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Abstract: The refractory lining of high-temperature aggregates determines the duration
of their operation before major repairs. The ability to retain technological material within
the aggregate’s working area is the main factor for its continued operation. The analysis
shows that the main reason for the destruction of the lining of ferroalloy production casting
ladles is the occurrence of thermal stresses in the processes of heating and cooling the lining.
When the stresses exceed the ultimate strength of the refractory material used, the material
is destroyed. The greater the magnitude and duration of the excess thermal stresses, the
faster the lining destruction occurs. Streamlining thermal regimes is the most low-cost and
sufficiently effective way to increase the durability of linings. The development of lining
heating and cooling regimes can be carried out on the basis of determining the thermal stress
state by calculating the maximum permissible heating rates. The developed regimes allow
for working at speeds at which the resulting stresses do not exceed the ultimate strength of
the refractory materials. The aim of this study is to develop efficient cooling regimes for the
lining of a ferroalloy production casting ladle from the standpoint of the resulting thermal
stresses. A method for determining the thermal stresses in the lining has been developed and
implemented using Microsoft Excel. This facilitates the use of the developed methodology
in production without the need for special skills on the part of operating personnel. Using
the developed methodology, the cooling schedules for the lining of ferroalloy production
ladles were improved. To reduce temperature unevenness across the lining cross-section, a
decision was made to initially heat the outer surface of the lining and cool the inner surface of
the lining. Heating the outer surface can be achieved by using the heat of combustion of the
ferroalloy gas or the heat of the exhaust gases from the stand for drying and heating casting
ladles. Cooling the inner surface of the lining can be achieved by natural convection. The
result of the development and implementation of an efficient cooling regime is a reduction in
thermal stresses to the required level throughout almost the entire cooling process.

Keywords: lining cooling; the ultimate strength of refractories; lining; high-temperature
aggregates; thermal stresses; chamotte refractories

1. Introduction (Problem Statement)
The refractory lining of high-temperature aggregates determines the duration of their

operation before major repairs. Such aggregates include casting ladles, tundish ladles,

Energies 2025, 18, 1472 https://doi.org/10.3390/en18061472

https://doi.org/10.3390/en18061472
https://doi.org/10.3390/en18061472
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2760-8617
https://orcid.org/0000-0003-2168-2285
https://orcid.org/0000-0001-5839-3001
https://orcid.org/0000-0002-4248-9516
https://doi.org/10.3390/en18061472
https://www.mdpi.com/article/10.3390/en18061472?type=check_update&version=1


Energies 2025, 18, 1472 2 of 12

arc furnaces, rotary furnaces, etc. The ability to retain technological material within the
aggregate’s working area is the main factor for its continued operation [1–3].

The destruction of the refractory lining of high-temperature aggregates may depend
on a number of factors. The conducted studies allow us to identify the following conditions
that affect the lining damage [4–6]:

- The thermal stresses arising in the lining due to the presence of temperature differences
across its cross-section;

- The influence of demanding operating environments;
- The mechanical impacts of the upper layers of the lining on the lower ones, as well as

the mechanical impacts on the lining from the outside;
- The dissolution of the lining in a high-temperature operating environment;
- Other operational factors.

The analysis shows that the main reason for the destruction of the lining of ferroalloy
production casting ladles is the occurrence of thermal stresses in the processes of heating
and cooling the lining. When the stresses exceed the ultimate strength of the refractory
material used, the material is destroyed. The greater the magnitude and duration of these
excess thermal stresses, the faster the lining destruction occurs [7–9].

To determine the magnitude of thermal stresses in the lining, it is necessary to evaluate
the temperature fields of the lining. The data on the temperature distribution in the lining
are the basis for the calculation of thermal stresses. The assessment of the temperature
fields of the lining is usually carried out on the basis of modeling.

Physical modeling allows us to reduce the scope of the work conducted in the research
by using the different materials under study in one model [10].

The data obtained as a result of physical modeling have a fairly high accuracy. In
addition, such studies give the advantage of being able to use experimental data for a
number of other high-temperature aggregates [11,12]: oxygen converters, steel casting
ladles, blast furnace chutes, etc.

