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Abstract

To implement predictive maintenance of units in the practice of metallurgical manufacturers,
computer information and diagnostic systems are being developed to assess the current state of
individual units throughout their entire life cycle. This publication presents the results of a study on
developing an infrared diagnostic system for predictive maintenance of converter units in the non-
ferrous metallurgy industry. A 3D mathematical model of the transient heat transfer in the wall of a
real operating unit has been developed and numerically implemented to study, analyze, and
diagnose surface temperature fields resulting from wear and local damage. To adjust the operation
of the mathematical model, the design parameters and the results for operating and technological
parameters of an industrial experiment were taken into consideration. Using the model, a full-
factorial experiment was simulated to investigate the parameters of local damage and total wall wear.
The optimal time range for conducting thermographic monitoring was determined based on the
surface temperature field. A regression dependence was derived to predict the total wall wear of the
converter unit as a function of the temperature of the outer surface of the unit. The results are part of
a comprehensive investigation aimed at developing thermal imaging techniques for converter units
in non-ferrous metallurgy.

Keywords: infrared diagnosis; Pierce-Smith converter; predicative maintenance; non-ferrous
metallurgy; mathematical modeling

1. Introduction

Thermal shocks and the physicochemical impact of the liquid metal on the refractory insulation,
together with the continuous nature of metallurgical technologies and the intensification of
production, increase the risk of damage and disruption of the structural integrity of the units during
the technological process.

The destruction of the structural integrity of this equipment results in the forced interruption of
production and significant costs associated with emergency response. It requires measures to be
taken to reduce the risk of such situations.

An opportunity to address these issues in the metallurgical industry is the implementation of
decision-making systems and predictive maintenance into the production process, based on
continuous or periodic monitoring and diagnostics of the refractory insulation condition in high-
temperature furnaces and auxiliary equipment [1-3].

The complexity of technological operations, the conditions under which they occur, the size of
industrial equipment, and the volume of data generated by periodic measurements in combination
with those of the operating parameters of the process, make subjective assessment extremely difficult
and require the development of specific approaches and rules for monitoring, evaluation, and
interpretation of inspection data. All this is combined in the work of modern systems for diagnostics

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0494.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2025 d0i:10.20944/preprints202508.0494.v1

2 of 15

and making informed decisions based on processing the results of various monitoring approaches
[4,5].

The implementation of such systems extends the life cycle, leading to the safe operation and
increased environmental, operational, and economic efficiency of technological facilities within the
context of Industry 4.0.

Various approaches are used to assess the condition of the refractory insulation in the units,
starting with visual assessments by experts and ending with modern infrared thermography systems
[6,7] and laser scanning systems for the interior of the metallurgical unit [8].

When applying this method to obtain primary information, it is necessary to consider several
factors that affect the technological, structural, and thermal characteristics of the studied objects, as
well as the location of the units that allow for measurements to be conducted.

In modern non-ferrous metallurgical production, converter units are a crucial component in the
technological process, and their stable operation is essential for the overall operation of the entire
technological line. This draws attention to them and refractory insulation, the condition of which
must be monitored and controlled.

The refractories in these units operate under severe conditions. During the technological process,
high temperatures are achieved, the insulation is subjected to cyclic temperature changes, and the
movement of the liquid metal, as a result of the blowing, further contributes to the erosion of the
thermal insulation, along with the chemical one.

During operation, the most problematic area of converters is the tuyere row, where the
refractory insulation wears out at the highest rate. The majority of the conducted research and
publications [9-16] aim to optimize refractory insulation, study the hydrodynamics of the converter
bath, investigate the influence of purging parameters, and maintain the tuyere section.

The developed concepts of predictive maintenance systems [17-25] are primarily based on
managing the parameters of purging liquid metal and maintaining the tuyere zone and its adjacent
section.

In parallel with the wear of the date zone, the rest of the refractory insulation is also subjected
to the physicochemical effects of the interaction with the liquid metal.

