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The steel ladle lining protects the metal ladle body from overheating and the liquid steel from solidification. One of the
reasons for the lining thinning is its erosion by fast flows of liquid steel near the walls and bottom of the ladle (for example, near the
blow tuyere). Metallurgists periodically replace the lining, looking for places of the greatest wear, which consumes time and material
resources. Predicting the lining wear process opens the way to optimizing and saving these resources.

In the process of blowing, turbulent melt flows erode the ladle lining and its thickness de-creases due to mechanical erosion.
The thickness of the steel ladle lining gradually becomes thinner with each casting. The degree of erosion depends on the tangential
melt speed. In steel production, they try to slow down this wear, because each lining repair costs considerable time and resources.
Scientists paid attention to this problem in publications, in particular, on mathematical modeling of lining wear. A large number of
conditions of this process are subject to research, in particular, the number and location of blowing tuyeres, as well as blowing power.
Firstly, it is necessary to quickly mix the impurity in the melt, and secondly, to preserve the lining of the ladle. Computer visualization
and analysis of this process involves its course and results in the form of calculated fields, in particular, wear. The result fields are
stored in a database. Also they are added and processed through a specially designed website. It allows researchers to register and
fill in the experiment form, as well as add literature sources of data. The list of literature is used in almost all experiments to compare
results. Simulation of the process at blowout rates of 40, 60 and 90 |/min and the number of blowout plugs (tuyeres) from one to
three showed that the greatest scouring is predicted at the bottom, near the blowout plugs, and the transition to each higher blowout
rate increases the scouring intensity by about 15%. Turning off the tuyeres after 1 minute of blowing significantly reduces erosion by
at least 35%. If we consider the ladle wall, without disconnecting the tuyere, the flow rate of 90 [/min is the most destructive.
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Kupuino KPACHIKOB, Tanzing PATUXOBA

JIHINpOBCHKHIL NepKaBHUH TeXHIYHHH yHiBepcuteT, Kam’ssHCbKe, YipaiHa

KOMIT'IOTEPHUI AHAJII3 BIUIUBY PEKUMIB TPOAYBKHU PO3ILIABY HA
MEXAHIYHY EPO3I1IO ®YTEPIBKH KOBIITA

17ig 4Yac TPaHCriopTyBaHHS 3 OAHOMO LEXy B iHLWWMY TeMreparypa po3niaBy y KOBLI 36EpiracTeCs 3aBAsSKu Lapy
BOrHETPUBKOI QyTEDIBKM BCEPEANHI HA CTIHKaX [ AHI. Y npoueci npoayBarHs TypOy/IeHTHI OTOKU Po3riaBy PO3MUBAIOTL @yTEDIBKY I
TOBLYWMHA I LIGPY 3MEHLLYETLCS YEPE3 MEXaHIYHY EPO3it0. OCOB/MBICTIO EPO3IT € HEOAHOPIAHICTL POIMUTTS, BUKITUKAHY aHi30TPOITIEQ
1107159 WBUAKOCTI. LJOCTIKEHHS PIBHNX KOHGIrypauivi goypm i BUTPAT rady A03BOJNTb BUIHAYUTH OITUMAE/TbHI TEXHO/IOMYHI YMOBY U151
36epexeHHs BapTicHoi' @yTepiskn. MeToro poboTn € MaTEMAaTUYHE MOAE/IOBAHHS MEXAHIYHOIroO 3HOCY yTEPIBKM KOBLUA TOTOKaMMU
pOo3riiaBy i Yac rpoayBaHHs aproHOM 3a AOMOMOrowo po3pob/IeHOro POrpPamMHOro 3a6E3MeYeHHs HayKoBux AOCTImKeHs. CTyrliHb
PO3MUTTS 3aNEXUTL BIA LBUAKOCTI JOTUYHOrO po3riasy. [lpu BUPOOHMLTBI CTa/li HaMaratoTeCs VITOBIIbHUTYU L€ 3HOLLYBAaHHS, 60
KOXXHMI DEMOHT QyTEPOBKYM BapTyeE 3HAYHOro Yacy i pecypcis. L{ivi npo6riemi HayKkoBLi npuAins/m yBary y rny6siikaLisx, 30Kpema, o
MaTeMaTYHOMy MOAE/TIOBAHHIO 3HOCY QyTEPOBKI. LJOCIIIKEHHIO TiA/ISrac BE/MKAE KiJIbKICTb YMOB LbOro rpoLecy, 30KpeMa, Ki/lbKiCTb
[ pO3TaLLyBaHHS ByPM rIPOLYBAaHHS, a TaKOX MOTYXXHICTb MPoAyBaHHs. To-repLue Tpeba i AOMILLKY LWBUAKO MEPEMILLATH Y PO3I/IaB),
a no-gpyre i QyrepoBKy kosla 36epertv. KOMItoTepHa Bi3yasi3alis | aHasl3 03HaYeHOro MpoLECY nepesbayaroTs voro xig i
PE3Y/ILbTATU Yy BUITISAI PO3PaxoBaHuX [10/1B, 30Kpema, 3Hocy. [lons 36epiratotecs y 6a3i gaHnx | gogaBaHHs Ta ix o6pobka
3LIVICHIOETBCA Yepe3 crieliaibHO Po3poG/IeHmii BEOCaUT. BiH HaAae MOXIIUBICTb AOC/AHNKAM 38PEECTPYBATHUCS | 3aI10BHIOBATU (OPMY
AOCIifY, a TaKoX [04aBatv JITepaTypHI Axeperna Aarux. [epesiik SITepaTypu BUKOPUCTOBYETLCA MPaKTUYHO Y BCIX Aociigax 4/is
[10PIBHSIHHS pe3y/ibTatiB. MoAeIoBaHHS MPOLECY B yMOBax MOTY)XKHOCTI ripogyBaHHa 40, 60 i 90 7y/xB Ta KiflbKiCTiO rpobok
npoAyBarHHsa B O4HIEI O TDLOX 10Ka3a/a0: Hanbiiblue PO3MUTTS POrHO3YETLCA Ha AHI, M06/M3y QypM MpodyBaHHs, Mpu4omy
EPEXIA HA KOXHY BULLY MOTYXKHICTb MPOAYBarHHS MiABULLYE IHTEHCUBHICTE POIMUTTS PUG/IN3HO Ha 15%. BumukarHs @ypm ricis 1
XBWINH POAYBaHHS 3HAYHO 3MEHLLYE POIMUTTS MIHIMyM Ha 35%. SKWO X po3r/isaatv CTiHKY KOBLUE, TO €3 BIAK/IIOHEHHS QyPM
sutpatn 90 7y/XB € HaubIfIbLL PYIHIBHUMA.