Despite the above advantages, the physical modeling of linings has the following disadvantages:

- The difficulty of taking into account the thermophysical and thermomechanical prop-
erties of the refractory lining materials, which change during operation;

- The data obtained from physical modeling are not always correct due to the low
reliability of the scale factor.

Mathematical modeling of the thermal state of linings is widely used for all high-
temperature aggregates. Among the positive aspects of mathematical modeling, we can
highlight the high accuracy of the results obtained and a wide range of software available
for solving various problems [13,14].

Among the methods for calculating the temperature fields in linings, we can distin-
guish analytical methods [15–17] and numerical methods [7,18,19]. Analytical methods
are relatively complex, and therefore numerical methods are more often used to calculate
the temperature fields of the linings of high-temperature aggregates. The use of the finite
element method (FEM) or the finite difference method (FDM) allows for obtaining the
temperature distribution in the lining with a sufficiently high accuracy.

Evaluation of the thermal stresses in the lining of high-temperature aggregates is the
initial stage for further improving the reliability of their operation. Based on the data on
the duration and values of thermal stresses, a conclusion is made about the presence or
absence of the destruction of refractories. The next step is to develop measures to eliminate
the destructive effects of thermal stress on the lining.

Analysis of the literature shows that the following main methods are used to increase
the durability of refractory linings:
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- The use of refractory materials with higher thermal strength characteristics;
- Streamlining the lining design (including changing the thickness of the refractory layer);
- Streamlining the thermal operating conditions for the linings of high-temperature aggregates.

To increase the durability of the refractory linings in areas where greater wear is
recorded, refractories with improved properties are used [20–23].

The literature often describes the use of refractories with the addition of components
based on zirconium oxide (ZrO2) [24,25]. This improves the thermomechanical proper-
ties of refractories and corrosion resistance and leads to an increase in the service life
of refractories.

Replacing the refractory material is a fairly effective method, but it requires a signifi-
cant amount of time (for selecting the material) and financial resources (for purchasing a
more expensive material).

The shape of the formed refractories used in linings affects the durability of the
lining [26]. In addition, designing linings with different thicknesses can result in an
increased service life of the lining, provide cost-effective refractory configurations, improve
the efficiency of high-temperature processes and save energy [27,28].

Replacing refractory materials or increasing the thickness of the lining leads to an
increase in the mass of the lining. Moreover, increasing the thickness reduces the volume
of the aggregate’s operating area and increases the warm-up time to avoid significant
temperature differences across the section.

Streamlining thermal regimes is the most low-cost and sufficiently effective way
to increase the durability of linings [3,29,30]. The development of heating regimes can
be carried out on the basis of determining the thermo-stressed state by calculating the
maximum permissible heating rates. The developed heating regimes allow for working at
speeds at which the resulting stresses do not exceed the ultimate strength of the refractory
materials. In addition, in several cases, the developed regimes reduce the time for heating
or cooling the linings [31].

Similar developments are also being carried out for the cooling processes of high-
temperature aggregate linings. Calculation of the permissible cooling rates is also important
for extending the service life of the lining [32,33].

The use of data on changes in the thermophysical and thermomechanical properties
of the refractory materials used allows us to increase the accuracy of the calculations
performed. The study of changes in the properties of refractory materials during operation
is usually carried out in laboratory conditions [34–37].

Thus, the development of efficient regimes of heating and cooling the linings of
high-temperature aggregates is one of the effective and low-cost ways to increase the
durability of linings. To improve the accuracy of the calculations, it is necessary to take into
account changes in the thermophysical and thermomechanical properties of the refractory
materials used.

2. Materials and Methods
Let us consider the process of cooling the lining of a ferroalloy production casting ladle.

A casting ladle with a capacity of 40 tons has a lining that consists of two layers of chamotte
bricks that are 160 mm thick. The lining made of chamotte bricks of the ShKU-32 brand
(JSC “Borovichi Refractories Plant”, Borovichi, Russia) does not have a binding solution or
heat-insulating filling.

The process of cooling the lining of the casting ladles is carried out under the conditions
of natural convection of the smelting shop; no special equipment is used for cooling.

