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Mass Transfer in Electroslag  
Processes with Consumable  
Electrode and Liquid Metal

Experimental and numerical comparisons of mass transfer processes during the 
electroslag remelting with consumable electrode (ESR) and electroslag refining with 
liquid metal (ESR LM) showed their identical refining capacity, despite the smaller 
both the slag–metal contact surface (twice) and metal overheat (by 70–95 K) in the 
latter case. As revealed, due to effect of metal movement inside the liquid metal 
drop, it moves in liquid slag faster than a solid particle of the same diameter. Under 
comparable conditions, it is experimentally confirmed that desulphurization at the 
ESR takes place mainly on the contact surface between the slag and metal baths, but 
not in the liquid metal film at the tip of a consumable electrode.

Keywords: electroslag remelting with consumable electrode, similarity criteria, tur­
bulence, stream, desulphurization.

1. Introduction

C i t a t i on: G.P. Stovpchenko, A.V. Sybir, G.O. Polishko, L.B. Medovar, and Ya.V. Gu­
siev, Mass Transfer in Electroslag Processes with Consumable Electrode and Liquid 
Metal, Progress in Physics of Metals, 21, No. 4: 481–498 (2020)

The industry’s demand for high-grade steels and alloys is constantly 
growing. Nowadays such steels and alloys are mostly produced by spe­
cial electrometallurgy technologies, of which the most common is elec­
troslag remelting (ESR). A scheme for standard ESR in presented in 
Fig. 1, a. ESR involves the use of consumable electrodes, which melts 
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at relatively low speed under a slag layer. A special kind of rain from 
metal drops creates a bath of liquid metal, which solidifies again in the 
water-cooled mould and forms an ingot. The ESR ingot is very solid and 
homogeneous along the cross section and height [1, 2]. 

The ingot formation rate in the ESR process is much smaller in 
comparison with processes of liquid metal casting into ingots or into a 
continuously cast billet by traditional metallurgy. An intentional sig­
nificant reduction in the potential productivity of the melting process 
for the sake of high product quality is a typical characteristic of all 
remelting processes. The purpose is to minimize the volume of the liq­
uid metal bath aiming to prevent the segregation of the elements and 
the formation of shrinkage cavities. Just the understanding that the 
stable and high quality of metal products require homogeneous composi­
tion and structure of the metal has led to a recent boom in development 
of additive manufacturing technologies, of which the ideology involves 
the layer-by-layer formation of products. This is necessary for the free­
dom in forming (so-called 3D printing) and ensuring of uniform and 
reproducible composition of the product, which is possible only by min­
imizing the liquid metal bath. We emphasize that majority of the mod­
ern additive production processes are the remelting ones [3, 4] because 

Fig. 1. ESR with consumable electrode (a) and liquid metal (b): 1 — consumable 
electrode (a) and a device for pouring metal (b), 2 — bath of liquid metal, 3 — ingot, 
4 — liquid slag, 5 — drops of liquid metal from the consumable electrode (a) and 
stream of liquid metal (b), 6, 7 — sections of the water-cooled mould. S1–S4 — the 
interaction surface of the liquid metal with slag
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solid blanks of pre-obtained chemical composition are used (wires, pow­
ders, etc.). In other words, all the technologies of special electrometal­
lurgy, namely, vacuum arc, electroslag, plasma arc and electron beam 
remeltings, are additive. The comprehension of this and the necessity of 
a more deep understanding of remelting processes nature (ESR in our 
case), has been a key for this research. 

2. State of the Problem and Research Objectives

In addition to the standard ESR with consumable electrodes, the electro­
slag technology with the use of liquid metal instead of consumable elec­
trodes, ESR LM, has been developed in recent years, which is schemati­
cally shown in Fig. 1, b. For its implementation, a sectional mould is 
used to bring the current to the slag through the upper section, which 
acts as a non-consumable electrode [5–7]. 

