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ABSTRACT

Mathematical modeling of multiphysics processes of Joule heating has been conducted using a finite element model of a sta-
tionary current-supplying mould (CSM). To manufacture bimetallic products using a stationary current-supplying mould with
a circular cross-section during melting of a discrete additive at its batch feeding, the study presents the results of calculated
assessment of the dependence of such metal pool shape parameters as the mirror diameter and the liquid fraction depth on the
slag pool depth and CSM design parameters, namely the mould diameter, the thickness of copper bushings in the mould cur-
rent-supplying and forming sections, the water-cooled bottom plate thickness, and the variations in the graphite lining height
caused by wear. The findings will contribute to improvement of the mould design, optimization of the metal pool shape, and the
technology of discrete additive melting at batch feeding in a stationary CSM.
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INTRODUCTION

The method of surfacing and remetling in a cur-
rent-supplying mould (CSM) [1] has specific features
determined by the design of this device. First of all, it
represents a section nonconsumable electrode of a cir-
cular type. In CSM, the lower section, electrically iso-
lated from the upper one, is the forming one (FMS),
in which the metal pool (MP) is formed. The second
nonconsumable electrode represents a bottom plate or
a product being formed. In addition, due to a vertical
cut in a current-supplying section, a magnetic field is
generated in the melt, due to which, the rotation of
slag (SP) and metal pools in the horizontal plane is
provided. Stationary CSM has one more important
feature — comparatively small ingots (not more than
60 mm) are deposited in it.

Ksendzyk G.V., the author of the idea and the base
model of a current-supplying mould, suggested to use
a “clamping device for current supply connected to
the device for additive feeding to the slag pool” as a
means to influence the crystallization front shape of
the molten metal in the FMS. This enabled an adjust-
ment of the MP shape by means of varying the current
direction and value in the clamping device. This al-
lows making it more flat and thus reducing the risk of
defects in crystals [2, 3].

This is especially important for fusion of bimetallic
parts. Flat MP is achieved by selecting the optimal ra-
tio of currents, voltages and feed rate of a consumable
electrode or a consumable discrete additive, as well as
the thermal level of the SP and the intensity of heat sink
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through the mould walls [4]. The geometric CSM pa-
rameters, such as the diameters of the mould and elec-
trode (consumable and nonconsumable), the distance
between the MP mirror and the lower end of the graph-
ite lining (GL), the thickness of the electric insulating
gasket between the both sections of the mould and bot-
tom plate, have a great effect on the MP formation. A
series of works has been devoted to the control of the
metal pool formation process [5, 6]. In [5], a conclusion
is made, that a flat MP shape can be obtained in a dou-
ble-circuit surfacing at appropriate power ratios on the
mould and electrode. In [6], different existing methods
and technological techniques of the metal crystallization
control in electroslag remelting are characterized, which
are based on the use of metallurgical mechanisms and
external physical influences. It has been concluded that
the control of the process of primary crystallization of in-
gots, especially complex alloys and ingots of large diam-
eters, remains one of the key tasks in the further devel-
opment of electroslag technologies. In [7], the method of
impact on the metal pool shape by means of the external
magnetic field is used. Thus, the traditional Joule heating
and stirring of the liquid metal under the influence of a
directed magnetic field are combined.

As indices of the MP shape, geometric data of its siz-
es such as the relative average for the product surface,
penetration depth and relative penetration unevenness
[8, 9], as well as height of the cylindrical part of MP are
used. In the best case, the optimal MP shape should be
minimal in height and have a cylindrical shape.

In [10], the authors came to the conclusion that the
average mould section, which is conducting, shunts a
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part of SP and shifts the area of a predominant heat sink
into the near-wall area, leaving the central zone relative-
ly cold. However, directly near the mould wall itself, the
MP remains relatively cold due to water cooling of the
mould. As a result, the MP bottom can take a specific
shape of “sombrero”. The shape of the MP bottom in the
form of “sombrero” is characterized by a large relative
unevenness of the MP, so it requires optimization.

