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General description of paper

Topicality of research.
The turbogenerator is used to generate elecricity in heat power engineering, including the

so-called primary source of nuclear energy - in nuclear power plants. The number of revolutions
of the rotor of the turbogenerator working in the nominal mode is 3000 rpm, therefore it should
be made of high strength and high vibration resistant steel. The modern method of obtaining such
steels is the so-called method of electro-slag re-melting of steels which is widely used in
electrometallurgy for obtaining steels with improved properties, where the steels obtained by
conventional classical methods (in a open hearth furnace, converter) are subject to electro-slag
re-melting.

It is known that in ordinary steel melting furnaces, melting of per tonne of steel requires
1257-10% KkJ of heat. To obtain the latter, 800 kWh of electricity is needed per tonne. It should
also be noted that twice more electrical energy is needed to obtain 1 ton of improved quality
steels by electroslag melting, that is, the cost of improved quality steels obtained by electroslag
smelting is doubled, and its cost is determined by the cost of spent electrical energy. Based on
this, the cost reduction of improved quality steels by increasing the efficiency re-melting unit it is
still relevant today.

Increasing the efficiency of the electroslag remelting unit, as the researchers (F.
Tavadze, B. Kashakashvili, Ninua, B. Paton, B. Medovar, J. Elliott and others) point out,
requires increasing the useful heat of the remelting process by reducing heat losses in the heat
balance equation. To this end, it is necessary to conduct complex experiments and research to
obtain improved quality specific steel grade by electroslag remelting.

By using the method of calculating current required studying the electric field and re-
melting that we proposed, the analysis of the thermal balance equation of the electroslag
remelting process of metals and the analysis of the individual components included in it is
simplified, which is necessary for reducing heat losses of the planned measures and for
improving the efficiency of a particular steel grade of improved quality during the electro-slag
re-melting of steel.

Goal and objectives of research. The purpose of the work is to study the electric field of
the electroslag re-melting process of obtaining the turbogenerator rotor blank and develop the
method of calculating current required for the re-melting process.

Research object and methods. The object of the research is the electroslag re-melting
process of producing the turbogenerator rotor. Due to the complexity of the electroslag re-
melting process and the difficulty of conducting meltings in real conditions and studying the
process, the simulation method has been used, in particular:

- aphysical model of the electric field research in the re-melting process;

- a physical model of the electroslag re-melting unit for studying the physical-

mechanical characteristics and chemical composition;

- a physical model (schemes) for calculating current required for electrolytic re-

melting.



To achieve the above-mentioned goal, the following objectives were set and attained:

7. Two different schemes for obtaining the high-speed rotor blank were developed;

8. On the basis of the preliminary experiment and the analysis of its results, it was justified
that studies for obtaining the real-size blank can be conducted on small-capacity
electroslag re-melting units.

9. A new method was developed for calculating the so-called Joule heat released in slag;

10. The method for determining thermal losses during electroslag re-melting was developed,;

11. Based on the conducted study of the electric field, the necessary coefficients for thermal
processes and calculation of current were developed;

12. The method of determining the error of thermal processes and current determination was
developed.

Novelty of research

Mathematical expression obtained taking into account the physical-mechanical

characteristics of the metal to be smelted and the slag used, as well as the main parameters of

the electroslag re-melting unit (crystallizer), was used for determining the thermal processes
of electroslag re-melting and calculating current required for re-melting.

The provisions brought to the defense involve each objective that was set and attained
in the dissertation.

Approbation of dissertation work and publications.

The issues discussed in the dissertation and their results were presented at the university
and international scientific conferences. The completed paper was discussed and reviewed at the
meetings of the Department of Energy and Telecommunications of the Faculty of Technical
Engineering of Akaki Tsereteli State University.

The research findings were presented in the form of reports at the 5th international
conference “Energy: regional problems and development opportunities”.

The main results of the thesis have been published in six scientific papers.

The volume and structure of dissertation. The dissertation consists of an introduction,
four chapters and conclusions, comprises 140 computer printing pages and includes 43 drawings,
15 tables, 3 annexes and list of references.

The introduction substantiates the topicality of research and formulates the goal and
objectives of research.

The first chapter discusses and analyzes the schemes of electroslag re-melting of metals,
as well as the results of preliminary research on obtaining the the turbogenerator rotor blank by
electroslag re-melting.

The turbogenerator rotor blank is a casting made by electroslag welding of three
cylinders with the same diameter and two ones with relatively small diameters (Fig. 1). Each
cylinder was obtained by electro-slag re-melting of fusible electrode made of the so-called rotor
steel of the Cr-Ni-Mo-V chromium-nickel-molybdenum-vanadium system alloy by electroslag
re-melting of the fusible electrode.