Studies [23] have shown that 65% of the total wear of the refractory insulation on the wall is due
to thermal cracks forming in the vertical direction, and 35% is due to chemical erosion.

As a result of the chemical interaction between the liquid metal and the refractory wall, an
infiltrated reaction layer with different thermomechanical properties from those of the refractory
material is created on the contact surface of the refractory [24-26]. These weakened refractory
microstructures are exposed to additional thermal and mechanical loads, which lead to both
continuous degradation (hot erosion and corrosion) and to the formation of cracks (thermochemical
cleavage) and further destruction.

Such destruction during the operation manifests as damage in individual zones of the wall,
allowing the liquid metal to penetrate deeply into the wall, which is a prerequisite for a production
accident.

These defects in the process of operation develop in parallel with the wear of the tuyere zone
and the general wear of the wall, which necessitates periodic monitoring and maintenance decisions
that take into account local damage outside the tuyere area of the unit at various stages of its life
cycle.

During operation, thermal imaging measurements of the converter surface are taken, based on
which assumptions are made about the erosion of the insulation and the presence of local damage,
without any additional diagnostic procedures or condition assessments.

The peculiarities of realisation technological processes in different production conditions and
the specificity of the equipment do not allow the direct transfer and application of the results of
already operating monitoring, evaluation, and maintenance systems. This requires that, for each case,
research be conducted and a technological regulation and a specific approach to conducting
thermographic monitoring and assessing the current condition of the units be developed to make
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informed decisions on operation and maintenance, aiming to extend the life cycle and safely utilize
the maximum resource.

The investigation aims to establish the conditions for organizing and conducting thermographic
diagnostic procedures as part of a technological regulation for thermovision diagnostics and
decision-making in predictive maintenance of converter units in non-ferrous metallurgy.

In this study, a 3D mathematical model developed for this purpose is utilized, and the optimal
time for conducting a thermovision diagnosis is determined from both constructive and thermal
engineering perspectives.

Based on simulation modeling results, a regression equation has been derived to determine the
total wear of the converter wall as a function of the surface temperature in the defect-free area of the
wall.

2. Methods

The object of the presented research is Pierce-Smith cooper converter for processing copper
matte in non-ferrous metallurgy, shown in Figure 1. It is a technological facility with periodic
operation, consisting of a horizontal cylindrical reactor, a support device, a mechanism for rotating,
a device for supplying air through tuyeres, and a device for removing converter gases. The oxidation
air, enriched with pure oxygen, is provided to the copper matte melt through a series of tuyeres. The
liquid matte is fed into the converter from the furnace with specialized metallurgical ladles and is
poured into the charging hole.

__
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Figure 1. Schematic representation of a converter unit.

When performing the individual operations of the converter unit, it is positioned in a fixed
location in the workshop. During loading and draining of the liquid metal, it rotates around its
horizontal axis. During the purging process, an oxidizing agent and the necessary additives for
processing are supplied, while the structure is in an upright state, and the level of the liquid metal
does not exceed half the height of the working space.

In previous studies by the research team [26], the operating and technological parameters of a
Pierce-Smith converter were established through an industrial experiment. Based on a statistical
analysis of data from real work, the limits of variation, the duration of individual operations, and the
temperature of the metal during the technological process have been determined [26].

The technological process for converting includes two periods of metal processing. The first
period of converting comprises: Loading the first portion of copper matte, blowing, and casting the
first portion of slag. This is followed by loading an additional amount of liquid metal, blowing, and
casting the second portion of slag. The second period of converting consists of blowing and casting
the processed metal. This is followed by the preparation of the converter for the next operation, which
includes cleaning the blowing tuyeres and aperture the unit. The new technological cycle begins with
loading a portion of copper matte, and the technological operations are performed again.