Mathematical modeling of heat exchange, melting
and solidification processes in the electroslag tech-
nology becomes an effective means of theoretical re-
search [11-14].

THE AIM

of the work is to analyze the factors affecting the MP
shape when manufacturing bimetallic products using
a stationary CSM with a circular cross-section in the
process of melting a discrete additive at its batch feed-
ing, as well as to optimize the thermal physical pro-
cesses of surfacing by means of mathematical mod-
eling. Within the frames of a calculation experiment,
the possibilities of improving the MP shape by varia-
tions in the CSM design were considered.

METHODS OF EXPERIMENTAL RESEARCH

In the work, the results of the experimental electroslag
surfacing (ESS) of layers with a different thickness us-
ing a stationary current-supplying mould with a vertical
cut in a current-supplying section were used [15]. This
surfacing was conducted to study the nature of variation
in the electrotechnical parameters of the discrete addi-
tive melting process at batch feeding. During the ex-
periment, rotation of the SP was observed. AC voltage
from the TShP-10 transformer with a sinusoidal volt-
age having four voltage variation degrees was supplied
to the terminals of the current-supplying mould section
(CSMS) and the mould bottom plate. The “liquid” start
was used. A batch four-time shot feeding by 2 kg was
performed. During the experiment, the voltage applied
to the terminals of the copper CSMS bushing and the

bottom plate, as well as the current in the CSMS-slag
pool-metal pool-product-bottom plate circuit were
measured in time. The digital conversion of the men-
tioned parameters and the calculation of the conduc-
tivity and consumed power of the measured electrical
circuit were performed. In the future, to simplify the
presentation, the obtained electrical parameters were
attributed to the CSM as a whole. Figure 1 shows the
nature of variation in the CSM electrical conductivity
in the process of the experiment.

After switching the current source from the 4™ to the
3 degree, the voltage in the CSM changed from 51 to
43 V. The shot charging was accompanied by a gradual
increase in the CSM current and electrical conductivity
even after the end of charging. This was partially ex-
plained by a decrease in the slag layer level between the
molten metal layer on the bottom plate and the graphite
lining of the CSMS, as well as an increase in the SP
temperature due to a rise in the current (from 1.9 to
2.8 kA). A drop in the current was achieved by switch-
ing to the 2™ and then to the 1 degree of the pow-
er source. In the physical experiment, CSM with the
following design parameters was used: internal mould
diameter D = 180 mm; CSMS height 4, = 90 mm;
FMS helght hyys = 73 mm; GL height h =65 mm; GL
thickness T =15 mm; SP depth h = 70 mm.

Stages of surfacing (Figure 1) t, — liquid slag
pouring, switching on the power source to the 4" de-
gree; t, — increase in the slag rotation; £, — 3" degree
is switched on; 7, — the process runs stable; 7, — be-
ginning of feeding the 1* shot batch; z, — end of feed-
ing the 1* shot batch; #, — beginning of feeding the
2" shot batch; 7, — end of feeding the 2" shot batch;
t,— beginning of feeding the 3" shot batch; ¢, , — end
of feeding the 3" shot batch; 7, — beginning of feed-
ing the 4" shot batch; t , — end of feeding the 4" shot
batch; ty— the 2" degree is switched on; 7, — the 1%
degree is switched on; 7 , — pool rotation is normal;
t,, — switching off the power source.
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Figure 1. Variation in current, electrical conductivity and voltage on CSM over time in the process of surfacing
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Figure 2. Dependences of power, consumed by the mould, on the
CSM electrical conductivity for four degrees of voltage variation
of the TShP-10 power source, obtained during surfacing: 7 — first
degree; 2 — second degree; 3 — third degree; 4 — fourth degree

In the experiment, ANF-29 flux (melting point is
1230-1250 °C); the shot being deposited from chro-
mium cast iron, batch by 2 kg were used. During melt-
ing, a shot batch turned into a liquid metal, which was
subsequently solidified in the form of a deposited lay-
er of ~12 mm thick.