The strength of the rotor blanks obtained by all the discussed schemes of electroslag re-
melting meets the technical requirements. As preliminary studies have shown, the so-called



electroslag re-melting that we proposed by the scheme of the crystallizer with so-called non-
fusible electrode is characterized by a relatively high efficiency. Studies and analysis are needed
to determine the ratio of total heat and heat losses during this process, to determine the value of
current required for melting. Similar studies have been conducted on the electroslag re-melting
of a crystallizer by a stationary scheme (Fig. 2). However, it is quite difficult; we have proposed
a method for determining the terms included in the heat balance equation of the melting process
and calculating current required for melting.
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Fig.1. The Turbogenerator rotor blank

1- central cylinder of the rotor;
2- end of the rotor cylinders; a semi-arrow shows the place of welding,

3- end cylinders on which bearings (holding devices) are mounted

The same chapter considers the issue of simulation of electroslag re-melting of metals, in
particular, it is shown that the number and distribution of non-metallic inclusions in the casting
obtained by the industrial electroslag melting machine with the scheme of a stationary
crystallizer, as well as the strength characteristics in different places of the casting, according to
our and many other studies, practically coincide with the corresponding indicators of the
relatively small-size casting obtained in a crystallizer of the laboratory equipment i.e. the results
and methods of studying and calculating the processes of crystalliser in the electro-slag re-
melting laboratory units are valid for the process in the industrial unit crystallizer.

This gives the possibility of physical modeling of the process of electro-slag re-melting,
therefore studies and calculations were performed for the process of obtaining a real product
(Fig. 1) decreased by a factor of 10.



Fig.2. The classical scheme of elgétro-slag re-melting of metals.
1-Re-melting metal electrode; 2- Crystallizer; 3- Liquid slag bath; 4- Liquid metal bath; 5-
Molten metal casting; 6- Crystallizer bottom; 7- Current power source; lrem- Re-melting current.
Hsi- Slag bath height; derInner disamter of a crystallizer; dei- diameter of the re-melting electrode.

In order to reduce heat losses and electricity costs in the process of electroslag re-
melting, for producing the high-speed rotor blank, we have proposed an original design of a
crystallizer with the non-fusible electrodes.

The proposed crystallizer for electroslag re-melting with its original design, a new
electrical connection of the fusible and non-fusible electrodes, is significantly different
from crystallizer included inthe existing industrial electroslag re-melting equipment

(Fig.3).




Fig. 3. A section crystallizer of metal electrode re-melting and its connection scheme: 1 - electrode of re-
melting material; 2 - the upper section of crystallizer; 3-4 - the middle and lower sections of crystallizer; 5 -
crystallizer bottom; 6 — casting skin; 7- cast of re-melted metal; 8- re-melted metal bath; 9 — re-melted
slag bath; 10 — intersectional insulating layer; 11 - electrode re-melted metal drops; 12 - current source;
13 - current lines.

The second chapter presents the issues related to the study of the electric field of the
slag bath of the crystallizer during electroslag remelting of metals. In particular, the study of a
physical model making and potential distribution in one of the two-dimensional planes d.,. =
d,; of the slag bath.

It is a 0.1 mm thick sheet of alloy steel AISI 321, the length and width of which are
commensurate with the dimensions of the slag bath being under study, and it carries a ~100
times reduced current required for remelting. Moreover, the condition is met that when taking
measurements of the potential on it, its heating should not occur due to the so-called Joule's heat
release. By simulation of the slag bath, it has been revealed that the potential distribution and
therefore the electric field near the contact of a fusible electrode with the slag are heterogeneous

(Fig. 4).
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Fig.4. Distribution of the potential in the slag duriflg electroslag re-melting, When the potential is applied to the
fusible electrode from the current power source (dashed line, equipotential line; solid line - current lines)

dc - diameter of the base of a cylinder bounding the power lines.



Dispersion of current lines coming from the electrode is observed from the transition to
the slag bath along the entire height of the slag bath. For the quantitative assessment of the effect
of current flow in the slag bath after leaving the electrode, there has been introduced the so-
called flow ratio, which represents

Kfl =d./d, 1)

Its value depends on the diameter of the melting electrode, the composition of the slag,
and varies within K¢;~1,3+1,4.

The current flow ratio is one of the important factors for the calculation of the heat
released through current in the slag bath and current required for melting.

