Metal droplets tracks and vectors of the acting forces: 
a – stationary or rotating with insufficient speed consumable electrode;  

b – rotating with optimal speed consumable electrode; FL – Lorentz force; FC – centrifugal force

Рис. 1. Траектории падения капель металла и векторы воздействующих сил: 
а – стационарный или вращающийся с недостаточной скоростью расходуемый электрод; 

b – вращающийся с оптимальной скоростью расходуемый электрод; FL – сила Лоренца; FC – центробежная сила
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the impact of magnetic blowout is not accounted for in this 
scenario. Under the rotation of the consumable electrode, 
active movement of the slag bath ensues, accompanied 
by reversed convective fluxes compared to the stationary 
method. The transfer of droplets shifts from the center 
to the periphery of the slag bath. This alteration, coupled 
with the revised direction of convective fluxes, modifies 
the shape of the crystallization front, resulting in a flat-
ter metal bath. This alteration proves advantageous for 
the ingot’s crystal structure. As the consumable elect-
rode’s rotation speed escalates, the intensity of droplet 
transfer and convective flux velocity increases. Conse-
quently, these flows begin to wash the end of the consu-
mable electrode upward along its axis. When combined 
with the direct current’s polarity, this phenomenon can 
effectuate the displacement of the heat center along 
the consumable electrode’s axis and within the ingot. 
However, surpassing critical values might lead to the for-
mation of a concave end on the consumable electrode, 
diminishing droplet transfer intensity, enlarging droplet 
size, thereby creating an undesirable melting condition. 
Additionally, a peripheral meniscus in the metal bath 
might also form. Further insight into this issue, studied 
through physical simulation, is detailed in [9].

The determination of the effective current mode, coup-
led with the corresponding rotation mode of the consum-
able electrode, is achievable through the construction of a 
numerical model based on computational fluid dynamics 
principles. This approach has proven efficient in studying 
ESR, spanning from initial stationary problems [10; 11] 
to unsteady magnetohydrodynamic scenarios invol ving 

multiphase flow [12; 13]. The numerical simulation 
was conducted to analyze current distribution [14; 15] 
and the impact of external factors – such as the rotation 
of the consumable electrode – on melting speed [16; 17]. 
Additionally, electrochemical simulation concepts aimed 
at determining the resulting metal’s chemical homogene-
ity were developed [18 – 20].

The task of determining the amount of Joule heat 
released and localizing the heat center necessitates 
a combined approach to solving three subproblems: elec-
trothermal, hydrodynamic, and convective. The electro-
thermal problem simulates direct current kinetics, adher-
ing to the following fundamental law of the motion:

       (1)

where j is the vector of specific current density, A/m2; τ is 
the time step, s; φ is the gradient of electrical poten-
tials’ difference, V; σ is the specific electrical conducti-
vity of the environment, S.

The hydrodynamic problem is described by the 
Navier–Stokes transport equation:

    (2)

where v is the specific speed vector, m/s; p is the spe-
cific hydrostatic pressure, Pa; μ is the kinematic viscosity 
of the environment, Pa·s; Sb is the Archimedes buoyant 
force, N; Ssj is the origin of crystallization/melting phe-
nomena.

The problem of convective propagation and heat 
distri bution is addressed through the energy transport 
equation:

      (3)

where H is the specific enthalpy, J; λ is the specific ther-
mal conductivity, J/kg·K; qJH is the specific amount 
of heat released according to the Joule–Lenz law, J.

 Results and discussion

Iterative calculations were carried out on a compu-
tational grid, representing a two-dimensional portrayal 
of a slag bath in a longitudinal section. To facilitate subse-
quent validation on an operational ESR furnace, the geo-
metric dimensions corresponding to the consumable elec-
trode and the water-cooled crystallizer were considered. 
The outer surface diameter of the consumable electrode is 
60 mm, the internal diameter of the crystallizer is 90 mm, 
and the height of the subelectrode zone is set at 10 mm for 
enhanced result visualization. Given the relatively small 
length of the simulated area in comparison to the total 

Fig. 2. Heat centers’ positions and directions of the convective fluxes
 at stationary (a) and rotating (b) electrodes in direct current polarity: 

VQ – convection in slag bath; ω – angle speed

Рис. 2. Расположение тепловых центров и направленность 
конвективных потоков при стационарном (а) и вращающемся (b) 

расходуемых электродах при прямой полярности тока: 
VQ – конвекция в шлаковой ванне; ω – угловая скорость
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length of the 590 mm water-cooled crystallizer, the incli-
nation angle of the internal surface of the crystallizer 
(1.2°) was disregarded. During simulation, the current 
regime was set at 800 A and 46 V. The electrical conduc-
tivity of the environment was fixed at 120 S.

Post the iterative calculations on the established 
numerical model, output data was obtained and processed 
visually. This processing yielded information regarding 
the current kinetics in the slag bath and the temperature 
field. Figures displaying numerical fields of direct current 
kinetics are presented in Fig. 3.

Observations reveal that when melting using direct 
current of direct polarity is executed, the highest elect-
ric current density occurs above the surface of the metal 
bath. This density exhibits a gradient, declining from 
the center to the periphery and from the metal bath sur-
face towards the consumable electrode surface. Con-
versely, the reverse pattern is evident in the image depict-
ing reverse polarity, where the highest current density is 
observed at the end of the consumable electrode. Since 
Joule heat is released in regions of highest current den-
sity, its distribution reflects the pattern of the current 
density distribution. The silhouette of Joule heat mirrors 
the current density distribution pattern, as the equation 
determining the amount of Joule heat yields a scalar value 
derived from the absolute value modulus of the current 
density vector. Variations exist only in the absolute val-
ues of the numerical fields.