Based on the results of the experiment data analy-
sis, the dependence of the specific electrical conduc-
tivity of ANF-29 flux o on the SP temperature at a
hypothetical point of its maximum value o [T,.J=

max:

= 1.349-103T-%® + 138.2 was obtained for the tem-
perature range of 1000-2000 °C. A hypothetical point
of the maximum value of the SP temperature is a point,
at which the SP temperature reaches the highest value
at set electroslag process parameters. The maximum
value of the SP temperature at a hypothetical point
was determined as a result of calculating the thermal
SP field using an additional CSM substitution design
model, similar to that described in [15].

Based on the results of the analysis, the depen-
dencies of power consumed by the CSM on the CSM
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electrical conductivity for four degrees of the power
source were obtained (Figure 2).

The data of these dependencies were used to
predict surfacing parameters that were not obtained
during a physical experiment. Analytical appearance
of the obtained dependences is the following:

P(G) = a exp(bG) + ¢ exp(dG) ,

where for the 1% degree: a = 77.16; b = —0.001076;
¢=-75.78; d=-0.02025; for the 2" degree: a = 124.0;
b =-0.0011076; ¢ = —121.8; d = —0.02025; for the
31 degree: a = 160.6; b = —0.001076; ¢ = —157.7;
d = -0.02025; for the 4" degree: a = 197.6;
b=-0.001076; ¢ =-194.0; d =—-0.02025. Determina-
tion coefficient is R = 0.9999.

The data obtained as a result of the experiment
were used to create and validate the ESS mathemati-
cal model of in the CSM.

MULTIPHYSICS MODELING

Multiphysics modeling was performed on a graphic
three-dimensional model (Figure 3, @) with modeling
of the Joule heating. The model contains the upper
current-supplying mould section, consisting of a cop-
per water-cooled bushing without a vertical cut and a
graphite lining, as well as the lower forming mould
section, which is the second copper bushing. In ad-
dition, the model contains a slag pool, a product, a
bottom plate, a skull between the forming section and
the SP/product, as well as asbestos insulation between
the sections of the mould and bottom plate.

By means of the magnetic field generated by the
current-supplying mould section, the rotation of slag
and metal pools in the horizontal plane is provided.
As a result, heating of the external water-cooled SP
edges and heat sink from its maximum heating zones
is intensified, which in itself leads to the thermal SP
field equialization in a horizontal cross-section and
an increase in the intensification of the surfacing pro-
cess and the consumed power. However, in the scien-

Copper
CSMS bushing

Asbestos
insulation

Figure 3. Examples of model scheme: a — CSM design; b — finite element model of CSM
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Table 1. Physical properties of materials for modeling

Parameter Product Slag Graphite Asbestos Copper
Heat conductivity Cp, J/(kg'K) 475 1200 710 1000 385
Relative dielectric permeability & 1 1 1 5 1
Density p, kg/m? 7850 8960 1950 p[T] 8940
Thermal conductivity £, W/(m'K) 44.5 60 150 KT 400
Temperature expansion coefficient a, /K 12.3-10° - - - 3.862:10°°
Specific electrical conductivity o, S/m 4.032-10° o, 7] 2-10° 4.032-10¢ 5.998-107

tific literature, there are different opinions about the
electromagnetic effect on the depth of a metal pool,
formed during the electroslag process. As noted by
Ksendzyk G.V. in [16], “some of them believe that
simple rotation of slag and metal pools leads to an
increase in the MP depth and only a reciprocating
movement ensures its decrease”. We believe that the
solution of a hydrodynamic problem associated with
the movement of liquid in the slag pool can adjust
certain values of the metal pool depth relative to that
calculated using the presented model. We also believe
that the trends of the effect of variations in the geo-
metric parameters of the model on the MP shape will
not change. In connection with the stated above, when
modeling a current-supplying mould, we did not use
an split current-supplying section, which provides
the rotation of slag and metal pools in the horizontal
plane, did not solve the hydrodynamic problem, but
limited to electromagnetic and thermal models.

