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Abstract In the steelmaking process, hot metal is transferred from the torpedo car to the ladle for
desulfurization, a critical step aimed at reducing sulfur content in the metal to enhance product quality. This
process significantly impacts the thermal profile of the hot metal, resulting in temperature changes that
influence subsequent stages of production. However, continuous temperature measurement during
desulfurization is not feasible due to technical limitations in sensor design and associated costs. As a result,
temperature readings are typically available only at the beginning and end of the desulfurization process. This
study addresses the need for continuous temperature monitoring by proposing a mathematical model for
predicting the temperature of desulfurized hot metal throughout the process. The model integrates process
parameters and heat transfer dynamics to estimate temperature variations in real-time, offering valuable
insights into the thermal behavior during desulfurization. This predictive capability is essential for optimizing
operational decisions and ensuring the desired temperature of the hot metal before it is poured from the ladle
into the oxygen converter.
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1. Introduction

Hot metal, which is pig iron in a liquid state, is produced in a blast furnace and subsequently transported
in torpedo cars to the ladle. Once in the ladle, a desulfurization process is carried out to reduce the sulfur
content in the hot metal. This desulfurization is crucial because sulfur is considered an undesirable
impurity in steel production, negatively affecting steel quality. High sulfur levels lead to increased
brittleness, reduced intergranular strength, lower melting points, and poor mechanical properties, which
can significantly degrade the quality of the steel. To address this, the hot metal undergoes pretreatment,
specifically desulfurization, before it is transferred to an oxygen converter for further steelmaking
processes. The desulfurization process is energy-intensive, and managing the temperature of hot metal
within the ladle is essential for controlling energy consumption and ensuring the efficiency of the
process.

Hot metal is composed of various elements such as iron, carbon, manganese, silicon, sulfur, and
phosphorus, with sulfur and phosphorus being undesirable for the quality of steel. Sulfur is particularly
harmful, as it affects the mechanical properties of steel, especially at high temperatures, and can
deteriorate surface and internal steel quality. Pretreatment by desulfurization reduces sulfur to levels
required for high-quality steel, including low-sulfur steel (sulfur content < 0.01%) and ultra-low-sulfur
steel (sulfur content < 0.005%).

Various methods are used to carry out desulfurization, including the injection of desulfurization
mixtures such as calcium carbide, lime, magnesium, soda ash, or their combinations. Nitrogen is often
used as a carrier gas to inject these mixtures into the ladle through refractory-lined lances. Other
methods, such as the Kanbara reactor impeller stirring system and desulfurization in basic oxygen
furnaces, also contribute to sulfur reduction. The depth of injection, lance design, and gas flow rate are
critical parameters in maximizing desulfurization efficiency.

Advancements in the desulfurization process are supported by experimental research and the
development of mathematical models. For instance, Brodrick discussed the importance of injection
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depth and insulation to minimize heat loss during desulfurization. Additionally, experimental studies
such as those by Kalling and colleagues showed that fine lime powder enhances the speed and
completeness of sulfur removal. Other studies, like those by Gurov and Shevchenko, focused on
methods such as controlled magnesium injection and analyzed their efficiency in sulfur removal.
Researchers have also looked into cost-effective methods by analyzing the use of residual materials,
such as lime and fluorspar, which can lower desulfurization costs while maintaining process efficiency.

Mathematical modeling plays an essential role in understanding and optimizing the desulfurization
process. Models that incorporate mass transfer, thermodynamics, and kinetics help predict the outcome
of various desulfurization techniques. For example, Ochoterena et al. used industrial data to validate
their mass transfer model, while Barron and Rodriguez focused on kinetic and thermodynamic aspects
to improve desulfurization efficiency. Computational Fluid Dynamics (CFD) simulations are also
widely used to analyze the dispersion of desulfurizing agents and optimize injection methods, while
software like THERMOCALC helps simulate complex reactions involved in desulfurization.
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Figure 1. Ladle operation.

