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STUDY ON THE BASIS OF COMPUTER MODEL OF STEEL HEATING PROCESS IN
ORDER TO REDUCE RESOURCE COSTS

Steel s one of the most important materials in the modern world, used in various industries and construction. Steel
production starts with heating steel melt in steel ladles, the equipment used in the steel industry to produce various types of steel.
The ladle plays a key role in this process, as it is the place where the steel melt is heated. The search for rational technological
layouts that ensure the economical use of material and energy resources in the manufacture of high-quality steel products is an
urgent scientific and technical challenge facing the engineering staff of steelmaking and high-quality competitive steel products.
Random increases and decreases in steel temperature can lead to deterioration in steel quality, accelerated erosion of refractory
materials, and increased energy consumption. Steel heat losses depend on the ladle’s thermal state, thermal and physical properties
of the steel, and slag. The thermal state and thermal properties of molten steel and slag need to be quantified to better control the
production process, the final steel composition, and the desired pouring temperature.

The experimental results, their analysis and systematization are presented. It is concluded that the most suitable
materials for the melt heating process are ladles with the smallest geometric parameters together with RESISTAL B80 lining. In
turn, the largest ladle during the experiments produces in most cases the highest resource costs with a steel casing — 498-1972
UAH and 0.18-0.74 MJ. In some results, comparing the steel casing with RESISTAL B80, the resource costs make up a slight
difference — 3-7 UAH. and 0.001-0.003 MJ, and in others — 24-704 UAH and 0.009-0.266 MJ. At the same time, the bucket with
medium geometric dimensions shows average indicators of resource costs — 423-1255 UAH and 0.16-0.47 MJ.

Software for modeling an industrial process has been developed that allows conducting numerical experiments for a
particular steel melt with different input parameters to determine their impact on resource consumption. Saving the results of the
experiments, it is possible to analyze the impact of input parameters on a particular melt and make the right decisions for further
experiments.
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Makcum XPOMYEHKOB, Kupuno KPACHIKOB

JIHIIPOBCHKHIA epKaBHII TeXHIYHHI YHIBEPCHTET

JTOCJIIIXKEHHSA HA OCHOBI KOMIT'IOTEPHOI MOJIEJII ITPOILIECY
HAT'PIBAHHS CTAJII 3 METOIO BMEHIIEHHSA BUTPAT PECYPCIB

Crasib — OaMH 3 HaVIBaXIIMBILLMX MATEPIA/IIB Y CyYacHOMY CBITi, K BUKODUCTOBYETBCS B PISHUX [a/ly35X MPOMUC/IOBOCTI
78 6yAIBHULTBI. BUPOOHULTBO CTa/li MOYUHAETLCS 3 HArpIBaHHs METaaeBoro po3raasy B CT/IEPO3/IMBHUX KOBLUAGX — OB/IBLAHAHHI,
LJO BUKOPUCTOBYETLCS B METAJTYPIIVIHIV POMUC/IOBOCTI 4/151 BUPOBHULTBA Pi3HMX BUAIB CTa/. KOBLL BIAIrpae Kito4YoBy posib ¥ LibOMY
MIPOLECI, OCKI/IbKU Came B HbOMY BIAOYBAETLCS HArPIBaHHA METANIEBOro po3iiasy. [MoLyK paLioHasIbHUX TEXHOIOMYHUX CXEM, O
3a6€e3r1e4yoTb EKOHOMHE BUKOPHCTaHHS Matepia/ibHuX | eHEPreTUYHUX PECYPCIB rpy BUPOOHNLITBI BUCOKOSIKICHOI META/I0NPOAYKLI,
€ aKTya/IbHUM HAYKOBO-TEXHIYHNM 3aBAGHHAM, O CTOITb [1EPEA [HXEHEPHO-TEXHIYHUM [IEPCOHA/IOM  CTa/1eM1/1aBU/IbHOMO
BUPOOHNLTBA | SIKICHOI KOHKYPEHTOCIPOMOXHOI META/I0NPOAYKUIT. BUNaAKoBI MiABHLYEHHS | 3HYKEHHST TEMNIEPATYPU CTasli MOXYTb
1IpN3BECTY O TOrPLIEHHS SIKOCTI CTasl], MPUCKOPEHOI EPO3ii BOTHETPUBKUX MATEPIA/IB I MIABULLEHNX EHEProBUTPAT. Teriosl BTpatun
CTa/li 3anexXars Bif TEMIOBOro CTaHy KOBLIA, TErVIOQI3UYHNX BIACTUBOCTEH META/IEBOro PO3N/iaBy Ta L/aKy. TerioBu CTaH |
TENI0G3NYHI BIIACTUBOCTI PO3/IAB/IEHOI CTa/I Ta LLU/IGKY HEOOXIAHO BU3HAYaTH KifIbKICHO, 1406 KDALYE KOHTPOIIIOBATY BUPOOHUYMI
npoyec, KiHueBmi ckiag po3niaBy | 6axaHy TeMreparypy PO3/IMBaHHS.