It is already proven within an extensive program of laboratory expe­
riments and industrial tests that the replacement of consumable electro­
des by liquid metal opens wide opportunities for improving the homo­
geneity of the ingot and the flexibility of technological process [8–13]. 
It concerns particularly the production of alloys, which have a large amount 
of alloying elements and are difficult to be deformed. 

At the same time, the increased application of new technologies and 
equipment instead of the standard ESR with consumable electrodes re­
quires a theoretical and experimental study of involved processes and the 
evaluation of quality of ingots, as well as the effectiveness of their produc­
tion. Even more, some details of mass transfer processes during stand­
ard ESR are not fully investigated, in particular, with respect to the 
surface where predominantly the refining takes place. Even today, many 
researchers support an idea about the main role of interaction between 
liquid metal in the film at the end of the consumable electrode and liq­
uid slag in the refining process, as well as in metal desulphurization 
during the ESR [14–16]. At the same time, B.I. Medovar and his school 
did not sustain this idea and considered that the refining processes take 
place on all the surfaces of metal–slag interaction and the main role is 
played by the interaction of liquid metal with slag at the interface of their 
baths in the melt ingot. [1, 2, 13]. For this reason, we made a compara­
tive analysis of these types of ESR — the standard one with a consumable 
electrode and that with a liquid metal to solve this fundamental question. 

Marks S1 to S4 in Fig. 1 relate to the reaction surfaces of metal and 
slag. To make similar the conditions of comparative experiments ESR 
with a consumable electrode and a liquid metal, they were performed in 
the same sectional mould with the same amount of slag. However, in the 
experiments with a consumable electrode, the current was supplied only 
to the electrode. The ingot remelting rate was kept the same. 
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For standard ESR, the contact surface area of the liquid metal film 
at the end of the consumable electrode, which melts in the slag bath, is 
marked as S1, whereas the surface area of the drop of a unique rain of 
liquid metal contacting with the layer of slag is denoted as S2. Be the 
same in the both types of ESR, the area of contact surface between the 
baths of liquid slag and metal is marked as S3. The area S4 is related to 
a stream of liquid metal in the ESR LM process. 

Let us analyse in this way conditions of the mass transfer in the course 
of interaction between metal and slag in the both processes of ESR at 
the same chemical composition and evaluate distinctions related with 
the substitution of melting of consumable electrode for the liquid metal. 

It is known that these processes differ in temperatures of the slag 
and metal because the traditional ESR requires significant overheating 
of the slag for melting the consumable electrode. It is impossible to sig­
nificantly reduce the overheating of the slag bath during the ESR with 
a consumable electrode because, for some physical features of contact 
heating during passage of an electric current, a decrease in slag tempe­
rature leads to the loss of process productivity up to cessation of elec­
trode melting. 

Usually, the temperature of the slag bath during the ESR with con­
sumable electrode is estimated to be of 100 to 250 K higher than the 
liquidus temperature of steel. The overheating of metal drops in the slag 
is considered as 90 to 100 K above this temperature [7]. In our compa­
rative experiments, the specific power consumption of ESR with consu­
mable electrode was on the average of 1350 kWh/ton of ingot, and only 
900 kWh/ton for the ESR LM. In other words, at equivalent processing 
rates, the total heat input to the system is smaller in the latter case. 

At the same time, the experience of continuous casting, where the 
ingot is also produced in the water-cooled mould, shows that it is suf­
ficient to maintain overheating not higher than 10 to 30 K in order to 
form a high-quality surface of the ingot, and this temperature margin 
is sufficient to pour a large-tonnage ladle. In the ESR LM, the metal 
from the heating pouring device can be fed with a minimum overheating 
of 0 to 15 K above the liquidus temperature and in some cases even be­
low it. It is clear that the slag temperature during the ESR LM will be 
also lower, which increases stability of its properties and reduces its 
electrical conductivity. A smaller electrical conductivity of the slag 
leads to additional savings in the electricity consumption, although it is 
rather small. 