Despite the progress made in hot metal desulfurization, challenges remain, such as improving process
efficiency, reducing energy consumption, and adapting to variable operational conditions. Emerging
technologies, like machine learning and optimization algorithms, offer new avenues for addressing
these challenges. For example, Ashhab applied artificial neural networks to optimize process parameters
and enhance the adaptability of desulfurization methods. In modern steelmaking, computational tools
have become indispensable. They help predict material properties, understand fluid mechanics, and
simulate complex interactions in processes like hot metal desulfurization. These tools bridge the gap
between theoretical models and industrial practices, providing a platform for more sustainable and cost-
effective steel production. This study aims to contribute to the understanding of hot metal
desulfurization by integrating experimental data, mathematical models, and computational simulations.
By improving process efficiency, energy management, and adaptability, this research strives to advance
desulfurization techniques, making them more sustainable and cost-effective for the steel industry.

2. Materials and Methods: The problem of predicting the hot metal temperature drop during the
desulfurization process in the ladle is solved by a mathematical model proposal in the form of
cooperating thermal processes. The individual parts of the proposed model are implemented in the
MATLAB R2023b environment into the simulation model form. Metals 2024, 14, 1394 4 of 25 2.1.
Ladle, Hot Metal, and Desulfurization Process Description Two types of layer distribution in the
selected ladle (see Figure 2) are considered,

Page | 28


http://www.ijama.in/

International Journal of Advanced Multidisciplinary Application | JAMA

Volume 1issue 4 Dec 2024
ISSN No: 3048-9350

Figure 2. Ladle.

the first for the bottom wall in the sequence from the ladle’s bottom wall inner surface and the second
for the vertical wall in the sequence from the ladle’s vertical wall inner surface (see Figure 3). The

vertical wall includes four layers, and the bottom wall includes three. The bottom ladle’s wall does not
contain a layer marked number 3

ladle’s central axis

vertical wall

ladle’s vertical wall=—=

ladle’s vertical wall
mner surface

= outer surface

||| Efbattom wall

ladle’s bottom wall outer surface

S 3 laver -4 laver

Figure 3. Distribution of the ladle’s wall layers in the bottom and vertical walls.
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It is a heat energy exchange process from high- to low-temperature areas in solids caused by a
temperature gradient [25,26]. In the investigated case, it is the heat conduction in the vertical and bottom
walls of the ladle. The Fourier heat conduction differential equation expressed for the one-dimensional
heat transfer was used for the heat conduction process in the ladle’s wall. This equation represents
temperature T (K) change over time t (s) in direction r (m) axis:

dT(r, ) 1 a/ THET(I,T‘J
Cy = ——| T, ,
Lt rTdr ( dr

Convection is the transfer of heat through the flow of a heat-carrying fluid (i.e., liquid or gas) from the
body’s surface to the surroundings. In the case of a ladle, free convection is assumed between the hot
metal and the surrounding air, the hot metal and the ladle’s wall, and the ladle’s wall and the surrounding
air.

2.1. Heat Radiation A body whose temperature is higher than 0 K radiates thermal energy through its
surface. Heat transfer by radiation has a different character than heat transfer by conduction and flow.
In conduction and flow, it is a molecular transfer of heat energy in solid, liquid, and gaseous substances,
dependent on the temperature difference. In the case of radiation, the intensity of the heat flow depends
on the power of the temperature, which in the case of radiation from a perfectly black body represents
a value of four. Since the heat flux density during radiation is applied in an exponential temperature
dependence, radiation begins to be applied more significantly from a temperature of 1000 K, which is
also the case of cooling hot metal in the ladle. The heat flow by radiation between two gray bodies with
temperatures THM and Ts with the resulting emissivity €12 through surface A is given by the equation

Ig, (T) = e A(Tiy(T) — T2,
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¥

dr dr
dQ(t) e dT(T)
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2.2. Heat of Reaction The heat released during a chemical reaction is expressed as the change in the
enthalpy at a constant pressure. The desulfurization process of hot metal is carried out in a ladle to
reduce the sulfur content using a desulfurization mixture injection. The used desulfurization mixture
consists of magnesium, fluorspar, and lime and is transported by injected nitrogen gas. The following
chemical reaction is considered for the chemical heat release in this process:

Mg  +S() =MgS _ +4H",

(&)
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2.3. Implementation The synthesis process is used to implement the presented thermal and
thermochemical mathematical models into the proposed model. The algorithm of the ladle’s
desulfurization process (see Figure 4) results from this implementation process. This algorithm has three
essential steps: 1. Preheating: The ladle is heated to the required temperature after the new ladle enters
the process or the ladle’s walls are repaired. The ladle wall’s temperatures are calculated using this step.
2. Hot metal cooling: The hot metal temperature and ladle wall’s temperatures are tracked if the hot
metal stored in the ladle is desulfurized and transported between the torpedo car and the oxygen
converter. The tracked temperatures are calculated in this step. 3. Ladle’s walls cooling: The empty ladle
cooling (i.e., the ladle’s vertical and bottom walls cooling) is started after realizing the previous steps.
The ladle wall’s temperatures are calculated in this step. The models are interconnected to determine
the change in the thermal state of the ladle (i.e., heat accumulation in its walls), namely, the preheating
model and the ladle wall cooling model. The thermal state of the ladle determines the heat losses into
the ladle walls during cooling the hot metal (i.e., the hot metal cooling’s model). The contact between
the hot metal and the ladle’s wall affects the ladle thermal state
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Figure 4. Algorithm of the processes taking place in the ladle.

At the beginning of the simulation, a decision must be made whether the ladle is in a state of after
preheating repair or in operation. In the case of a new or repaired ladle, the preheating function is used.
The ladle wall’s temperatures (i.e., the temperature data history) are loaded if it is the case of the ladle
being in operation. The ladle wall’s layers parameters must be set in the mathematical model if the ladle
is repaired or new. Heat transfer calculations determine the temperature distribution in the ladle wall’s
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lining during preheating. The hot metal desulfurization and cooling process is simulated if the ladle is
filled with hot metal. The ladle’s wall cooling process is simulated if the ladle is empty. After preheating
the ladle or loading the ladle’s stored temperatures from the previous desulfurization cycle performed
in the ladle (i.e., the time of pouring hot metal into the oxygen converter), the process of ladle wall
cooling must follow (i.e., the ladle wall cooling process). The time interval for cooling the ladle walls
is equal to the period from the end of preheating to the time of pouring the hot metal into the ladle, or
from the time when the hot metal is poured into the converter to the time of pouring the hot metal into
the ladle. The proposed model computes the temperature drop in the ladle walls for this interval.

After the hot metal charge is poured into the ladle, the cooling process of the hot metal begins, which
is modeled using a hot metal cooling model. This cooling occurs due to heat losses through various
mechanisms, such as radiation and convection through the ladle pouring hole, and heat transfer to the
ladle walls through convection. As a result, the temperature of the hot metal decreases, while the
temperature of the ladle walls increases. The mathematical model used in this process calculates the
temperature changes in both the hot metal and the ladle walls from the moment the hot metal is poured
into the ladle until it is eventually poured into the oxygen converter.

Once the hot metal is transferred to the oxygen converter, the temperatures of the ladle walls are
recorded and saved in a file for further analysis. At this stage, it is determined whether the ladle's lining
requires repair or if the desulfurization process for a new charge of hot metal can proceed. If the lining
is found to be damaged and requires repair, the ladle undergoes a preheating process. During this
process, the temperatures in the ladle walls are monitored and calculated using a preheating model. This
ensures that the ladle is brought to the necessary operational temperatures before the next charge is
processed. After the preheating process, or if no repair is required, the ladle is moved to the torpedo car,
where it remains until it is ready to pour a new charge of hot metal. During this waiting period, the ladle
wall cooling model is applied to calculate the cooling effects on the ladle walls. Once the simulation is
completed, the temperature data, which represents the temperature changes over time for both the hot
metal and the ladle walls, are displayed in graphical form and saved in data files for further analysis
and review. These outputs provide valuable insights into the thermal behavior of both the hot metal and
the ladle during the entire process. The implementation of the mathematical model is done using the
MATLAB programming environment, specifically in the form of m-functions. The structure of the
mathematical model is built by integrating various individual models discussed in the previous sections.
The connection between these models represents the comprehensive mathematical framework used to
simulate the temperature changes and heat transfer processes in the ladle, ensuring that the system is
modeled accurately and efficiently.