A different picture of the electric potential and current distribution is obtained during
electroslag re-melting by the non-fusible electrode crystallizer, as a result of studying their
physical model (Fig. 5). Here, the current flows between the fusible electrode and the bottom of
the crystallizer, as well as the upper and lower (2,4) non- fusible electrodes, from which it is seen
that the current passing through the slag bath is distributed near the crystallizer wall, it is
obviously expected that the heat generated in the slag near the crystallizer wall will be increased.
Therefore, it is necessary to investigate and determine thermal losses of non- fusible electrode
crystallizer and the amount of current required for melting, in order to identify its advantage or
disadvantage compared to other commonly accepted crystallizers.
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Fig.5. Distribution of the potential in the slag according to the physical model study,
when the potential from the current power source ( U=1V) is applied to the non-fusible
and fusible electrodes. 2, 4 - The right and left current leads of the upper and lower non-

fusible electrodes, 1, 3 - The model sheet and the current lead of a fusible electrode.



In the third chapter, some results of research conducted by scientists in many countries of
the world, including Ukraine, on electroslag re-melting are presented, which prove that due to
large heat losses during electroslag re-melting, its efficiency is below 50%; Determining the
thermal balance of a new crystallizer requires a lot of research work. In order to simplify the
latter, the work proposes a scheme for determining the thermal balance and calculating current
required for melting (Fig. 6), which shows the nature of the temperature change in the entire
height of the slag bath and fusible electrode, taking into account that the re-melting process is
long and their temperature practically does not change with time. This diagram also shows the
temperature change in one of the cross-section planes of the slag bath and the cooling system. If
the crystallizer is circular in shape, and the height of the slag bath in it is hg, the heat capacity of
the slag bath is Cs, while the density of the slag in the liquid state is vysi, the expersiion is
obtained to determine the so-called Joule heat released through current in the slag bath.

Qg1 = ﬂd?r/4 “heCo " Vi Trflll 2)

Taking into account the fact that when current passes from the fusible electrode to the
slag bath, there is the so-called current flow in the in the cylinder bounded by the diameter dc, as
well as the diameter of current passing through the slag depends on the diameter of the melting
electrode. In the case of a given crystallizer, the K coefficient of the shape of the crystallizer, the
expression (2) takes the form:

Q;l = n[dcr(l —-K )]2/4’ “he*Co " Vsi - Trflll (3)

The same chapter describes the peculiarities of the calculation of the heat removed from
the slag bath by the wall of the crystallizer with a sectioned cooling system of cooling with water
and the following expression is obtained for its determination:

chW:Q]'n'Lk'6k'nsl (4)

As can be seen from the diagram, in order to determine the heat removed from the wall of
the crystallizer with a sectioned cooling system to the entire surface of the slag bath, we need to
know the number of sections n, its dimensions ¢, §, and the efficiency n,;, in addition to the heat
released in the slag bath. The latter is determined by the capacity of unit re-melting from the
monogram
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Fig. 6. Calculation scheme of the heat removed from the slag bath of the electroslag re-melting
of metals by a fusible electrode of the contact surface

In the third chapter, the analytical expression of determining the amount of heat extracted
from the slag bath by the melting electrode in contact with the liquid front is obtained::

Q(;ﬁ, = ké (ﬂd;m/‘l‘)Xé ) ng;l ’ )/ggol ) Tgoﬁ/go (5)

In this expression, the coefficient k; takes account of the shape of the part of fusible
electrode immersed in the slag. X3 corresponds to the length of the melting electrode according
to the scheme proposed for calculation.

Cea1,Year, T are, respectively, the heat capacity, density and melting temperature of the
electrode material.

In the same chapter of the work, the expression of determining current required for
electro-slag re-melting of metals is obtained:

2
I _\/n(dér) /4'hsl'csl'ysl'T7€;l
] — ’

0,24Rg;

according to which it is enough to know the volume of the conductive part of the slag bath
during electroslag re-melting, as well as the heat capacity of the used liquid slag, its density, the
melting temperature of the slag and the resistance of the slag in the liquid state.

The fourth chapter presents, according to the calculation scheme proposed in the third
chapter, for a specific crystallizer, the total heat released in the slag bath passing through current,
the thermal balance equation of the heat removed from the slag bath from the wall of the
crystallizer, obtained according to the heat removed from the slag bath by fusible electrode.
according to which heat loss in fusible electrode is 11%, in the cooling system of the crystallizer
- 46%, and the heat transferred to the molten metal casting - 43%. (Fig. 7).

Similar results have been obtained in studies performed by other researchers.

Qe=2665K]~11%
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Fig. 7. The heat balance scheme of electro-slag re-melting by the scheme of a

fixed crystallizer scheme is made according to the calculation



The results of the study of the coefficient of correlation between the internal diameter of
the crystallizer and the calculated current values have also been calculated. It is low and amounts
to 0.75, which indicates that the amount of current required for electro-slag re-melting depends
on the size of the crystallizer and its shape, in particular, on the cylindrical or prismatic shape of
a crystallizer. Because of this, the so-called generalized parameter of the electro-slag re-melting
process has been developed..