In other words, taking into account the physical and chemical condi­
tions it is possible that interactions during ESR LM occur at tempera­
tures lower by 70 to 95 K. However, this should not significantly affect 
the reaction of metal desulphurization despite some increase in slag 
viscosity, which may hypothetically affect assimilation of non-metallic 
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inclusions. The undoubted advantages of lower temperatures of metal 
fed during the ESR LM and of the slag are the better conditions for 
solidification of the ingot. 

In addition to different temperatures, there is also difference in the 
development of the slag–metal interaction surfaces. The contact surface 
between the baths of liquid metal and slag, S3, is the same for ESR and 
ESR LM, and its area is close to that of horizontal cross section of the 
ingot. Physical and chemical interactions on this surface occur through­
out all the time of existing liquid metal baths in the both technologies. 
The contacting slag bath has a high temperature, although non-uniform 
along its height, as well as the turbulence, which is initiated by electro­
magnetic fields during passage of a powerful electric current, by the 
falling drops from the electrode or by the stream of liquid metal. 

In contrast to classical ESR process with an electrode, the first 
above-mentioned surfaces S1 and S2 are absent during the ESR LM, see 
Fig. 1, b, because there is no consumable electrode and the liquid metal 
is fed to the molten slag as a stream. The diameter of this stream and 
its granulation into the drops depend on the specific flow rate of liquid 
metal, which is fed by portions or continuously and on the height from 
which the stream falls. The liquid metal stream can open and break into 
drops due to the forces of inertia and viscous friction with the slag or 
surface tension, counter flow of slag etc. In any case, it is likely that 
the size of the formed drops does not exceed the diameter of stream. The 
total surface area of the stream and drops at the ESR LM is indicated 
as S4 in Fig. 1, b. 

According to the data from many sources [1, 2, 7, 17–21], because 
of the inherent high electric resistance and low thermal conductivity of 
slag, its highest temperature during the ESR with consumable elec­
trode, from 1900 to 2200 K, occurs in the place of contact with an elec­
trode. The film of molten metal at the end of the electrode (S1) is formed 
just due to contact with the overheated layer of slag. In modern ESR 
processes, the electrode surface (filling ratio) is of about 0.6 to 0.7 of 
the ingot one, so that the surface of the film is the same. Its thickness 
is of 0.08 to 0.52 mm in accordance with our experimental data and 
results of measurements and calculations performed by other research­
ers [2, 21, 22]. 

The size of drops depends on the diameter of the electrode and is 
directly proportional to it, whereas the current density is inversely pro­
portional and is of 1 to 10 mm, according to [23, 24]. The same values 
were obtained by the authors of [25] based on the results of numerical 
simulations, where the equivalent drops diameter was of 10 mm to15 
mm for the largest drops and 1 to 4 mm for the smallest ones. 

During the ESR LM, the stream of liquid metal, S4, also passes 
through the slag bath and the interactions on the slag–metal surface, 
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S3, occur all the time of the contact (Fig. 1). In a simplest case, if the 
stream is not broken into drops, the interaction surface can be expressed 
as the surface of a cylinder having the stream diameter and the length 
that matches with the mass of the metal at given productiveness. 

The absence of one of the interaction surfaces (film at the end of the 
electrode) and other type of metal transfer through the slag can affect 
the refining capacity during the ESR LM. The assessment of drop trans­
fer needs the taking into account a size of drops and time of their move­
ment in the slag melt within the frame of a corresponding physical-
chemical model. 

3. Parameters for Motion of a Metal Drop at ESR

The motion parameters of small particles (drops) in liquid fluid and 
their thermal interaction with this fluid are important in many metal­
lurgical, thermal and chemical processes. A significant number of stud­
ies is devoted to this subject, e.g., Refs. [26–29]. In relation to metal­
lurgical processes, the analysis is usually performed for motion of met­
al particles into the slag or slag particles into the metal during the 
production or refining of metal alloys [30, 31]. The motion of gas bub­
bles in metal or slag is also frequently investigated [32, 33]. The most 
important parameter in studies of the liquid particles dynamics is the 
resistance factor. Quite often, the resistance factor is determined either 
by Stokes’ law for motion at small Reynolds numbers or by the more 
complex dependences, which take into account a change in the nature of 
the flow around the sphere with increasing Reynolds criterion [34]. 