Based on the provisions of the theory of similarity
[17], a geometric model was created, that takes into
account the similarity of its geometric parameters
with the geometric parameters of the physical mod-
el. The main condition for modeling was to provide
the maximum correspondence of the geometric part
of the model with the geometric parameters and the
results of the physical experiment. The physical prop-
erties of the materials of the slag, welding product and
electrodes were used (Table 1).

The model uses the following design parameters:
internal mould diameter D= 180 mm; CSMS height
hegys = 90 mm; FMS height hws =74 mm; GL height
hg = 80 mm; GL thickness T = 15 mm; SP depth
h,, = 90 mm; thickness of copper CSMS bushing,
the surface of which is cooled with water / o = 7 mm;
thickness of copper FMS bushing, the surface of
which is cooled with water 4, = 15 mm; asbestos in-
sulation gasket height 2, =7 mm product height h
= 15 mm; bottom plate helght h, =20 mm.

Parameters p[T], k[T] are set by the appropriate
approximation dependences on the temperature 7, K
(not given in the article).

The SP is heated at the expense of the Joule heat
released while passing the electric current through it.
To study the distribution of electric field, current and

potential in slag and metal pools, as well as to analyze
the heat distribution in the volume of the studied zone,
a finite element model was used (Figure 3, b).

The model solves the following thermal conduc-
tivity equations:

oT
p(7)C,

= +V-g=0.,

where g =—k(T)VT; Q is the additional heat source
(in capacity of which, a heated metal pool can be
used), W/m?; g is the heat flow density, W/m?.

In the stationary coordinate system, the point form of the
Ohm’s law has the following appearance: J = o(7)E; where
Jis the current density, A/m?; E is the electric field strength,
V/m. The static form of the equation of current continuity
in the electrically conductive environment requires: VJ =
=-Vo(T)VU =0, where U is the voltage on CSM, V.

In the model, a stationary problem is solved and
the results of the already established process are de-
rived. The model allows determining the potential,
current density and temperature at each point of the
studied space in different variations (within the pa-
rameters determined by the technology) of the mould
diameter, product thickness, distance between the MP
and the lower CSMS edge, SP depth, etc.

The following restrictions were accepted for cal-
culating the parameters of multiphysics processes in
the model:

e hydrodynamic processes in the slag pool are not
considered;

e device for water cooling of copper CSMS and
FMS bushings and bottom plate is not considered;

e clectrical contacts of the model are free side sur-
faces of the CSMS electrode and bottom plate;

e supplied voltage on the CSM does not exceed
15-60 V;

e power source current does not exceed 7 kA;

e the maximum value of the temperature 7 of
heating SP elements does not exceed the boiling point
of the slag. In the model, 7= 1800 °C;

e thermal losses due to radiation are not considered;

e the values of only set parameters after the transi-
tion process are considered.
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Based on the results of analysing the data obtained
from the experiment, the dependence of the specific elec-
trical conductivity of ANF-29 flux on the SP temperature
at the point of its maximum value is determined. This
dependence was used to control 7 when calculating
modeling results with the aim not to exceed it. If as a re-
sult of the mathematical experiment at set input param-
eters, T’ exceeds the boiling point of the slag, then the
values of input parameters are reviewed.

MATHEMATICAL EXPERIMENTS
ON THE MP FORMATION

INFLUENCE OF THE SLAG POOL DEPTH
ON THE METAL POOL SHAPE

The impact of a growth in the SP depth on its thermal
level at a constant interelectrode distance was consid-
ered under the following initial conditions: distance
between the product and the level of the lower CSMS
edge H = 73 mm; SP depth hp = 90 mm; voltage
on the CSM relative to the bottom plate U = 42.7 V.
The calculation under these initial conditions showed
that the maximum SP temperature at the level of the
lower CSMS edge T CSMS = 1767 °C; the maximum MP
mirror temperature 7, , = 1450 °C; the electrical con-
ductivity of the mould G, =44.5 S; the consumption
power P = 81.1 kW; the maximum depth of the lig-
uid part of MP H, = 6.7 mm; the depth of the interfa-
cial part ofMPH . =2 mm.