The service life of a converter lasts between two and three months, during which time 260 to 330
technological cycles are realized, forming one campaign. From the point of view of maintaining the
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converters, after a certain degree of wear of the refractory insulation in the blowing zone, it must be
replaced. For the sustainable operation of the converter, three intermediate repairs of the tuyere zone
are provided, after which the refractory insulation of the entire unit is subject to repair.

In this study, attention is focused on the condition of the refractory insulation in the area of the
unit that contacts the liquid metal during the technological process, which may prove problematic
during the last stage of converter operation, after the third interim repair. To establish the possibilities
for conducting infrared diagnostic procedures, it is necessary to determine the optimal period for
conducting thermovision measurements from a structural and thermal engineering perspective.
Based on the study's results, further research is needed to determine a dependence for predicting the
wear of the refractory converter wall.

The location of the converter units in the workshop and the organization of the technological
process do not allow the application of online systems for diagnostics and monitoring of their entire
surface. Therefore, the diagnostic procedures are based on periodic measurements of temperature
fields using infrared (thermal imaging) cameras, employing a passive thermographic approach. The
cyclical operation of the converter units and the associated non-stationary temperature field in the
refractory wall require the implementation of a combined approach, taking into account the features
of active two-sided diagnostics.

Basic parameters for conducting such monitoring to diagnose local damage include the
temperature distribution in the hot spot of the outer surface in the defect area, its maximum value
(Tm), and the surface temperature in the defect-free region (Tt), also known as the background
temperature. The difference between the values of maximum temperature in the hot spot area and
the background temperature represents the differential temperature signal, also known as the
temperature contrast.

Taking into account the features of two-sided active thermography in the diagnosis of local
damage requires tracking the temperature contrast value over time and determining the moment tm
at which it reaches its maximum value [6]. This is the final moment by which the thermographic
monitoring should be implemented. In practice, the so-called “early monitoring” is also applied at a
time t<tm. The advantage of early measurement is the low value of heat diffusion in the transverse
direction. It is applicable for dynamic analyses, as it is characterized by an increase in surface
temperature over time. When conducting thermographic measurements in the time range of
maximum temperature contrast, the signal-to-noise ratio is expected to be at its maximum, i.e., the
contrast between the measured temperatures in the defect area and the defect-free area is expected
to be greatest.

To conduct diagnostic procedures based on the values of the temperature contrast and other
parameters, detailed information is required about the temperature field change on the surface
during the technological process in the presence of local defects, which necessitates the application
of simulation models.

For the study, analysis, and diagnostics of surface temperature fields resulting from damage, a
3D mathematical model of the transient heat transfer in the wall of a converter unit in non-ferrous
metallurgy has been developed and numerically implemented. To adjust the operation of the
mathematical model, the design parameters and the results of an industrial experiment [26] were
used, considering the operating and technological parameters of the production process. With the
help of the model, various combinations of the wear levels of the refractory layer on the wall and the
parameters of a local defect were simulated for different stages of the converter's service life.

The non-stationary temperature distribution along the wall thickness is described using the
Fourier equation in cylindrical coordinates z, r, and ¢:

oT 10 oTy 10 oTy 0 oT
P = (A )+ 230 (N0 3+ 32 (D ) @
where A is thermal conductivity coefficient, W/mK; T - wall temperature, °C; r- radius, m; c -
specific heat capacity, kJ/kgK; p - density, kg/m?; z, r and ¢ - coordinates; t- time, s.
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With steady-state thermal conductivity, the temperature remains constant over time, and the
above expression takes the form:

9*T 9*T 10T 1 0°T
At) (ﬁ+ﬁ+?§+r_zﬁ) = )
When solving the equation, it is assumed that the liquid metal is perfectly homogeneous and
stationary during the technological process, the temperatures of the metal and slag are the same, and
the total wear of the wall is uniform along its length. Based on the assumptions and considerations
outlined above, the boundary conditions can be presented as follows.
For the inner surface of the wall in the area of close contact with the metal:

MT)gradT(z,9)| _., = (T, — Tys) 3)

where Tt is temperature of the liquid metal, °C; Tws - temperature of the inner (hot) surface of
the wall, ©°C; 1 - radius of the inner surface of the wall m, a- heat transfer coefficient from metal to
the wall[27], W/m2K.