[IpescraBrieHo pe3ysibTaTv EKCIIEPUMEHTIB, iX aHasli3 Ta cucTeMaTU3aLis. 3po6/IeHO BUCHOBOK, LYO HAHOIIbLL rpHuaaTHUMM
marepianamu 15 MPOLECY HArpiBy pPO3iiaBy € KOBLI 3 HaUMEHLLIMMU FEOMETPUYHIMM NNapaMeETPamMu B TOEAHAHHI 3 @ByTEPOBKOKO
RESISTAL B80. Y cBoto Yepry, HavbibLLmil KiBLU 114 YaC eKCIIEPUMEHTIB AAE B GIIbLLIOCTI BUMAAKIB HaHOIIbLLI PECYDCHI BUTPaTH 3i
CTaneBo 060/10HKOW - 498-1972 rpH i 0,18-0,74 M. B ogHux pesysibTatax, rnopiBHowum cranesmi koxyx 3 RESISTAL B8O,
PECYPCHI BUTPaTH CKIIBAAIOTL HE3HAYHY Pi3HULO - 3-7 rpH. [ 0,001-0,003 Mk, a B iHwmx - 24-704 rpH. i 0,009-0,266 M/x. [lpu
LbOMY KiBLL [3 CEPEAHIMN FEOMETPUYHUMU POIMIPaMU AEMOHCTPYE CEPEAHI MOKA3HUKN PECYPCHUX BUTPAT - 423-1255 rpH 1a 0,16~
0,47 Mfx.

Po3pobrieHo rporpamHe 3abe3reqyeqHHs A4/15 MOAE/IIOBAHHS POMUCIIOBOIO MPOLECY, WO AO3BOJISE POBOANTH YNCESbHI
EKCIIEPUMEHTU V151 KOHKPETHOI /18BKU CTasli 3 PI3HUMU BXIGHUMY TEPAMETPaMU [/15 BUSHAYEHHS IX BI/IMBY HA BUTPATH PECYDCIB.
36epiratoun pesysibTati EKCIEPUMEHTIB, MOXHA aHa/li3yBatv BII/MB BXIAHUX 8PAMETPIB HA KOHKPETHY M1aBKy [ rpmwimary
11PaBu/IbHI PILIEHHS LUT51 [TOAATTbLLINX EKCIIEPUMEHTIB.

KImt040BI C/10Ba: KOMITIOTEPHE MOLE/IOBAHHS], PO3I1/13B, 3MEHLLEHHS] BUTPAT, CTA/IEPO3/INBHIN KOBLL

Introduction
Reducing resource costs at steelmaking companies is a crucial task. Production efficiency and cost
management play a key role in ensuring the competitiveness of enterprises engaged in industrial processes. To
achieve these goals, it is important to analyze and optimize various aspects of production processes, such as
temperature control, heat loss, and energy management. These measures can improve product quality and help
reduce resource costs.
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Related works

Most of the solutions found in the literature refer to three stages of the steel production process: melting in
arc furnaces [1], refining [2] and continuous casting [3]. On the other hand, the analysis of heat losses in ladles is
mainly considered from the point of view of their design.

Such a model was presented in work [4], where the optimal parameters of bucket lining were determined
with minimal energy consumption. The model describes the heat exchange of molten steel during ladle
transportation between stations. The ladle of the refining unit can determine the temperature of the molten steel
under various production parameters, such as the steel grade and the weight of the molten steel. Predicting the
temperature at which the ladle arrives at the continuous steel casting station (CSST) is important to plan for
overheating during casting and to ensure sufficient time for the ladle to leave the steel casting station at the steel
plant.