After an increase in the SP depth by 40 mm (from
90 to 130 mm), the values of other parameters being
constant, the calculation showed the following: the
maximum SP temperature at the level of the low-
er CSMS edge T CSMS = 1627 °C; the maximum MP
mirror temperature 7, = 1525 °C; the electrical con-
ductivity of the mould G, =49.9 S; the consumption
power P =91 kW; the maximum depth of the liquid
part of MP H, = 9.6 mm; the depth of the interfacial
partofMPH =2 mm.

The relative impact of the SP depth, other geomet-
ric parameters being constant, on the power consumed
by the process, the CSM electrical conductivity and
the MP depth is the following: 6P = (91 —81.1)/40 =
=0.25;8G, = (49,9 — 44.5)/40 = 0.135; 8h, = (9.6 —
—6.7)/40 = 0.0725.

From this it follows that an increase in the SP
depth, other geometric parameters being constant,

leads to an increase in the MP depth. For example, an
increase in the SP depth by 10 mm leads to an increase
in the MP depth by ~0.7 mm.

IMPACT OF THE WEAR VALUE
OF THE LOWER EDGE

OF THE GRAPHITE LINING
ON THE METAL POOL SHAPE

The impact of the wear O, of the lower edge of the
graphite lining of the CSMS as a result of operation
on the power consumed by the mould, electrical con-
ductivity and MP depth is considered. For the calcu-
lations, six values of the GL wear height relative to its
initial location were accepted, bearing in mind that at
the value O = 0, the calculation was carried out in the
p. 1. The results are given in Table 2.

In Nos 5 and 6 of the experiment, the lack of the
pool is predetermined by the absence of the required
level of power released in the slag pool under these
created conditions.

The data (Table 2) indicate a significant impact of the
wear of the lower GL edge on the MP formation. This
phenomenon is associated with sharp cooling of the SP,
caused by a direct contact of the slag with a water-cooled
copper bushing. It is important to keep in mind that de-
pletion of the wall in the copper CSMS bushing can lead
to its rapid wear due to electric erosion, especially taking
into account, that the lower CSMS edge is characterized
by the highest current density, flowing in the mould. In
addition, an increase in the GL production leads to an
increase in the contact area with the slag and, accord-
ingly, to an increase in the temperature of the copper
bushing wall that borders it. The larger the area of the
current-conducting bushing is protected by graphite,
the lower probability of damages to the bushing in this
place with erosion and the greater the probability that
with some small area of an unprotected bushing and the
corresponding low current density passing through this
part, the formation of slag crust on this small surface area
is probable. Therefore, at some point and within some
time, there may be a replacement of graphite protection
of some part of the copper surface with the help of a slag
crust. But since the current-supplying section is connect-
ed to the power source, with the further increase in the
area of unprotected graphite of the copper bushing, the
copper wall will be heated to the melting point (about
1100 °C) and an emergency situation may occur.

Table 2. Impact of wear of the lower GL edge on the metal pool shape

Exp. No. GL wear Power CSM conductivity MP depth MP mirror
0,, mm P, kW G,S H,, mm diameter @, mm

1 0.1 80.2 44.0 6.7 176

2 1 79.6 43.6 6.2 176

3 4 77.2 423 4.28 146

4 8 73.9 40.6 1 74

: = B 87 — No pool

6 16 67 36.8 —
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Figure 4. Examples of modeling results: @ — graphite lining wear location; b — graphic temperature distribution in CSM at GL de-

formation

Figure 4 shows fragments of GL wear modeling.