For the inner surface of the wall in the absence of metal or the area above the level of the metal:

AT gradT(z, @) | _. = Gine (4)

where qincis the resultant heat flux to the inner surface of the wall in the absence of metal or in
the area above the metal level, W/m2;
For the outer surface:

AT gradT(z,9)| _, = ax(Ts = Tp) 6)

where 12 is radius of the outer surface of the wall, m; Ta - ambient temperature, °C; Ts —
temperature of the outer surface of the converter unit, °C; as— total heat transfer coefficient, W/m?2K;
o« — convective component of the heat transfer coefficient[27], W/m?K; ar =qr /(Tw -Ta ) - radiant
component of the heat transfer coefficient, W/m?K; g-— radiation heat flux from the outer surface to
the environment, W/m?2.

To account for the temperature distribution at different stages of the converter operating cycle,
it is necessary to perform calculations varying in degree of wear, i.e., at various sizes of the residual
wall thickness and local damage.

To determine the initial condition; the heat conduction equation (1) is solved under steady-state
conditions in the form represented by equation (2) when setting a first-order boundary condition:

Tz, o) | __., = Twsn (6)

where Twsn is the temperature of the inner wall surface at the end of the heating process after
repair and before the start of operation of the unit.

The obtained results for the temperature distribution from the computational procedure under
steady-state conditions are assigned as the initial condition for solving the transient heat conduction
equation.

For the numerical implementation of the mathematical model, the finite element method and
the Ansys 16 software product were used.

To account for the individual stages of operation and downtime, several technological cycles
were sequentially simulated, with the converter being full of liquid metal during operation and
empty during downtime between two technological cycles. A ring-shaped computational object was
built to conduct the study, representing a portion of the unit's cross-section, perpendicular to the
horizontal axis. The computational object, along with a visualization of the temperature distribution
in the wall, is presented in Figure 2.
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Figure 2. Computational object and temperature distribution on the wall.

It is assumed that the metal is filled and poured from the unit instantly. During operation of the
converter, its lower half is full of liquid metal. When idle between two technological cycles, the unit
is empty, in which case the walls are cooled by heat transfer through convection and radiation from
the outer surface.

Determining the surface temperature distribution for different stages of the converter's
operational period requires that the calculation procedures be carried out at different thicknesses,
reflecting the degree of wear - initial thickness, residual thickness in the middle of the campaign and
residual thickness at the end of the campaign, upon of which the converter must be taken out of
service.

When conducting the study for each calculation variant to determine the temperature
distribution, the Fourier equation is solved under steady-state conditions, and the results obtained
are assigned as the initial condition for studying the transient heat transfer. When realizing the
calculations, the unsteady heat transfer is solved under several successive cyclic repetitions of the
boundary conditions characteristic of the converter operating cycle. The determination of the actual
temperature distribution in the volume at a specific wall thickness and the corresponding conditions
is carried out for a fixed moment 7 of the technological cycle after fulfilling the conditions:

|TSmax(T: n) - TSmax(T: n-— 1)' <03 OC (7)

| Tsmin (T, 1) — Tgmin (T, n — 1) < 0.3°C (8)

where n is the number of iterations performed.

The test calculations conducted show that, at constant values of the wear parameters, after
simulating a certain number of consecutive cycles of the technological process, the repeatability of
the values obtained for the change in the temperature field is observed. Therefore, it is accepted that
the study's results should be accounted for after fulfilling the conditions cited above in equations (7)
and (8).

To more effectively utilize available computational resources, reduce calculation time, and
minimize the volume of generated result files, a series of preliminary calculations, analyses, and
summaries was conducted. This aimed to reduce the computational object and determine the
necessary boundary conditions for conducting the simulation study.

