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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.
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AnHomayus. B paborte paccMOTpEH BOIPOC TOBBIICHHUS POU3BOAUTEIBHOCTH IEUeHl AIEKTPOILIAKOBOTO MeperuiaBa. B kauecTBe Hambosee
3¢ eKTHBHOrO MeTo/1a MPEUIOKEHA TEXHOIOTHS BEICHHUSI [IepeIliaBa Ha MOCTOSHHOM Toke. ONHUCaHUe TEXHOJIOTUH 3aTParuBaeT MOJ0KHTEIbHBIC
U oTpuLaresbHbe YGGEKTI, BIUIIONINE KaK HA YIeIbHYI0 IPOM3BOAUTENBHOCTD IUIABKH, SHEPronoTpedlieHne, Tak 1 Ha KaueCTBO MOJIyYaeMbIX
CIIUTKOB B YaCTH MX (DU3MKO-MEXaHMYECKHX CBOHCTB M XUMHUYECKOM 4MCTOTHI. CHOCOO BEACHHS 3JICKTPOILIAKOBOrO MEperuiaBa ¢ BPaICHUEM
PAcXooyeMoro »JeKTpoja IpPEeUIOKEH B KAaueCTBE HOBOM TEXHOJIOI'MH, OCYIIECTBICHO KPAaTKOE CPAaBHEHHME C HCIHOJIL3YeMOH TEeXHOJIOrHei
HAJIOXKCHHUs BHEIIHEr0 MAarHUTHOrO mouisi. IIpoieMOHCTPUPOBAHBI CXEMbI, KOTOPbIE HAIISIIHO MOKA3bIBAIOT MPUHIMIT YIPaBICHUs (HOPMOii
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(hpoHTA KpUCTAIUTM3ALMU U JIOKaJIM3allMel TeIIoBOro LEHTpa IIIaKkoBOH BaHHBL. PazpaboTana cranuoHapHasi YMCIEHHAs MOJeNb 11 pabouei
30HBI AelcTByomeill momynpoMemuieHHoH nean DI A-550 Ha mocToSHHOM TOKe co cMeHOM momspHocTH. Co3/1aH MaTeMaTHYECKHUH arapar,
COCTOSIIIUH U3 EKTPOTEPMHUUYECKOH, THAPOMHAMUYECKOH U KOHBEKTUBHOM yacTeil. [eomerpuueckas pacueTHas oOJIacTh CIIPOSKTUPOBAHA IS
IIIAKOBOHM BaHHBI, PACIOIOXKEHHOH MEXIy PacXoZyeMbIM 3JIEKTPOIOM M BONOOXJIAXIACMBIM KPUCTAIM3aTOpoM ¢ aumameTrpamu 60 m 90 M
COOTBETCTBEHHO. BhicoTa nojanexkrpoanoit 30161 cocrasisier 10 mm. [Ipenenbras Bennunna Toka 800 A, Hanpsbkenue 46 B. [lonyyens! unciosble
HOJISL pacIpeielIeHNs IIIOTHOCTH TOKa M TeMIIepaTyphl B TOJIIE IIITAKOBOH BaHHBI. J{Mama30H 3HAYE€HUH TeMIIepaTyphl pacloigaraeTcs B Ipeenax
ot 1400 no 2200 °C Ha nepudepuitHOH U MOJPIEKTPOIHON 30HaX IUIAKOBOM BaHHBI COOTBETCTBEHHO. [IpHBeaeHa cxemMa MOJCPHHU3ALUH MEUH
OIIT 3a cueT aBTOMATH3AIMHA MEXAaHIMYECKOW YaCTH M TIEPEBO/IA HAa MOCTOSIHHBIN TOK.
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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
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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.
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[l 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 periphery [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.

Metal droplets
tracks

Consumable electrode
end circumference

Crystallizer wall

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
varies 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 technology
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; F, — Lorentz force; /. — centrifugal force

Puc. 1. Tpaekropun nageHus Kameib MeTajlIa U BEKTOPBI BO3ICHCTBYIONINX CHIL:
@ — CTallMOHAPHBIN UM BPAIAIOLIMIICS ¢ HEIOCTATOUHON CKOPOCTHIO PACXOYEMBbIi HTIEKTPOJ;
b — Bpamaromuics ¢ ONTUMAILHOH CKOPOCTLIO PACXO/LyeMBIi 31eKTpOs; 7, — cuna Jlopenua; F . — neHTpodexHas cuna
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Fig. 2. Heat centers’ positions and directions of the convective fluxes
at stationary (a) and rotating (b) electrodes in direct current polarity:

Vo~ convection in slag bath; @ — angle speed

Puc. 2. PacrionokeHue TeIIoBbIX IEHTPOB U HANIPABICHHOCTh
KOHBEKTHBHBIX TIOTOKOB IPH CTalMoHapHOM (a) u Bpamaroiiemcs (b)
PacxXoIyeMBbIX MEKTPOAAX MPH HPSIMOM MOJISPHOCTH TOKA:

VQ — KOHBEKIIUS B IIUTAKOBOM BaHHE; () — YIJIOBasi CKOPOCTh

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 involving
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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:

LA ) (1)
ot

where j is the vector of specific current density, A/m?; t is
the time step, s; Vo is the gradient of electrical poten-
tials’ difference, V; o is the specific electrical conducti-
vity of the environment, S.

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

?+Vv(v) ==Vp+V(uVvv) +S, = S;v, (2)
T

where v is the specific speed vector, m/s; p is the spe-

cific hydrostatic pressure, Pa; p is the kinematic viscosity

of the environment, Pas; S, is the Archimedes buoyant

force, N; S . is the origin of crystallization/melting phe-
SJ

nomena.

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

a£+V(\7H)=V(7th)+qJH—‘aﬂ, 3)
ot ot

where H is the specific enthalpy, J; A is the specific ther-
mal conductivity, J/kg'K; ¢, 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'aslag 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
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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,

Current
density,
Am’

2,7
[ 25
a

- 20

- 15

- 1,0
0,5
0

b

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

Puc. 3. UncnoBble mons pacrpeaeaeHust INIOTHOCTH TOKa B IITAKOBON
BaHHE JUIsI IPsIMOiA (a) 1 0OparHoit (b) monspHOCTEH TOKa

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
electrode relative to the metal bath, resulting in a reduced
amount of released heat under reverse polarity. 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, causing 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,

Tempe-
rature, °C

2200
l 2070
a

- 1930

— 1800
— 1670
1530
1400

b

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

Puc. 4. Yuciosle oISt pacnpeieNieHust TeMIIEpaTypsbl B MIIAKOBOH
BaHHE JUTs NpsiMoit (a) u oOparHoii (h) monspHOCTE# TOKA

627



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(5):623-630.
Anexcees U.A., Yymaros U.B., Cepzees /].B. Pa3paboTka TEXHOJIOTHH MOJIy4deHUs cAUTKOB rpu 11 Ha NOCTOSHHOM TOKe C BpallleHUEM ...

)’
R 5 PLC [+
; ZS/VSZ Kvsi | L, SF a T
2 S
INvD1 N VD2 W@
I;N? ’ ””””” 7
R, $
R, Uy, %
— 1+—

Fig. 5. Functional scheme for semi-industrial ESR furnace A-550

Puc. 5. dyHkIMoHaIbHAS cXeMa JieiicTBYOIIEH nonynpoMbinuieHHon eun DT A-550

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 (/;, ), cdetected via a resistive
shunt (R, ), 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 (Uy), 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-
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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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