IMPACT OF VARIATION IN THE THICKNESS
OF THE COPPER CSMS BUSHING
ON THE METAL POOL SHAPE

The thickness of the water-cooled upper CSMS and
the lower FMS copper bushings, as well as the thick-
ness of the water-cooled bottom plate together with
the workpiece determine the consumed component of
the CSM thermal balance. As a result of variation in
the thicknesses of the mentioned components of the
CSM design at a constant voltage, it is possible to
change the thermal level of the surfacing process and
influence the MP shape.

The created model was used to analyze the level
of the impact of the variation in the wall thickness of
the copper CSMS bushing / on P , G, and H, » The
initial value / =7 mm. Table 3 shows the results of
calculations of the impact of the thickness of the cop-
per CSMS bushing on the MP parameters. The cal-
culations were performed at the voltage on the CSM
U = 35.7 V, the distance between the MP mirror and
the lower CSMS edge is 58 mm.

The given data indicate that at a voltage being
constant, there is almost no impact of the wall thick-
ness of the copper CSMS bushing on the electrical
conductivity of the mould, consumed power and the
temperature of the bushing side bordering on the GL.
The variation in the wall thickness has a relatively
small impact on the MP depth. As the wall thickness
of the copper CSMS bushing becomes larger, the MP
depth increases slightly and the mirror diameter or the

height of the cylindrical part of the MP grows slight-
ly. This is explained by the fact that with an increase
in the wall thickness of the copper CSMS bushing,
the thermal level of the SP grows due to reduction in
losses through the bushing. At a constant value of the
power consumption, the MP heating grows. This is
accompanied by an increase in the depth and width
of the MP. The fact that a slight variation in the wall
thickness leads to the variation in the temperature of
the bushing side, which borders on the GL, indicates
that the wall thickness can still be reduced to a certain
value, which depends on the arrangement of the sys-
tem for cooling the copper bushing. At the same time,
the MP depth will decrease.

Due to the fact, that the CSMS bushing is under the
thermal and electric protection of the GL, it becomes
necessary to check the possibility of replacing the copper
bushing with a steel one, which is less expensive.

REPLACING THE COPPER CSMS BUSHING
WITH A STEEL ONE

Impact on the metal pool shape. The experiment was
conducted in the conditions similar to those specified
in the p. 3 of the section. For the experiment, St3 steel
was selected. The presented data (Table 4) confirm
that when replacing the copper CSMS bushing with
a steel one and while keeping the same voltage on the
CSM, as in the previous experiment, the consumed
CSM power and electrical conductivity remained un-
changed. However, an increase in the thermal impact
on the MP was observed, which led to an increase in
its depth and the mirror diameter. Hence, it follows

Table 3. Analysis of the impact of the wall thickness of the copper CSMS bushing on the MP parameters

Exp. No. Thickness of copper Power P, kW CSM conductivity MP depth 7, mm MP mirror diameter | Temperature of the
wall [, mm " G,.S i 9,,, mm copper wall, °C
1 7 71.9 56.5 7.2 162 571
11 72.0 56.5 7.4 162 580
3 15 72.0 56.5 7.5 164 590
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Table 4. Analysis of the impact of replacing the copper CSMS bushing with a steel one on the metal pool shape

Thickness of steel CSM conductivity MP mirror diameter | Temperature of the
Exp. No. wall ZW mm Power P, kW G,,,: S MP depth Hif, mm @mp, mm steel wall, °C
1 7 71.9 56.5 8.8 172 701
2 11 72.0 56.5 9.7 176 761
3 15 72.0 56.5 10.4 176 810

Table 5. Analysis of the impact of the wall thickness of the copper FMS bushing on the MP parameters

Exp. No. Thickness of copper Power P, kW CSM conductivity MP depth A , mm MP mirror diameter | Temperature of the
wall &, mm " G.S P @mp, mm copper wall, °C
1 7 76.1 56.5 7 167 559
11 76.2 56.5 7.2 167.8 565
3 15 76.2 56.6 10.2 170.2 588

that by reducing the voltage on the CSM and, accord-
ingly, reducing the consumed power of the CSM, it is
possible to return the characteristics of the MP to the
values similar to the previous experiment (p. 3).