The computational procedures performed took into account the actual temperature regime of
the metal, presented in Figure 2, and the operating parameters of the process. The obtained results
for the temperature distribution in the wall volume, especially on the hot surface, were subjected to
generalization and analysis. This allowed the establishment of a boundary condition, represented by
equation (9), at the contact areas of the liquid metal with the refractory insulation of the wall.

AT gradT (z, 0, 0) | __ = Tys(D) 9)

The change in the values of the boundary condition Tws (1) of the hot surface for one
technological cycle is presented in Figure 3.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0494.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2025 d0i:10.20944/preprints202508.0494.v1

7 of 15

0 10000 20000 30000

Figure 3. Variation of the boundary condition values Tws(t) on the inner surface.

Applying this boundary condition and taking into account the symmetry along the horizontal
axis of the converter and the need to study the area in contact with the liquid metal, to obtain results
for the temperature on the outer surface of the wall, it is accepted the computational object to be
reduced and represented by a sector of the wall with a central angle 0, presented in Figure 4.

Figure 4. Computational object for studying heat transfer in the wall of the converter unit.

The described mathematical model, with the formulated initial and boundary conditions, will
be used to study the surface temperature field of the converter unit wall, depending on the
parameters of local damage and total wear of the working refractory layer.

3. Results and Discussion

To study the heat transfer processes in the converter wall, a local damage with the shape of a
regular prism was simulated in the developed 3D mathematical model, resembling a defect resulting
from a destroyed brick from the refractory (magnesia-chromite) layer of the aggregate.

The wall of the converter consists of a steel structure with a thickness of 0.04 m, a compensation
layer of chamotte powder with a thickness of 0.01 m, a thermal insulation layer of chamotte refractory
bricks with a thickness of 0.064 m, and an inner layer of magnesia-chromite refractory material with
a thickness of 0.375 m.

A schematic representation of the defect configuration and the adopted designations is
visualized in Figure 5. The following designations of the geometric characteristics have been adopted
to represent the damage parameters:

the residual thickness of the refractory layer of the wall X1in the defect-free area;

the residual thickness of the refractory layer of the wall X2in the area of the damage;

length of the fault Xs;

width (height) of the damage Xa.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0494.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2025 d0i:10.20944/preprints202508.0494.v1

8 of 15
Shamote
powder ) ) L
Stecel Shamote Magncsia-chromite Liquid
shell bricks bricks metal
X1
Ty=T¢
T
X3 "5
X %
2 X4 :
T m
Tws| T,
Ts /
—
TA_/

Figure 5. Schematic representation of the converter wall, defect, and accepted designations.

For the study, it was assumed that the width (height) of the defect on the inner surface of the
wall was constant and of size X4=0.06 m, and the remaining three parameters were varied at three
levels: minimum (-1), average (0), and maximum (+1). A complete factorial experiment was planned
and implemented, requiring 27 experiments.

When planning the experiment, the values of the residual thickness of the refractory (magnesia-
chromite) layer in the defect-free area, the residual thickness of the insulation in front of the defect,
and the length of the defect are changed according to the values presented in Table 1.

Table 1. Levels of amendment on the parameters of the defect.

Level X1 X2 X3
+1 0.375 0.105 0.150
0 0.285 0.055 0.200
-1 0.195 0.005 0.250

The plan for experimenting, including the levels and values of the parameters, is presented in

Table 2.
Table 2. Experimental plan.
No. X1 X2 X3
Level Value, m Level Value, m Level Value, m
1 1 0.375 1 0.105 1 0.150
2 1 0.375 1 0.105 0 0. 200
3 1 0.375 1 0. 105 -1 0.250
4 1 0.375 0 0. 055 1 0. 150
5 1 0.375 0 0. 055 0. 200
6 1 0.375 0 0. 055 -1 0.250
7 1 0.375 -1 0.005 1 0. 150
8 1 0.375 -1 0.005 0.200
9 1 0.375 -1 0.005 -1 0. 250
10 0 0.285 1 0.105 1 0.150
11 0 0.285 1 0.105 0. 200
12 0 0.285 1 0.105 -1 0.250
13 0 0.285 0 0. 055 1 0. 150
14 0 0.285 0 0. 055 0. 200
15 0 0.285 0 0. 055 -1 0.250
16 0 0.285 -1 0.005 1 0. 150