It should be emphasized that in most cases it is assumed that the 
investigated particle of liquid metal is a solid sphere. However, the mo­
tion of a liquid particle has a feature of a smaller resistance due to the 
lower friction forces on the particle surface. This feature is properly 
studied for the conditions of gas bubbles motion. The motion of gas bub­
bles or liquid drops in the liquid are quite similar in their physical es­
sence, which allows the usage of regularities resulting from experiments 
in a criterion form. Numerical methods are also used to study the mo­
tion of drops, which makes it possible to investigate the velocity fields 
outside and inside the drop [35]. However, these methods are quite dif­
ficult for calculations. 

The estimation of drop size formed during remelting the consuma­
ble electrode is in detail described in many works, e.g. in Refs. [2, 7]. At 
the same time, the assessment of the nature of drop motion through the 
slag is usually carried out according to Stokes’ law, which in our opin­
ion should be clarified more precisely. A scheme of drop motion in the 
slag bath presented in Fig. 2 has been used for calculations, where d is 
drop diameter, FG is gravity force, FA is Archimedes’ force, FD is motion 
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resistance force for the drop in the slag. Main quantitative properties of 
the slag and metal used in this simulation are listed in Table 1. 

As assumed in the simulation, a metal drop passing through the 
slag is heated to a temperature close that of the molten slag and it can 
be divided into smaller drops. The difference in the falling distance of 
the drops at the ESR and of the stream at the ESR LM is negligible. A 
reason for that, in up-to-date melting modes, the immersion depth of 
the consumable electrode is minimal and it can be assumed that the elec­
trode is located on the surface of the slag bath. The slag bath height was 
taken to be of 200 mm in calculations. The motion of metal drops of 
different diameters in the molten slag was estimated taking into ac­
count its viscosity and using hydrodynamics methods of multiphase 
medium [36–39]. Calculations describing the motion of a metal drop in 

Table 1. Thermophysical properties of slag and metal  
in modelling the heating of drops

Property Slag ANF-29 Metal (steel 45)

Viscosity µ, Pa⋅s temperature  
dependent variable

5 ⋅10−3

Density ρ, kg/m3 2780 7000
Heat capacity С, J/(kg ⋅ K) 1250   700
Thermal conductivity λ, W/(m ⋅ K) 3.2–3.5     35

Fig. 2. The scheme of forces (a) acting on a liquid drop of metal with diam­
eter d, which falls into the metal from the electrode (ESR) or occurs when 
the stream is crushed (ESR LM), and the nature of the motion in its volume 
(b) [25]
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the melt slag were carried out using criterial numbers of Archimedes 
(Ar), Reynolds (Re), and Nusselt (Nu): 
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where ρS and ρM are densities of slag and metal, respectively, in kg/m3; 
 μS is dynamic viscosity of the slag, Pa⋅s; d is drop diameter, m; U is drop 

motion speed, m/s; α is heat transition coefficient, W/(m2 ⋅ K); λS is 
thermal conductivity of the slag, W/(m ⋅ K); g is gravitational accelera­
tion, m/s2.

It is known that if a liquid drop moves in other liquid, three flow 
regimes can be operative [40]: according to Stokes (a viscous flow) with 
Re < 1, transient regime at 1 < Re < 1000 and according to Newton with 
quadratic law of resistance and Re > 1000. The equation binding the 
forces acting on a drop in a liquid during its stationary motion (gravity, 
Archimedes force and viscosity force) has the following dimensionless 
form [40]:

	 CD Re2 = 4–
3
  Ar,	 (1)

where СD is resistance factor of the motion, which depends on the flow 
regime. For the case of movement of a liquid drop in a liquid, the coef­
ficient СD is determined as
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	 CD = 0.44,   5000 < Re,	 (4)

where CD0 = 17.325 Re–0.947 + 0.341 is resistance for gas bubble; CD0 = 
= 24/Re + 4/ 3 Re  is that for hard sphere; μ* = μM /μS  is the ratio of dyna-
mic viscosities of metal and slag. For the considered case, μ* ∈ (0.01; 0.5).