IMPACT OF VARIATION IN THE THICKNESS
OF THE COPPER FMS BUSHING
ON THE METAL POOL SHAPE

The experiment was carried out in the conditions similar
to p. 3. Table 5 shows the calculation data of the impact
of the thickness of the water-cooled copper bushing of
the forming FMS section z, on P , G and H,

The mentioned data indicate that at a constant volt-
age, the impact of the wall thickness of the copper
FMS bushing on the electrical conductivity of the
mould and its consumed power is almost absent. The
variation in the wall thickness has a significant effect
on the MP depth than the variation in the thickness of
the copper CSMS wall due to the presence of a ther-
mal insulating GL in the CSMS. As the wall thickness
of the copper FMS bushing becomes larger, the MP
depth grows, and the diameter of the MP mirror in-
creases. This is explained by the fact that with an in-
crease in the wall thickness of the copper FMS bush-
ing, the thermal level of the SP grows due to reduction
in the heat losses through the bushing. At a constant
value of the consumed power, the MP heating grows,
which is accompanied by an increase in the depth and

Metal
pool

N
—

>

Figure 5. Example of metal pool with the minimum depth for the
given CSM configuration with the minimum bottom plate thickness
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width of the MP. This is important when it is neces-
sary to increase the diameter of the MP mirror to the
maximum value at a set voltage.

IMPACT OF VARIATION IN THE THICKNESS
OF THE WATER-COOLED BOTTOM PLATE
ON THE METAL POOL SHAPE

The experiment was carried out in the conditions sim-
ilar to those described in p. 3. Table 6 shows the calcu-
lation data on the impact of the variation in the thick-
ness of the water-cooled bottom plate hbp onP ,G,
and H, i’ The product height in the experiment remains
constant /7, = 30 mm. The given data indicate that
at a constant voltage of the power source, the impact
of the variation in the bottom plate thickness on the
electrical conductivity of the mould and its consumed
power is almost absent.

The variation in the bottom plate thickness leads
to an increase in the depth and diameter of the MP
mirror. When reducing the bottom plate thickness and
increasing the voltage on the CSM, the MP shape can
be significantly improved. Figure 5 shows an example
of the MP with a depth H, = 2.6 mm and the mirror
diameter of 176 mm at U = 51 V, bottom plate thick-
ness ofhb.p =5mm, P, =116 kWand G =44.5S. In
this example, as the bottom plate thickness is reduced,
a limit on the maximum temperature value of the SP
T . <1800 °C was reached.

When searching for the CSM and voltage config-
uration on the CSM to reach the minimum depth and
the maximum diameter of the pool mirror, the condi-
tions were kept, that the SP temperature in its maxi-
mum zone did not exceed 1800 °C and the voltage on
the CSM did not exceed 60 V.

IMPACT OF THE VARIATION
IN THE MOULD DIAMETER ON THE MP SHAPE

The experiment was carried out in the range of the
variation in the mould diameter D, = 180-300 mm. To
obtain the sought parameters that will not exceed the
operating ones, the voltage value on the CSM was tak-
en as U = 35 V and the distance between the product
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Table 6. Analysis of the impact of the bottom plate thickness on the MP parameters

. .. . . Max. temperature of
Exp. No. Thickness of bottom Power P, kW CSM conductivity MP depth H , mm MP mirror diameter the upper surface of
plate 2, , mm " G,S P @  mm
by " " the product, °C
1 20 71.9 56.5 7.2 162.0 1425
2 26 71.9 56.4 10.5 173.8 1464
3 30 71.9 56.4 12.5 176.0 1486

Table 7. Analysis of the impact

of variation in the mould diameter on the MP parameters

Max. temperature

Exp. No. Mo%d dggeter Power P , kW CSM andlSJCtiVity MP depth H,, mm MP mgrorn(:;almeter of the upper product
m m mp’ surface, °C
1 180 74.4 60.8 10.6 176 1471
2 220 100.0 81.8 9.7 216 1451
3 260 126.0 102.8 5.7/1.5" 256 1402/1435"
4 300 152.0 124.0 5.1/7.17 296 1355/1418"

and the maximum values of the product surface temperature.