After the hot metal charge is poured into the ladle, the cooling process of the hot metal begins, which
is modeled using a hot metal cooling model. This cooling occurs due to heat losses through various
mechanisms, such as radiation and convection through the ladle pouring hole, and heat transfer to the
ladle walls through convection. As a result, the temperature of the hot metal decreases, while the
temperature of the ladle walls increases. The mathematical model used in this process calculates the
temperature changes in both the hot metal and the ladle walls from the moment the hot metal is poured
into the ladle until it is eventually poured into the oxygen converter.

Once the hot metal is transferred to the oxygen converter, the temperatures of the ladle walls are
recorded and saved in a file for further analysis. At this stage, it is determined whether the ladle's lining
requires repair or if the desulfurization process for a new charge of hot metal can proceed. If the lining
is found to be damaged and requires repair, the ladle undergoes a preheating process. During this
process, the temperatures in the ladle walls are monitored and calculated using a preheating model. This
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ensures that the ladle is brought to the necessary operational temperatures before the next charge is
processed. After the preheating process, or if no repair is required, the ladle is moved to the torpedo car,
where it remains until it is ready to pour a new charge of hot metal. During this waiting period, the ladle
wall cooling model is applied to calculate the cooling effects on the ladle walls.

Once the simulation is completed, the temperature data, which represents the temperature changes over
time for both the hot metal and the ladle walls, are displayed in graphical form and saved in data files
for further analysis and review. These outputs provide valuable insights into the thermal behavior of
both the hot metal and the ladle during the entire process.

The implementation of the mathematical model is done using the MATLAB programming environment,
specifically in the form of m-functions. The structure of the mathematical model is built by integrating
various individual models discussed in the previous sections. The connection between these models
represents the comprehensive mathematical framework used to simulate the temperature changes and
heat transfer processes in the ladle, ensuring that the system is modeled accurately and efficiently.

3. Results and Discussion The proposed mathematical model of the hot metal desulfurization process
in the ladle was verified using measured variables and the computing simulation with the MATLAB
model. Subsequently, the sensitivity analysis of the impact of the measured variables and selected
process parameters on the hot metal temperature change was evaluated.

3.1. Input Data The three ladles created for the desulfurization process of 150 t hot metal were used
for the simulations. The ladles parameters and the thermophysical properties of the ladle walls layer’s
materials were determined by the manufacturer [20-22], and the input values of measured variables
were determined using measurements realized in the steel mill. The measured data used in the
simulation process were as follows: hot metal temperature before desulfurization—T1, hot metal
temperature after desulfurization—T2, hot metal weight before desulfurization—m1, hot metal weight
after desulfurization—m?2, desulfurization mixture mass—mz, nitrogen volume—VN2 , sulfur
concentration in hot metal before desulfurization—SO0, sulfur concentration in hot metal after
desulfurization—Sk , full ladle time—=F, and empty ladle time—E. Table 3 shows the measured data’s
minimal, maximal, and average values based on the three realized sets of cycles from the three ladles
(the 1st ladle—17 cycles, the 2nd ladle—21 cycles, and the 3rd ladle—17 cycles), a sample of a total
of 55 cycles. These values for the 1st ladle are shown in Table 4, those for the 2nd ladle are shown in
Table 5, and those for the 3rd ladle are shown in Table 6. The figures (see Figures 5-9) show the frequent
occurrence of the selected variables within 55 cycles, i.e., the hot metal temperature before and after
desulfurization, the hot metal weight, the desulfurization mixture weight, the sulfur concentration in hot
metal before desulfurization, the sulfur concentration in hot metal after desulfurization, the hot metal
temperature difference during desulfurization, the nitrogen volume, the empty ladle time, and the full
ladle time. These figures show that the highest occurrence of the selected variables is in these ranges:
1310-1370 <C for the T1 temperature, 1310-1340 ~C for the T2 temperature, 148—156 t for the ml
weight, 510-670 kg for the mz weight, 0.04-0.06% for the SO sulfur concentration, 0.0015-0.002% for
the Sk sulfur concentration, 18-25 °C for the change in the temperature during the desulfurization
process, 9000—11,750 dm3 for the nitrogen volume VN2 , 30—55 min for the tE ladle time, and 35-60
min for the tF ladle time. The mixture consisting of 20% magnesium, 5% fluorspar, and 75% lime was
used for the hot metal desulfurization during experimental measurements. This desulfurization mixture
was dosed in the nitrogen gas into the hot metal placed in the ladle
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Figure 6. Histogram for (a) the hot metal weight, (b) the deulfurization mixture weight.