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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17 0 0.285 -1 0.005 0 0.200
18 0 0.285 -1 0. 005 -1 0.250
19 -1 0.195 1 0.105 1 0.150
20 -1 0.195 1 0.105 0.200
21 -1 0.195 1 0.105 -1 0.250
22 -1 0.195 0 0. 055 1 0.150
23 -1 0.195 0 0. 055 0.200
24 -1 0.195 0 0. 055 -1 0.250
25 -1 0.195 -1 0. 005 1 0.150
26 -1 0.195 -1 0. 005 0.200
27 -1 0.195 -1 0. 005 -1 0.250

To conduct the simulation calculations, the described mathematical model was numerically
implemented, with the computational procedures being carried out for a section of the wall presented
in Figure 4.

A visualization of the obtained results for the surface temperature field is presented in Figure 6.
The figure shows that as a result of the heat exchange processes, the presence of local damage in the
converter wall is projected onto the surface temperature field as a hot spot.

A

X

Figure 6. Temperature distribution in the wall and on the outer surface in the presence of a local defect.

From the simulation study results, the temperature distribution along the outer surface of the
wall during the converter operating cycle was accounted for. To investigate the temperature contrast,
the change in maximum temperature (Tm) in the defect area and the temperature (T¢) in the defect-
free area, as presented in Figure 6, is examined.

The difference between the values of these temperatures over time represents the change in
temperature contrast throughout the converter operating cycle, dT'c=T - T

The results obtained for the change in temperature contrast dTtc (denoted as dTc ) throughout
one operating cycle at different stages of the operational period (campaign) are presented in Figures
7 - 9. Figure 7 presents the results of the studies for the first nine combinations of the experimental
design (Table 2), relating to the initial wall thickness X1 = 0.375 m, i.e., at the beginning of the
refractory insulation life cycle, in the absence of wear. Figure 8 presents the results of the studies for
the second nine combinations of the experimental design, relating to refractory insulation thickness
X1=0.285m, i.e., in the middle of the campaign (life cycle). Figure 9 presents the results of the studies
for the third nine combinations of the experimental design, relating to the wall thickness X1 =0.195
m, i.e., at the end of the refractory insulation campaign.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Change in temperature contrast at the beginning of the campaign at X1=0.375m.
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Figure 8. Change in temperature contrast at the beginning of the campaign at X1=0.285m.
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Figure 9. Change in temperature contrast at the beginning of the campaign at X1=0.195m.

From Figures 7-9, it can be seen that during the technological cycle, the temperature contrast
passes through minimum and maximum values. Figure 7 shows that for combination No. 1 from
Table 2 of the experimental plan, the minimum value of the temperature contrast is observed at 5000
s from the beginning of the technological cycle, while the maximum is for combination No. 9, at 19700
s. A summary of the times at which the minimum and maximum values of the temperature contrast
are observed for the three levels of residual thickness of the refractory wall in the defect-free area is
presented in Table 3.

Table 3. Times at which the minimum and maximum values of the temperature contrast are observed.