One of the main approaches used to calculate the required amount of electricity consumed by industrial
equipment of metallurgical enterprises is the approach based on the use of regression dependencies of electricity
consumption on important factors of the production process. The solution to the problem of electricity consumption
based on the forecasting of electricity based on multivariate regression and correlation analyses was also carried out
in [5-6].

In [7] emphasizes that the most energy-intensive steelmaking process using electric arc furnaces (EAFs) is
subject to automation limitations and decisions related to furnace loading volume, while operators typically make
decisions about electrode placement time. The authors proposed a recommendation system based on an
economically optimal operating model to support the operator's real-time decision-making for an economically
optimal process.

Purpose

A mathematical modeling method was used to predict the thermal state of the liquid metal in the ladle. The
calculations took into account the geometric parameters of the steel ladle, thermal properties of the steel melt, slag
and lining. For the purpose of this study, the ladle is an open container that receives the molten steel and some slag.
In the ladle, 3 graphite electrodes are placed, which are designed to supply electric current to the melt to heat it. The
total power of these electrodes is 25000000 W. There are assumptions for mathematical model:

1) View of a steel ladle in the form of a cylinder (Fig. 1).

2) Geometric properties of a steel ladle, which are presented in table 1.

3) Thermal properties of steel melt, slag and lining, which are presented in tables 2-4.

Fig.1. Simplified scheme of a steel ladle
1 - graphite electrodes, 2 - lining, 3 - slag, 4 - liquid metal (melt), 5 - electric current

Table 1
Geometric dimensions of the steel ladle
Ladle number, Ne Capacity, t Height, mm Average diameter, mm
1 50 2800 2480
2 100 3450 3175
3 250 4350 3885
4 480 5660 4977
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Table 2
Thermal properties of melts
Steel melt Thermal conductivity, Heat capacity, . 3 Temperature, K
W /(m-K) Joule/(kg - K) Density, kg/m
Iron 50 85 7000 1815,5
Structural steel 30 500 7000 1998,15
Carbon steel 35 550 7500 1723,15
High strength cast iron 40 650 7900 1673,15
Gray cast iron 25 500 6950 1533,15
White cast iron 40 550 7100 1482,15
Table 3
Thermal properties of slag
Material Thermal conductivity, Heat capacity, . s Temperature, K
W /(m- K) Joule/(kg - K) Density, kg/m
Slag 1,8 1 2675 1473,15

Table 4
Thermal properties of lining

Lining Thermal conductivity, Heat capacity, . 3 Temperature, K
W /(m - K) Joule/(kg - K) Density, kg/m
18 1212 7000 18155
RESISTAL B80 1,8 1342 2750 1873, 15
2 1070 2200 673,15
Steel casing 42 430 7730 673,15

The heat conduction equation was used to model the process of heating the steel melt and the change in the
temperature of the materials over time:

2
du Ldiu,ﬁ(u“ —v4 (1)
dt cpdx® cp

where % — rate of change of melt temperature over time; k — coefficient of thermal conductivity of the

melt; cp — specific heat capacity of the melt; d 2y 1dx? - dispersion of the melt temperature along the x coordinate;
u — heat transfer coefficient, which characterizes the amount of heat radiated from a unit of material surface per

unit of time; u? — fourth degree of the melt temperature function; v4 _ the fourth degree function of ambient
temperature.

Emissivity is the degree of an object’s ability to absorb and emit energy, i.e. how well the body emits and
absorbs energy. In this study, we chose this coefficient of 0.3, and its consideration gives a more accurate result and
optimization of resource costs.

The Stefen-Boltzmann constant (law, proportionality coefficient) associated with the blackness coefficient
was also taken into account in the thermal process:

Vatt

-8
0 =56-10"

)

To calculate the flows between two points in the system (upstream and downstream), taking into account
temperature differences, distance, and thermal conductivity, the Fourier's law (heat conduction) was used. Since the
system used layers of air, slag, molten steel, and lining, this law was used to calculate the heat flow between
adjacent layers:

g=-kVT ©)

where q — heat flux; k — thermal conductivity coefficient; VT — temperature gradient (temperature
difference in space).

In addition, the volume of steel melt in the ladle (75%) was taken into account for all experiments. This
made it possible to take into account the volume of liquid steel to heat it, which affected the thermal state and
temperature gradient. The area of the bottom and side walls of the ladle was also calculated. In this case, the heat
flow calculations are determined in relation to these geometric parameters.
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Based on this mathematical model, software was developed to perform numerical studies and analyze the
melt heating process with various parameters and their combinations. The main task of this software is to analyze
and search for parameters that meet the requirements of the industrial process to reduce resource consumption.