3.2. Model Verification The input temperature of the hot metal poured into the ladle was not measured.
As a result, during the time interval between pouring the hot metal into the ladle and measuring the
temperature T1, it was impossible to determine the hot metal’s temperature drop or the ladle’s thermal
state. It was necessary to propose an algorithm to determine the hot metal temperature after pouring it
into the ladle because the first temperature measurement (i.e., T1) was realized approximately after
three minutes (see Table 2). The determination of the initial temperature of the hot metal was essential
for the ladle’s thermal state sets. This ladle’s thermal state was needed for the heat loss into ladle
calculation in the subsequent hot metal cooling process. The modified Fibonacci algorithm was used to
solve this problem.

3.2.1. Fibonacci Method In the Fibonacci method, two conditions are assumed. The first condition
assumes that the temperature drop of the hot metal cannot exceed 100 °C during the given time interval.
The second condition assumes that the temperature of the poured hot metal cannot be lower than its
measured temperature T1, after being poured and cooled in the ladle. For this reason, the interval in
which we search for the input temperature of the hot metal was set within the range from T1 to T1 +
100 ~C. The Fibonacci method identified the initial hot metal temperature within this interval. A set of
iterations was performed, differing by the temperature value of the poured hot metal (i.e., determined
by the Fibonacci method). These iterations were calculated for the time period between pouring the hot
metal into the ladle and measuring the temperature T1. The temperature value of the poured hot metal
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was selected such that the calculated temperature T1 at the time of measurement showed the smallest
difference between the calculated and measured temperature T1. The chosen value of the poured hot
metal temperature was then used as input for the simulation of the entire current cycle.
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Figure 7. Histogram for the sulfur concentration (a) before desulfurzation, (b) after desulfurization.
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Data obtained from an operational experiment were used to determine the heat transfer coefficient,
while the measured and modeled (i.e., obtained by the proposed model) surface temperatures were
compared. The operator uses only one type of ladle, whose construction and dimensions correspond to
the layer configuration shown in Figure 3 and the values listed in Table 1. The proposed model can be
extended to other types of ladles by including their parameters, dimensions, and properties as input to
the proposed model. If a ladle with different dimensions from those described in Table 1 and with
different layers from those shown in Figure 3 is used, the following parameters of the ladle need to be
adjusted in the proposed model: ¢ The size of the ladle opening which affects the hot metal temperature
drop due to heat losses by radiation and convection to the surroundings. * The inner and outer diameters
of the ladle, as well as the height of the ladle, influence the mass of hot metal charged into it. « The
composition and dimensions of the individual layers of the furnace walls affect the hot metal’s
temperature drop due to heat losses by convection to the furnace walls and, subsequently, the
temperature distribution in the furnace walls.

Page | 35


http://www.ijama.in/

International Journal of Advanced Multidisciplinary Application | JAMA
Volume 1Issue 4 Dec 2024
ISSN No: 3048-9350

1400

Measred hot metal temperatune before desulphurizason |,'| I 1280 [P ——— r Y Y T T T
Measored hot metal femperatune after desulphurizason -
Tmod, AwgE = 0.4263 Mink = L0259 MaE = 0.9141 /il 1380 foa FO-D.S8TET b
[
1380 il p =
i © 1am| E
f Al g
] | - 4
ot I | 5 1360
o ||I I| | | 3-
— \ 1. B qaso t g
3 \ ,-"“ [ 1 &
2 ! I I S
% 1340 vV ff 1l . g 1340 1
- A " I @
é X a Y [ | |
- W i = fif ! T 1330 E
Fasan b W W N S WA H ' 1 o
W -\_f -II LAY I| 1 ;S iam b 4
\ N l\ S
VN ~ 2130 .
1200 | | =
N 1300 | 4
+*
1280 1280
2 4 B B 10 12 14 16 18 1300 110 1320 1330 1340 1350 1360 1370 1380 1390 1400
Cycle order Modelad hot metal tempesature [ ]
(a) ib)
Figure 11. The 1st ladle, (a) temperature values, (b) correlation between the modeled and measured
h:mpcraturcﬂ_
1400 Measired hot metal lemperature befone desulphurizasion 1380 * measured I I i |
4 | Measured hot metal emperature after desulphurizason ——— fijod: BZ=0.97673
1320 | Tmod, AvgE = 0 4753 MnE = 00468 MaxE = 08550 1370