Based on the value of the Archimedes criterion, one can find the 
diameter of the drop at which the flow ceases to be viscous. For our 
initial data, this diameter d = 2.9 mm at slag viscosity of 0.5 Pa ⋅ s and 
d = 0.29 mm at 0.01 Pa ⋅ s. Therefore, the movement of a metal drop in 
the melt slag should occur in the transient regime. In our case of motion 
of a liquid drop in a liquid under the action of gravity, due to smaller 
shear stresses at the liquid–liquid surface, its velocity will be higher 
than that of a solid sphere having similar diameter. This is possible due 
to the circulation inside the drop (see Fig. 3, b). 

A second important point is the non-stationarity of the motion pro­
cess because the initial velocity of the drop is zero and, e.g. for drops of 
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rather large in diameter, a steady state velocity determined by Eq. (1) 
will be only reached when it leaves the slag. Therefore, for calculation 
of drop motion time, it is necessary to solve the following equation: 

	 2( ) 3 ( )

4
M S S D

M M

C RedU
g U

d d

ρ − ρ ρ
= −

τ ρ ρ
.	 (5)

This differential equation cannot be solved analytically due to a complex 
dependence of CD on the velocity U. For this reason, a numerical method 
is used to solve it; the obtained solution looks like U = f (τ). Similarly, 
to obtain the time of drop motion through the slag layer of H in the 
height, the following equation is needed:

	 ( )
0

0
к

U d H
τ

τ τ − =∫
which was also solved numerically.

After determining the motion time and speed, one can estimate the 
dimensionless temperature θ = (tS – tM)/(tS – t0

M), which is acquired by 
drop in the slag. Its limiting values are θ = 1 in case if the drop is not 
heated, and θ = 0 when the drop reaches the slag temperature. This tem­
perature has been calculated for a thermally slender body in accordance 
with the well-known formula

	 3
exp .

M MC d

 ατ θ = −  ρ 
	 (7)

Fig. 3. The values of the contact surfaces of slag and metal in ESR and ESR LM, 
which are expressed in parts of the metal bath surface
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For estimation of the heat transition coefficient, the Nusselt criterion 
was calculated using the formula [41]:

	 Nu = 2.0 + 0.6 Re1/2Pr1/3,	 (8)

where Pr = Cpµ/k (Cp is a heat capacity of air at constant pressure, µ and 
k are the dynamic viscosity and thermal conductivity of air, respec­
tively) is the Prandtl number.

Two calculations were made to estimate a divergence between the 
calculations of passage time of the drop through slag layer according to 
the used model or to the Stokes’ law. Presented in percentage, the time 
difference between the motion of the drop according to Stokes’ law and 
to the used model was marked as ∆. The obtained result confirms a sig­
nificance of the performed above clarification, which took into account 
the effect of metal motion inside the drop compared to the results of 
calculations using the Stokes’ law (see Table 2). 

Under selected conditions and thermophysical parameters of materi­
als which were specified in this calculation for the ESR processes, a 
drop of liquid metal having, e.g., 9 mm in diameter moves in the liquid 
slag by 26% faster than a solid sphere of the same diameter. The calcu­
lated values of the Reynolds criterion for drops with a diameter of 2 to 
6 mm show a transient flow regime, i.e. the unstable turbulence where 
the flow can be both turbulent and laminar. For larger drops with Re > 1000 
the flow regime is turbulent, which affects the heat transfer. 

The values of the Nusselt criterion also increase with increasing of 
the drop diameter, which testifies an increase in heat transfer intensity 
due to convection in the motionless media. Only for drops with a diam­
eter of 2 and 3 mm, the calculated Nusselt criterion, from 2 to 20, is in 
the range typical for the laminar flow and for larger diameters of drops, 
which evidences a strong convective constituent of heat stream and is 
typical for turbulent flows. 