The first stage of developing efficient lining cooling regimes is the calculation of
temperature fields across the cross-section of the lining. Based on the obtained temperature
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values, the thermal stresses in the lining are then calculated. The obtained thermal stress
values are compared with the ultimate strength of the refractory materials used. Next, a
conclusion is made about the cooling rate of the lining.

A mathematical description of the lining cooling process and a method for determining
the thermal stresses are presented by the authors in [9].

In general, the process of non-stationary thermal conductivity in the lining is described
by the Fourier’s heat equation:

ρc
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∂t
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∂
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(
λ
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+
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+ Qw(x, y, z, T) (1)

where

ρ is the density of the material, kg/m3;
c is the specific heat capacity of the material, kJ/(kg·◦C);
λ is the thermal conductivity coefficient of the material, kJ/(m·◦C);
Qw is the wattage of the internal heat sources, W/m3.

Let us introduce the following assumptions:

- The lining is homogeneous and isotropic;
- The temperature field is one-dimensional;
- There are no internal heat sources.

Taking into account the accepted assumptions, the mathematical formulation of the
problem will have the following form:

∂T
∂t

= a · ∂2T
∂x2 , 0 < x < H, (2)

where a is the thermal diffusivity coefficient, m2/s.
The mathematical model cannot be applied in the case of non-uniform temperature

distribution along the height or circumference of the ladle. The above assumptions are also
not applicable when refractory materials with anisotropic properties are used.

The initial conditions can be written as follows:

t = 0; T = f (x); 0 ≤ x ≤ H;

Based on the measured temperatures of the inner and outer surfaces of the lining, we
will have the boundary condition of the first type:

x = 0; T = T1; t > 0;

x = H; T = Tn; t > 0

At the boundary of the two layers, there is a boundary condition of the fourth type:

T1(t, x*) = T2(t, x*),

−λ· ∂T1

∂x

∣∣∣∣
x=x*

= −λ· ∂T2

∂x

∣∣∣∣
x=x*

(3)

The solution to this problem was carried out numerically on the basis of an implicit
difference scheme [38], based on the application of the tridiagonal matrix algorithm under
boundary conditions on the outer surface of the lining. This method has a number of
advantages. Firstly, the calculation starts from the outer boundary, and therefore the
computational process can be completed when the temperature at the outer boundary
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satisfies the given condition. The temperature of the outer surface of the ladle, obtained
by measurements, is used as an external condition. Secondly, the implicit difference
scheme is stable at any time and spatial step. In order to assess the adequacy of the
developed mathematical model of the lining of the casting ladle, a comparison was made
between the temperature values of the inner surface of the lining that were obtained as
a result of the calculation and those that were measured during the cooling process. The
measurements were carried out using a Kelvin Compact 1500/175 (JSC “EUROMIX”,
Moscow, Russia) infrared pyrometer (temperature measurement range: up to 1500 ◦C;
measurement error: 1%). The difference between the calculated and measured temperatures
does not exceed 3%. The calculation of thermal stresses in the lining was carried out using
Formula [9]:

σ = − α · E
1 − v

· T(y, t) (4)

This method of determining temperature stresses is relatively simple, which allows
it to be implemented in the Microsoft Excel program. This facilitates the use of the de-
veloped methodology in production without the need for special skills on the part of
operating personnel.

The calculation of thermal stresses showed that the cooling process is accompanied by
the occurrence of thermal stresses, the magnitude of which exceeds the ultimate strength of
the refractory materials used.

When the lining cools, the magnitude of thermal stresses changes across its thickness
and over time. For the convenience of visual assessment of the obtained thermal stresses,
three-dimensional graphs of the stress distribution across the thickness of the refractory
were made (Figures 1 and 2).

Figure 1. Distribution of thermal stresses in the lining of a casting ladle during its cooling (with
refractories that have not been in operation).
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Figure 2. Distribution of thermal stresses in the lining of a casting ladle during its cooling (with
refractories that have been in operation for three fuses).

A significant temperature difference across the lining cross-section occurs due to the
long period of time between the draining of the molten metal and the installation of the
ladle for cooling. In the case under consideration, 40 min passed from the moment the melt
was drained from the ladle until it was placed for cooling. The temperature of the inner
surface of the lining at the start of cooling was 1250 ◦C; the temperature of the outer surface
was 400 ◦C. Temperature measurements were taken in the zones of maximum temperature
(at the level of 5–7 rows of lining masonry).