Fig. 4 depicts the temperature distribution diagram 
within the space of the slag bath.

Under the application of direct polarity current, 
a gradual reduction in the temperature gradient is obser-
vable, extending from the center of the metal bath sur-
face towards its periphery. This configuration highlights 
the hottest zone, represented as a concentrated spot at 
the center of the metal bath surface. The overall gradi-
ent exhibits a convex shape, tapering towards the end 
of the consumable electrode. However, in its vicinity, 

the temperature field expands somewhat, creating a dis-
tinctive hourglass shape with a lengthened lower part 
and a shortened upper section. A decline in temperature 
is evident as one approaches the periphery, particularly 
noticeable in the upper section of the crystallizer wall and 
the atmosphere – slag interface. Increased temperature 
at the slag-metal interface near the mold wall results from 
heightened current density arising due to the use of direct 
polarity. Upon examination of the temperature numerical 
field with reverse polarity current, the temperature gradi-
ent is similarly distributed from the central area towards 
the periphery. However, there is no evident localiza-
tion of heightened current density foci akin to the direct 
polarity scenario. This lack of concentration could pos-
sibly stem from the smaller diameter of the consumable 
elect rode relative to the metal bath, resulting in a reduced 
amount of released heat under reverse pola rity. This 
decrease is attributed to a lesser amount of current flow-
ing through a smaller diameter section, leading to reduced 
specific density. The longitudinal profile of the tempera-
ture gradient exhibits a concave shape, converging towards 
the surface of the metal bath but remaining nearly linear 
in its proximity, with a temperature drop evident towards 
the crystallizer wall. Here, the mold wall demonstrates 
higher efficiency in absorbing heat around the slag – metal 
interface due to the change in current direction. The vici-
nity surrounding the surface of the consumable electrode 
acts as a heightened heat source, cau sing relatively poorer 
heat removal at the atmosphere – slag interface compared 
to direct current polarity.

Quantitative data pertaining to current density and 
temperature characterizes the thermal distribution within 
the slag bath space, facilitating the prediction of furnace 
operating boundaries ranging from the complete absence 
of metal droplet transfer to the occurrence of jet metal 
transfer. Considering that the maximum temperature 
under direct polarity can reach 2200 °C above the metal 
bath’s surface, it becomes imperative to employ the rota-
tion of a consumable electrode with a 60 mm diameter, 

Fig. 3. Numerical fields of current density distribution in slag bath 
in direct (a) and reversed (b) current polarities

Рис. 3. Числовые поля распределения плотности тока в шлаковой 
ванне для прямой (а) и обратной (b) полярностей тока

Fig. 4. Numerical fields of temperature distribution in slag bath 
in direct (a) and reversed (b) current polarities

Рис. 4. Числовые поля распределения температуры в шлаковой 
ванне для прямой (а) и обратной (b) полярностей тока
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within a speed range of 80 – 120 rpm. This selection aligns 
with empirical results obtained from experimental melts 
detailed in [3]. This rotational mode, in conjunction with 
the designated power of the ESR furnace, necessitates 
conditions ensuring enhanced efficiency while maintain-
ing the maximum achievable melting speed without tran-
sitioning to jet metal transfer.

To further advance the technology and validate 
the numerical model, experimental melts are essential. 
Throughout the project, the existing A-550 ESR fur-
nace underwent modernization, involving the automa-
tion of mechanical and electrical components and recon-
figuration to operate using direct current. Fig. 5 depicts 
the functional diagram of the modernized furnace.

The furnace’s power supply system incorporates several 
key components, including a current regulator featuring a 
single-phase transformer (T), a controllable rectifier (CR), 
a phase pulse control unit (PCU), a smoothing filter (SF), a 
feedback loop on the current (Ifb ), сdetected via a resistive 
shunt (Rsh ), within the furnace power circuit, a control pro-
grammable logic controller (PLC), and an operator touch 
panel (OP). Furthermore, the automated furnace control 
system encompasses a slag pool voltage regulator, con-
structed around an electrode supply drive housing a trans-
mission mechanism (M), an asynchronous squirrel-cage 
motor (AM), a transistor frequency converter (FC), a con-
trol programmable logic controller (PLC) that receives 
a feedback signal (Ufb), and an operator touch panel (OP). 

 Conclusions

A numerical model of an operating semi-industrial 
ESR furnace running on direct current of direct and 
reverse polarity has been developed. This model includes 
a computational grid, mathematical apparatus, an algo-
rithm implemented on a computer, and a program code. 

Iterative simulations were conducted, yielding results 
in the form of numerical fields that underwent post-pro-

cessing for visualization purposes. These results clearly 
demonstrate the nature of the distribution of electric cur-
rent and temperature in the slag bath. They do not contra-
dict previously conducted research in this area and do not 
violate the laws of nature, which makes them valid for 
further application. 

The acquired insights into temperature and current 
density distribution within the slag bath offer both quali-
tative and quantitative perspectives on the electrothermal 
processes occurring in this space. However, this model 
necessitates further development, particularly in incor-
porating the magnetic component of direct current, spe-
cifically the Lorentz force achieved through the rotation 
of the consumable electrode. Simulating this scenario, 
considering the magnetic aspect of the current, would 
require transitioning to a wave representation of electric 
current movement within a blend of electric and magnetic 
fields through their respective potentials.

The A-550 ESR furnace underwent modernization, 
involving the automation of its electrical and mechanical 
components and conversion to direct current for conduct-
ing experimental validation melts. 
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