Table 2. Regimes of motion and heating of drops  
of different diameter (mass) in a layer of slag 0.2 m high

Diameter,  
mm (Mass, mg)

Velocity, m/s Time, s θ Re Nu ∆, %

12 (29.3) 0.246 0.841 0.003 136.3 13.2 13.6
13 (98.9) 0.341 0.627 0.067 282.6 18.1 16.8
4 (234) 0.421 0.526 0.202 464.3 22.6 10.3
5 (458) 0.475 0.477 0.337 656.9 26.6 13.2
6 (792) 0.521 0.445 0.449 863.6 30.2 15.9

17 (1260) 0.562 0.422 0.537 1088 33.6 18.5
18 (1880) 0.601 0.403 0.607 1330 36.9 21.1
19 (2670) 0.637 0.388 0.661 1587 40.2 26.0
10 (3670) 0.672 0.376 0.705 1858 43.3 26.4
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The calculations have shown a significant effect of inherent flows in 
the large drops on the velocity of their motion in the slag melt, which 
makes the prediction to be inaccurate, which is usually obtained accord­
ing to Stokes’ law for the motion of solid particles in the liquid. A rea­
son for that is the inherent turbulence of the drop and the related de­
crease in the resistance to its motion in the liquid slag. Therefore, large 
drops move relatively faster than drops of small diameter. 

In relation to comparable processes, it should be noted that, in the 
ESR with a consumable electrode, the size of drops is smaller and, ac­
cordingly, they move more slowly and are heated to a large extent. This 
is useful in terms of refining because of higher temperature and more 
effective surface, but does not favour the ingot solidification. 

On the contrary, the relatively large size of drops, into which the 
stream is split, or their absence create conditions for reducing the inter­
action with slag. This improves conditions for ingot formation because, 
as compared to the classical ESR, a decrease in temperature of slag and 
overheating of the metal in the ESR LM reduces the volume of the liq­
uid metal bath. 

Finally, a decision was made to test these formally logical models 
based on the direct experimental comparison of completion degree for 
physical-chemical processes under identical conditions.

4. Evaluation of Interaction Surfaces and Experimental  
Comparison of Refining Capacity in the ESR and ESR LM

Using a furnace for standard ESR and ESR LM with downward ingot, 
as well as a refractory lined crucible furnace for preparation of liquid 
metal and a flux melting furnace, experimental melts were performed 
in the laboratory conditions of the E.O. Paton Electric Welding Insti­
tute of the National Academy of Sciences of Ukraine. To ensure similar 
melting conditions and using comparable technologies, they were per­
formed in the same sectional mould of round cross section of 180 mm in 
diameter. The productivity of both processes was of 120–160 kg/h and 
withdrawal rate of the ingot was equal to 15–17 mm/min. 

The St45 steel was remelted under ANF-29 slag with layer height  
of 200 mm and specific consumption of 28 kg/ton. For calculated evalu­
ation of interaction surfaces, the mass rate of the feed was chosen to be 
160 kg/h (0.044 kg/s), which is typical for stationary stage of the process.

The size and amount of drops in the ESR were measured and count­
ed directly at the electrode tip of 160 mm in diameter during its rapid 
freezing. The obtained number of drops was recalculated into the mass 
melting rate and their total square as well as their reduced area have 
been determined (see Table 3), taking into account the resident time of 
drops in the slag in accordance with Table 2. 
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The low productivity 
does not allow the ESR RM 
to be poured continuously, 
so that the metal was 
poured in portions of 2 to 
3 kg. The productivity in 
formation of a qualitative 
remelted ingot is always 

low, and therefore, in most cases, the ESR LM is maintained using par­
tial giving of the metal. For example, even for large ingots of 2000 mm 
in diameter, the consumption of liquid metal of 0.4 to 0.6 kg/s is used. 