Figure 1 shows a graph of the distribution of thermal stresses in the lining of a casting
ladle with refractories that have not been in operation. The following parameters were
adopted for the calculations: time step—300 s; coordinate step—10 mm. The zones in which
thermal stresses exceed the ultimate strength of the ShKU-32 chamotte (JSC “Borovichi
Refractories Plant”, Borovichi, Russia) are marked in red. The red area at the top shows
that at the initial stage of cooling (in the first 40 min), the compressive stresses exceed the
ultimate compressive strength. This occurs directly on the inner surface of the lining at a
depth of up to 20 mm. The maximum values of thermal compressive stresses are observed
at the initial moment of cooling and are 1.27 times higher than the ultimate compressive
strength of the ShKU-32 chamotte.

As can be seen from the graph, during the cooling process of the ladle, the zone
of excess thermal tensile stresses is significantly larger than the zone of excess thermal
compressive stresses. Tensile stresses exceeding 6 MPa act on the outer surface of the lining
at a depth of up to 80 mm. The duration of action of these stresses was 250 min. The
maximum value of thermal tensile stress occurred at the initial moment of cooling and
exceeded the ultimate tensile strength by 4.4 times.

Similar results were obtained for refractories that have been in operation for three
fuses (Figure 2). At the initial stage, the compressive stresses exceeded the ultimate strength
of the refractories for 10 min on the inner surface of the lining at a depth of up to 20 mm.
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The maximum value of the thermal compressive stresses is 1.28 times higher than the
ultimate compressive strength.

Excessive tensile stresses were observed over a significant period of time (250 min) on
the outer surface of the lining at a depth of up to 50 mm. The maximum value of the arising
thermal tensile stresses was recorded at the initial moment of cooling. The maximum stress
value is 3.19 times higher than the ultimate tensile strength of the ShKU-32 chamotte.

The resulting thermal stresses are proportional to the significant temperature differ-
ences inside the lining, which correspond to its high cooling rates. For example, the period
from 0:00 to 0:40 was characterized by a high cooling rate of the inner surface of the lining
(about 150 ◦C/h), which was accompanied by significant thermal stresses. The further
cooling process proceeds at lower speeds and with lower thermal stresses.

The second stage of developing efficient lining cooling regimes is the selection of
temperatures for the cooling process. The developed methodology allows for obtaining the
values of thermal stresses at a selected cooling rate and adjusting this rate if necessary. The
developed cooling schedules for the lining of a ferroalloy production casting ladle must
perform two main functions:

- Firstly, minimizing the thermal stresses that arise in the lining during cooling;
- Secondly, minimizing the cooling time.

To reduce temperature unevenness across the lining cross-section, a decision was
made to heat the outer surface of the lining at the initial moment in time and cool the inner
surface of the lining. Heating the outer surface can be achieved by using the heat of the
combustion of the ferroalloy gas or the heat of the exhaust gases from the stand for drying
and heating the casting ladles. Cooling the inner surface of the lining can be achieved by
natural convection. To calculate the temperature fields, it was determined that heating the
outer surface of the lining should be carried out by a gas with a temperature of 700 ◦C. This
temperature was adopted as a result of calculations which showed that in order to reduce
thermal tensile stresses at the initial stage of cooling, it is necessary to heat the outer wall of
the lining.

3. Results and Discussion
Figure 3 shows the developed cooling schedule for the lining of a casting ladle in the

case of using new refractories. The horizontal axis represents the time elapsed since the
start of cooling. The vertical axis shows the temperature of the inner surface of the lining.

Figure 3. Cooling schedule of the lining of a casting ladle (with refractories that have not been in
operation) [39].
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The average rate of the temperature decrease was about 2 ◦C/min. The maximum
cooling rate was 200 ◦C/h in the time interval from 0:40 to 1:40. The total cooling time
of the casting ladle lining was reduced from 19 h 30 min to 6 h 50 min. The values of the
thermal stresses that correspond to the developed lining cooling schedule are shown in
Figure 4.