The program has a user-friendly interface through which the user explores the industrial process to find and
analyze parameters for certain conditions in order to reduce resource costs. To start the study, the user must select a
specific ladle, metal melt, slag and enter such input parameters as: process duration, initial temperature of melt, slag
and lining, temperature above slag, room temperature, temperature of electrodes on and off.

After the experiment, the user can save it to the database for further analysis and compare it with others to
find the optimal melt heating option. The results obtained can be useful and used for further research on this topic.

During the experiment, the graph displays changes in the temperature of the materials in real time, which
makes it possible to study and analyze thermal processes and their dynamics during the experiment.

The C# programming language was chosen to create the software, SQL Server was chosen to store and
manage data, and the SQL Server Management Studio (SSMS) environment was chosen as the interface for
managing and creating queries. A logical model of the data base is presented in figure 2.

To display the modeling results, we used the chart component, a control for building various types of
graphs and charts.

The graphical user interface was developed using Windows Forms technology, which is part of the
Microsoft .NET Framework platform, which has a large set of controls, convenient and wide functionality that
allows you to quickly and easily create an attractive and functional user interface.

Results Parameters
? id_res ® id_param
id_mat id_mat
id_linig thermal_conductivity
id_slag density
id_ladle heat_capacity
experiment_date temp
Ladles duration_proc
® id_ladle starting_temperature_on_electrod j
number final_temperature_off_electrod
capacity (D=0 maximum_lining_temperature Materials
high minimum_melt_temperature ——m § id_mat
average diameter maximum_melt_temperature — kind
maximum_slag_temperature ’ name
wasted_money
wasted_energy
primary_temp_slag_and_melt
primary_temp_lining
air_temp
temp_above_slag
id_param

Fig. 2. Logical model of the database

Results

To conduct experiments on the process of heating the steel melt, the heat conduction equation was chosen
as the basis for the experiments. During the experiments, the data given in the tables 1-4 and the input data such as:
process duration, initial temperature of melt, slag and lining, temperature above slag, room temperature, temperature
of electrodes on and off. During the experiments, 100 results were obtained. The duration of each experiment was
10 minutes

Based on the results of the iron melt, we can conclude that the optimal parameters for its heating in terms of
resource costs are the following: ladle Ne 2, RESISTAL B8O lining, electrode exclusion temperature — 1815 and
1830, K; initial melt and slag temperature — 1820, K. In the course of this, 0.16 MJ and 423 UAH were spent. The
result of this experiment is shown in figure 2.

The most costly result of heating an iron melt, the graph of which is shown in figure 3, is the following
experiment with the following parameters: ladle Ne 4, steel casing, electrode shutdown temperature — 1812 and
1820, K; initial melt and slag temperature — 1815, K As a result, 0.232 MJ and 612 UAH were spent. The result of
this experiment is shown in figure 3.

These results show that in most cases, the materials that have a more costly impact on resource costs are
bucket No. 4, which has the highest geometric properties throughout the study, together with the steel casing. In
turn, buckets No. 1 and 2, which have the smallest dimensions and are lined with RESISTAL B80, show more
favorable results.
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Fig. 3. Chart of experiment with the most energy-efficient consumption of resources for melting iron
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Fig. 4. Chart of the experiment with the largest resource costs for melting iron

Conclusions

The experimental results, their analysis and systematization are presented. It is concluded that the most
suitable materials for the melt heating process are ladles with the smallest geometric parameters together with
RESISTAL B80 lining. In turn, the largest ladle during the experiments produces in most cases the highest resource
costs with a steel casing — 498-1972 UAH and 0.18-0.74 MJ. In some results, comparing the steel casing with
RESISTAL B80, the resource costs make up a slight difference — 3-7 UAH. and 0.001-0.003 MJ, and in others — 24-
704 UAH and 0.009-0.266 MJ. At the same time, the bucket with medium geometric dimensions shows average
indicators of resource costs — 423-1255 UAH and 0.16-0.47 MJ.

Software for modeling an industrial process has been developed that allows conducting numerical
experiments for a particular steel melt with different input parameters to determine their impact on resource
consumption. Saving the results of the experiments, it is possible to analyze the impact of input parameters on a
particular melt and make the right decisions for further experiments.
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