Under conditions of our laboratory experiments, the stream of liq­
uid metal had a diameter of 10 to 20 mm and was partially broken into 
the drops of smaller size. For calculations of the total surface area, it 
was assumed that the stream has a diameter of 10 mm and the drops 
constituted 15% of metal mass per second with uniform distribution of 
their quantity in size of 6 to 9 mm. 

Fig. 4. The stream surface of 
one mass, expressed as a part 
of the bath surface at its dif­
ferent diameters

Table 3. Characteristics of drops/streams in comparable ESR processes existing 
in the system for 1 second at the same mass productivity of 0.044 kg/s

Process
Diam­
eter, 
103 m

Amount  
of drops, 

pcs.  
or stream 
length, m

Mass, 
kg ⋅103

Total  
area  

surface, 
104 m2

Motion time 
of drops/
stream  

in the slag, 
sec

The total interaction 
surface with taking  

into account  
the motion time  

of the slag, 104 m2

ESR, drops 2 140 04.1 017.58 0.841 14.79
3 080 07.9 022.61 0.627 14.18
4 060 14.0 030.14 0.526 15.86
5 040 18.3 031.41 0.477 14.98

Total 320 44.3 101.74 59.81

ESR LM 
Stream 0.01 m 
(0.85 of mass)

Drops 
(0.15 of mass)

10 0.069 37.8 023.16 23.16

6 1 0.79 01.13 0.445 000.503
7 1 1.26 01.54 0.422 00.65
8 1 1.88 02.01 0.403 00.81
9 1 2.67 02.54 0.388 00.99

Total 44.1 30.38 — 26.11
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To compare and visualize the obtained results in relation to interac­
tion surfaces in both processes, their areas were presented as a part of 
the metal bath surface which was taken as a unit; see Fig. 3. 

It is obtained that the total interface of the metal and slag phases 
in the ESR is twice as large as that in the ESR LM, namely 2.03 against 
1.12 here and further in the parts of the surface of the metal bath. As 
expected, the largest difference, 0.79, is due to the surface of the elec­
trode. Nevertheless, due to the small size of the drops, the part of their 
surface constitutes 0.23, if to take into account velocity of their move­
ment in the slag, and 0.4 without that. 

For the ESR LM, the total surface is presented for the case of 
0.15% splitting of the stream having 0.01 m in diameter into large 
drops. If to take into account the velocity of their motion in the slag, 
their relatively small contribution is reduced from 0.028 to 0.012. 

It is remarkable that, with increasing stream diameter, its surface 
also increases, if to calculate it as a total surface of the cylinder and its 
part becomes more noticeable (Fig. 4). Therefore, in case of necessity to 
increase the contact surface of the liquid metal with the slag at the ESR 
LM, one can increase the stream diameter or arrange the stream disper­
sion, which, e.g., can be done by a counter supply of the inert gas. 

As soon as the refining ability of the electroslag processes ESR and 
ESR LM becomes mainly apparent as the removal of sulphur, it is pos­
sible to compare it by measuring the sulphur content in the metal before 
and after remelting using standard methods. 

The consumable electrode for the classical ESR and the liquid metal 
for the ESR LM were obtained from the same rough material by remelt­

Fig. 5. Sulphur content and the degree of desulfurization in the metal of ingots 
obtained by ESR and ESR LM under comparable conditions



494	 ISSN 1608-1021. Prog. Phys. Met., 2020, Vol. 21, No. 4

G.P. Stovpchenko, A.V. Sybir, G.O. Polishko, L.B. Medovar, and Ya.V. Gusiev

ing it in the electroslag crucible furnace. In the consumable electrode of 
160 mm in diameter for the standard ESR, the measured sulphur con­
tent was of 0.026–0.028 wt.%. 

Within the frame of accuracy, the close sulphur content of 0.025–
0.029 wt.% was obtained in the liquid metal before feeding it into the 
mould. The samples were cut from the finished ingots from the head, 
middle and bottom parts in the metal of which the sulphur content was 
determined; see Fig. 5. 