Figure 4. Values of thermal stresses arising with the developed lining cooling schedule (with
refractories that have not been in operation) [39].

In Figure 4, the red lines correspond to the ultimate strength value of the chamotte
refractory used. The upper red line at 27 MPa is the ultimate compressive strength of the
refractory. The lower red line at 6 MPa is the ultimate tensile strength taking into account
its temperature dependence at this stage of cooling [40].

Curve 1 shows the values of the thermal compressive stresses during the cooling pro-
cess and curve 2 shows the values of the thermal tensile stresses during the cooling process.

A factor that determines the values of generated thermal stresses is the temperature
difference across the thickness of the lining. As can be seen from the graph, excess thermal
tensile stresses are observed in the first 40 min of cooling. During further cooling, the
rate of temperature reduction is calculated in such a way that the resulting thermal tensile
stresses do not exceed the ultimate strength of the ShKU-32 chamotte.

Similarly, a cooling schedule was developed for the lining of casting ladles with
refractories that have been in operation for three fuses (Figure 5). The initial stage of the
schedule also has a period during which it is necessary to heat the outer side of the lining
to reduce thermal tensile stresses. The duration of this stage is 25 min.

The cooling graph in Figure 5 is similar in nature to the graph shown in Figure 3.
Despite the different cooling rates in individual periods of the developed schedule, the
total cooling time of the lining of the casting ladle also amounted to 6 h 50 min.

Figure 6 shows the values of thermal stresses that correspond to the developed sched-
ule for cooling the lining with refractories that have been in operation for three fuses.
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Figure 5. Cooling schedule of the lining of the casting ladle (with refractories that have been in
operation for three fuses) [39].

Figure 6. Values of thermal stresses arising from the developed lining cooling schedule (with
refractories that have been in operation for three fuses) [39].

It should be noted that the time moment 01:15–01:45 is characterized by a slight
decrease in the cooling rate. It should be noted that cooling does not occur at the maximum
permissible speed. Reducing the speed in this period is necessary to maintain the average
cooling rate. If the cooling process is carried out at the time 01:15–01:45 with maximum
speeds, then in the future, it is necessary to carry out cooling with a slight decrease in speed.
This is explained by the decrease in the ultimate tensile strength of chamotte at a given
temperature. Thus, slowing down the cooling at the time point 01:15–01:45 allows cooling
to be carried out at higher speeds and leads to time savings.

The developed cooling schedule for the lining of a casting ladle with refractories that
have not been in operation allows for a reduction in the total cooling time from 19 h 30 min
to 10 h 10 min.
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The developed cooling schedule for the lining of casting ladles with refractories that
have been in operation for three fuses also allows the total cooling time to be reduced to
9 h 50 min.

4. Conclusions and Future Research Direction
As a result of the conducted research, it was shown that with the existing cooling

schedule of the lining of the casting ladle, excessive thermal stresses arise.
To develop an efficient cooling schedule, cooling rates were determined for the initial

stage (up to 6 h 50 min). It is during this period of time that the thermal stresses that arise
can have a destructive effect on the lining.

Uncontrolled cooling of the lining during transportation of the ladle to the cooling
site over a period of 40 min leads to the occurrence of a significant temperature difference
across its cross-section. To reduce temperature unevenness across the lining cross-section,
it is proposed to heat the outer surface of the lining using the heat of the combustion of the
ferroalloy gas and cool the inner surface of the lining using natural convection at the initial
stage of the cooling process.

The result of developing and implementing an efficient cooling schedule is a reduction
in thermal stresses to the required level throughout almost the entire cooling process (except
for the first 25 min). It should be noted that in the first 25 min, the tensile stresses that arose
(for refractories that have been in operation for three fuses) were reduced by more than
2.8 times.

The next stage of research will be the development of a design for a device for cooling
ferroalloy production casting ladles. The device being developed must cool the lining of
the ladles with control of the temperature of the inner and outer surfaces of the lining. The
adjustment of the temperatures of the inner and outer surfaces of the lining will be carried
out fully automatically by changing the flow rates of the gases that make up the cooling
medium. It is proposed to use a mixture of air and combustion products of the ferroalloy
gas as a cooling medium.
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