*At the mould diameter of 260 mm and higher; the voltage on the CSM U = 35 V and the distance between the product and the level of the
lower CSMS edge H, =53 mm, MP takes the form of “sombrero” [9] (see Figure 6), which is characterized by two values of H, parameters
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Figure 6. MP shape and temperature along the diameter of the upper product edge at the mould diameter of 260 mm: ¢ — MP “som-
brero” shape; b — temperature distribution with the confirmation of unevenness in the form of “sombrero” with the designation of the

minimum and maximum temperature values

and the level of the lower edge of the CSMS was taken
asH =53 mm. The results are given in Table 7.

The presented data indicate that the voltage values
on the CSM being stable and the distance between the
product and the lower edge of the CSMS being con-
stant, the MP mirror diameter grows almost propor-
tional to the mould diameter. The power consumed
by the mould and electrical conductivity grow by
about 20 % faster. The maximum temperature of the
upper product surface remains almost unchanged. At
the same time, the MP depth decreases almost twice,
which leads to an increase in the ratio of the mirror
diameter to the depth (Qmp/Hif) from 16.6 to 58.

CONCLUSIONS

Based on the results of the analysis of the obtained ex-
perimental data, the dependence of the specific electrical
conductivity of ANF-29 flux on the SP temperature at
the point of its maximum value was constructed. The de-

pendences of the power consumed by the mould on the
SP electrical conductivity for four degrees of operation
of the TShP-10 power source were obtained.

Multiphysics modeling was performed, that allows
modeling the Joule heating processes for manufacturing
bimetallic products using a stationary current-supplying
mould with a circular section in the process of melting
a discrete additive at its batch feeding. The carried out
mathematical experiments allowed finding the ways to
optimize some values of the initial parameters of the sur-
facing process, including geometric CSM parameters.

The results obtained during the mathematical ex-
periment showed that an increase in the SP depth, oth-
er geometric parameters being constant, leads to an
increase in the MP depth. A significant impact of the
wear of the lower GL edge on the MP parameters was
revealed. As the wear increases, the depth and diame-
ter of the MP decrease, the electrical conductivity and
consumed power of the SP drop.
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Replacing the copper CSMS bushing with a steel
one while keeping voltage on the CSM has almost no
impact on the variation in the power consumption and
electrical conductivity, but leads to an increase in the
MP depth and diameter.

The voltage on the CSM being constant, the im-
pact of the variation in the wall thickness of the copper
CSMS and FMS bushing on the electrical conductivity
of the mould and its consumed power is almost absent.

The voltage on the CSM being constant, the im-
pact of the variation in the bottom plate thickness on
the electrical conductivity of the mould and its power
1s almost absent. However, an increase in the bottom
plate thickness leads to an increase in the depth and
diameter of the MP mirror.

As the mould diameter grows from 180 to 300 mm,
the diameter of the MP mirror increases almost pro-
portionally to the mould diameter. The power con-
sumed by the mould and electrical conductivity rise
by about 20 % faster. The maximum temperature of
the upper product surface remains almost unchanged.
At the same time, the MP depth is almost twice de-
creased, which leads to an increase in the ratio of the
mirror diameter to the depth (@mp/Hl_ ,) from 16.6 to 58.

Analysis of the research results will contribute in
improvement of the mould design and the technolo-
gy of the process of melting discrete additive at batch
feeding in CSM.
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