The same sulphur content obtained at the beginning of the remelt­
ing in the bottom parts of both ingots is a direct confirmation of a 
similar degree of development of physical-chemical interactions in the 
ESR and ESR LM. Therefore, despite a difference in the degree of sur­
face development, the ESR LM provides the same degree of desulphuri­
zation as it occurs in classical ESR. A decrease of the temperature by 
70–95 K for the metal fed into the melting space, did also not slow 
down the desulphurization process. 

The obtained results testify that the main refining reactions be­
tween slag and metal occur on the contact surface of the slag and metal 
bath, but not in the film at the end of the electrode. An additional argu­
ment against the view that the film at the end of the electrode is the 
main place of refining is that the Archimedes force counteracts the re­
moval of non-metallic inclusions in the slag. On the contrary, their as­
similation by the slag from the metal bath surface occurs in the most 
favourable conditions. 

A slightly higher degree of desulphurization in the ESR RM in the 
middle and head parts of the ingot results most likely from the addi­
tional action of slag which covered the liquid metal during storage in 
the crucible. For this reason, if it is necessary to increase the degree of 
refining in the process of ESR LM, it is possible to arrange additional 
processing of metal in the pouring device, or, e.g., a treatment with two 
slags having different compositions in the pouring device, crucible in 
our experiments, and in the mould. 

Finally, a decrease of the temperature of slag and metal overheating 
in the ESR LM as compared to the classical ESR reduces the volume of 
the liquid metal bath. This (in turn) improves conditions for ingot for­
mation and (as proven in practice) reduces the development of segrega­
tion processes, as well as allows the obtaining of a homogeneous metal 
composition and structure, which acts as a precondition for a high and 
stable properties.
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5. Summary

The numerical comparison of conditions for the heat-mass transfer proc­
esses in the slag-metal system during electroslag remelting with a con­
sumable electrode and with liquid metal at the ESR LM leads to follo­
wing conclusions. 

(i) The temperature of metal fed into the melting space at the ESR 
LM is lower by 70 to 95 K. 

(ii) Due to the absence of a film at the end of the electrode and 
smaller surface of the drops and stream, the interaction surface at the 
ESR RM is approximately twice smaller than at the ESR. 

(iii) Modelling the velocity in slag and heating of liquid metal drops 
according to the model that takes into account the flows in the drop 
volume have shown that, with increasing drop size, a deviation of their 
velocity from that predicted by Stokes’ law for a solid sphere of the 
same diameter increases. For drops of 3 to 10 mm in size, it increases 
by 3 to 26%, and the larger their size the higher is the increase of veloc­
ity of motion and the deviation rate according to Stokes’ law.

(iv) The same level of desulphurization in the both processes despite 
the difference in the development of the contact surfaces of metal and 
slag is experimentally proven, which indicates to the main role of the 
metal bath in the removal of non-metallic inclusions. The absence of a 
film at the end of the electrode and the smaller surface size of the 
stream and drops in the ESR LM does not reduce degree of desulphuri­
zation, which evidences the completeness of reactions of metal interac­
tion with slag and assimilation of non-metallic inclusions.
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Масообмін при електрошлакових процесах  
з витратним електродом і з рідким металом

Експериментальне та розрахункове порівняння масообмінних процесів при елек­
трошлаковому переплаві з витратним електродом (ЕШП) і рідким металом (ЕШП 
РМ) показало їхню однакову рафінувальну здатність, попри менші в останньому 
випадку (вдвічі) поверхню контакту шлак–метал і перегрів металу (на 70–95 К). 
Встановлено, що крапля рідкого металу в рідкому шлаку рухається швидше, 
ніж тверда частинка такого ж діаметру за рахунок ефекту руху металу всередині 
краплі. В порівнянних умовах експериментально підтверджено, що десульфура­
ція при ЕШП відбувається в основному на поверхні контакту шлакової та мета­
левої ванн, а не у плівці рідкого металу на торці витратного електроду.

Ключові слова: електрошлаковий переплав з витратним електродом, критерії 
подібности, турбулентність, струмінь, десульфурація.