E

g
g

g

_.Tl._l'.vl-c__l:l\l'l.£5|
E EE B
B

1320

Meazured hol medal lemperaure | C]
g
=]

1320 |-
210 1310
1300 1300 v
o 25 1300 1310 1320 1330 1340 1350 1380 1370 1380 1390
Cycle onder Madsled hot metal temparature | C]
(a) (b)

Figure 12. The 2nd ladle, (a) temperature values, (b) correlation between the modeled and measured
temperatures.

The sensitivity analysis shows that the most significant factors influencing the model’s accuracy and
reliability from the measured data are the input temperature of the hot metal, sulfur concentration, and
the hot metal mass. Operators must ensure accurate operational measurements of these inputs using
appropriate devices tailored to the specific operational needs. Among the heat transfer and accumulation
parameters, the most significant factors influencing the model’s accuracy are the heat capacity and
emissivity of the hot metal and the emissivity of the surrounding air. The heat capacity of the hot metal
is a crucial parameter for heat accumulation. The desulfurization process of the hot metal occurs at
temperatures much higher than 1000 K, and at these values, the radiative heat transfer plays a significant
role. The heat transfer by radiation depends on the emissivity of the environment, and this fact explains
the substantial impact of emissivity on the final temperature of the hot metal.

4. Conclusions A mathematical and simulation model for hot metal temperature prediction in the ladle
is described in this article. The proposed approach’s novelty is based on applying thermal and
thermochemical mathematical models to modeling the hot metal temperature drop during the
desulfurization process in the ladle. These models were realized and verified by simulations on three
ladles. The hot metal temperature drop when the hot metal is placed in the ladle, as well as the change
in the ladle’s wall temperature when the ladle is empty, were determined by this model. The accuracy
was evaluated by comparing the measured and modeled hot metal temperatures (see Figures 11-13).
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Subsequently, the correlation coefficient, and the average, maximal, and minimal relative errors were
calculated. The relative error values (i.e., maximal average error 0.43%) and the correlation coefficient
values (i.e., minimal coefficient 0.95732) showed a strong correlation of the measured and modeled
temperatures. After verification of the proposed model, the sensitive analysis was performed. This
analysis evaluated the impact of the measured variables and the heat transfer and accumulation
parameters on the hot metal temperature change in the ladle. Among the measured variables, the input
hot metal temperature, the hot metal weight, and the initial sulfur concentration had the most significant
impact on the end hot metal temperature. The measurement of these variables needs to be refined and
stabilized because of the reduction in measurement uncertainty. Among the heat transfer and
accumulation parameters, the hot metal specific heat capacity, the air emissivity, and the hot metal
emissivity had the most significant impact on the end hot metal temperature. The obtaining of the
measured data and the determination of the heat transfer and accumulation parameters require high
precision to enhance the model’s reliability. The proposed model enables determining the ladle’s
thermal state and assessing whether the ladle preheating is necessary. A low thermal state of the ladle
can lead to a significant drop in the hot metal temperature during the desulfurization process due to
increased heat losses into the ladle’s wall. The temperature of the hot metal at the outlet of the ladle is
equal to the temperature of the hot metal poured into the oxygen converter. This temperature affects the
steelmaking process within the oxygen converter. This includes the progression of chemical reactions
and the control of the scrap charge mass concerning its impact on the temperature drop. In steelmaking,
alongside monitoring the carbon content in steel, the end hot metal temperature is critical. The low
temperatures can obstruct subsequent operations such as transportation, casting, and rolling. For this
reason, continuous measurement of the hot metal temperature drop in the ladle and determining the
ladle’s thermal state are highly significant.
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