Time, seconds

Combination dTc Min dTc Max
1-9 5000 19700
10-18 4600 18700
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19-27 3495 17200

The table shows that the compromise zone between the maximal and minimal values for all
combinations can be formulated as the range between the highest value of the minimum levels and
the lowest value of the maximum levels. They are accounted for by the minimal value of the change
in temperature contrast for combination No. 1 and the maximal value for combination No. 27, as
presented in the experimental plan in Table 2. It can be summarized that the zone in which the time
for conducting the thermographic control should be selected is within the range of 5000 - 17200 s from
the beginning of the technological cycle. Considering the design and technological features of the
process implementation, three time intervals are suitable for conducting measurements across the
entire surface. These are the times for pouring the slag after the first and second stages of blowing, as
well as the time for pouring the black copper at the end of the process. In these stages, the converter
is turned around its horizontal axis, allowing for thermographic measurements of the lower part of
the cylindrical body's surface. The time for pouring the slag after the second blowing, at the end of
the first period, indicated in Figure 9 as dTm: (with an interval of 5700+6300s), is suitable for
conducting measurements for early diagnostics. The time of pouring the black copper at the end of
the process, dTwe (with an interval of 16500+17100s), is suitable for diagnostics at maximum
temperature contrast. The results obtained for the non-stationary temperature field on the external
surface of the converter for the different combinations of the planned experiment enable the
background temperature values to be accounted for at the beginning of the two time intervals, which
are suitable for thermographic monitoring.

For this purpose, additional studies have been conducted to determine the background
temperature change at five different levels of wall wear in the defect-free area. Graphical
relationships have been established between the values of the background temperature (Tf) and the
corresponding thicknesses of the refractory insulation (Xi) for each of the above-described two
periods of thermographic observation.

The results are illustrated by the graphical dependencies presented in Figure 10a and Figure 10b,
where Tu (Figure 10a) refers to the background temperatures during the slag tapping period, and Tr
(Figure 10b) refers to the period at the end of the technological process.

The results for the background temperature and the corresponding refractory insulation
thickness for the two measurement periods were subjected to a correlation analysis, the results of
which are presented in Table 4.

Table 4. Correlation matrix between background temperatures and their corresponding refractory insulation

thickness.
Tn Tr X1
Ta 1 -0.99118
Te 0.999697 1 0.98777
X -0.99118 0.98777 1

From the obtained values in the correlation matrix, it can be seen that between the background
temperature and the wall thickness in the defect-free area for both cases of study, the correlation
coefficient has values (R > 0.98). This allows the background temperature to be considered as a
diagnostic parameter, based on which a relationship can be established to assess the total wear of the
wall in the defect-free area.
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Figure 10. Dependence of the value of the total wall wear on the temperature of the outer surface of the converter unit.
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As a result of statistical processing of the results, regression dependences have been derived,
allowing prediction of the wall thickness in the defect-free area by the background temperature of
the outer surface, represented by equations (11) and (12) for the corresponding cases described above,
presented in Figure 10a and Figure 10b:

X, = 8.3635¢ 70013111 (10)

X, = 7.2998¢0013T/2 (11)

The multiple correlation coefficients for both regression dependencies are R? = 0.995 for the early
period of inspection and R? = 0.993 for the period of maximum temperature contrast.

For the relevant time ranges, further research will seek to identify diagnostic features and
dependencies for assessing the parameters of the local defect and developing a technological
regulation for diagnosing the condition of the refractory insulation as part of predictive maintenance
procedures.

4. Conclusion

To determine the optimal period for conducting thermographic monitoring of the wall of a
converter unit, the change in the surface temperature field in the presence of local damage to the
internal surface was investigated. The behaviour of the temperature contrast during the technological
process of the converter and at different stages of the operating cycle was analysed. It was found that
from a technological, constructive, and thermal engineering point of view, the time at the end of the
first period when pouring the slag after the second blowdown can be used for early diagnostics, and
the time of pouring the liquid metal after the second period can be used for diagnostics at a maximum
differential temperature signal.

Based on correlation analysis, it was established that background temperature can be used as a
diagnostic parameter. Statistical processing of the results for the values of the surface temperature
distribution, regression dependences were established, allowing the determination of the residual
wall thickness as a function of the temperature in the defect-free area.

The established periods will be utilized in future research to develop diagnostic procedures for
assessing the parameters of the damage and the actual condition of refractory insulation when
implementing predictive maintenance procedures for converter units in non-ferrous metallurgy.
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