Yg = (Yier + Y2e) Y3
where Y, .- Is an inner diameter of a crystallizer; Y,,.- diameter of the remelting electrode; Y-
the weight of the solidified slag bath.

The correlation coefficient between the generalized parameter and the calculated current
value is high and is 0.967.
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Fig.8. The relationship between the generalization parameter and current required for melting
1- Empirical relationship
2- Theoretical relationship

Vg = (ylc + yZe) " V3si

Taking into account the generalizing parameters, the amount of current required for
electro-slag re-melting is calculated in the crystallizers of different sizes (Table 1), with the
proposed (the we obtained) mathematical expression and compared with the values of currents
measured during electro-slag re-melting in the same crystallizer directly during the experiment.



Table 1
The inner diameters of a crystallizer of the re-melting electrodes used for electro-slag re-

melting, as well as the calculated and experimental values of currents required for melting.
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1| 254 12,7 5,625 5,8 22785
2 32 16 6,477 6.5 30206
3 36 18 7,226 7.2 38229
4 48 24 9,715 8,9 67963
5| 20x20 11,8x11,8 6,228 6.4 27933*
6| 22,5x22.5 16x16 7,800 7.6 43886*

*

I

eat released in the slag bath during electroslag re-melting in a prismatic crystallizer.

Mean absolute and mean relative errors have been calculated. The latter does not exceed
3%, which indicates that the method of calculation by the proposed scheme and obtained
mathematical expressions can be used for the development of new technologies for electro-slag
re-melting of metals, to solve specific problems (Table 2).

Table 2.
Errors of the calculated currents required for electro-slag re-melting by the proposed
scheme
I;, KA () carc; KA g g & &, %
1 |5,625 5,800 0,175 - 0,0311 -
2 | 6,477 6,500 0,023 - 0,0036 -
3 | 7,226 7,200 0,026 0,235 0,00408 2,9
4 19,715 8,900 0,815 - 0,0839 -
5 6,228 6,400 0,172 - 0,0276 -
6 |7,800 7,60 0,200 - 0,0256 -
> 1,411 0,1759




Main conclusions
3. The number and distribution of non-metallic inclusions in the casting, as well as the strength
characteristics in different places of the casting, according to our and other studies,
practically coincide with the corresponding indicators of the small-sized casting obtained in
the crystallizer of the laboratory unit; it is hereby established that both the results and
methods of the research and calculation of the developed model of the electro-slag process
and the plant are valid for the processes occurring in the crystallizer of the industrial plant.
4. A study with a two-dimensional model of the potential distribution in the slag bath during
electro-slag re-melting by the scheme of a fixed crystallizer:
- distribution of the potential near the contact with the weight of fusible electrode and,
accordingly, the electric field is heterogeneous;
- dispersion of the current lines coming from the electrode is observed when they pass into the
slag bath and covers an area that can be evaluated by the so-called current lines dispersion ratio
in the slag bath k = d./d,
- it has been established that k ~1,3+1,4, and it should be one of the determining values in the
calculation of the heat released in the slag bath and current required for melting.
3. A method for determining the total heat and heat losses during electroslag remelting is
proposed, which is based on the physical-mechanical characteristics of the remelting electrode
and the slag bath.
4. A calculation scheme for the total heat released through current in the slag bath has been
developed and an appropriate mathematical expression for the calculation of the released heat
has been obtained according to the height of the slag bath, the diameter of the inner wall of a
crystallizer, the heat capacity and density of the slag in a liquid state, as well as the slag melting
temperature.
5. The calculation expression of the heat removed from the inner wall of the electro-slag re-
meltng crystallizer by the scheme of a fixed crystallizer scheme has been obtained.
6. A mathematical expression has been obtained for the calculation of heat losses in the process
of remelting the electrode, taking into account the physical-mechanical characteristics of the
electrode and the slag bath.
7. For a particular crystallizer of electro-slag re-melting by the scheme of a fixed crystallizer,
using the proposed calculation scheme, there have been calculated: the heat released in the
fusible electrode; Joule heat released through current in the slag bath and heat removed from the
slag bath by the cooling system. The percentage distribution of the total heat released in the slag
bath in the resulting heat balance equation practically coincides with a recognized picture of the
heat balance distribution obtained by other researchers, which indirectly indicates that the
proposed scheme for calculating individual types of heat provides satisfactory accuracy.
8. The calculated value of current required for electro-slag re-melting in the crystallizers with
specific parameters practically coincides with the values of currents measured during the re-
melting process in these crystallizers. The average relative error does not exceed 3%.
9. The generalized output parameter of the electroslag re-melting process in a fixed crystallizer
has been developed:
Yy, = (Yier + Y2e)Yas,



It is a sum of the diameters of a crystallizer and the melting electrodes multiplied by weight mass
of the slag bath.
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