Ko4oBi  ¢/10Ba:; porpaMHe 3abe3rieqeHHs], KOMITIOTEPDHE MOAEMOBAHHS, MOANQIKALIi po3r/iaBy B KOBLU, a3oBe
11EPEMILLIYBAHHS].

Introduction
The steel ladle lining protects the metal ladle body from overheating and the liquid steel from solidification.
One of the reasons for the lining thinning is its erosion by fast flows of liquid steel near the walls and bottom of the
ladle (for example, near the blow tuyere). Metallurgists periodically replace the lining, looking for places of the
greatest wear, which consumes time and material resources. Predicting the lining wear process opens the way to
optimizing and saving these resources.

Related works
The article [1] is devoted to the study of two ladle designs (standard and with a reinforced striking part in the
center of the bottom of the ladle). The figure of the experimental setup and the results of comparison of the two cases
are given. The comparison showed a significant improvement in the resistance of the bucket lining to erosion wear.
In [2], the results of physical and mathematical modeling of the process of blowing the melt with one tuyere
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near the ladle wall are compared. The physical model includes oil and water to replace slag and metal melts,
respectively. The comparison showed sufficient adequacy of the mathematical model, which takes into account the
free surface. In papers [3-4], the authors investigate the process of destruction of a typical ladle lining. They present
its physical properties and conduct numerical experiments to find out the best technological conditions in terms of the
depth of lining destruction.

In [5], the finite volume method is used for numerical simulation of lining destruction. Using the model, the
authors obtained the places of the deepest erosion — the middle of the bucket height. The bucket has a cylindrical
geometry. The numerical study [6] is devoted to two cases: the lining is a homogeneous medium with average physical
properties; the lining is a porous medium with liquid slag.

The aim of the work is to mathematically model the mechanical wear of the ladle lining by melt streams
during argon purging using the developed research software.

Method
Simplifying the problem of mathematical modeling, it is accepted:
1) The melt has the geometry of a cylinder (Fig. 1). The melt depth is a constant value.
2) Wave motion of the melt surface is neglected and it is assumed to be flat.
3) The melt has all the features of a Newtonian viscous fluid with gas content.
4) The melt density is assumed to be constant.
5) Boussinesq's assumption of gas accelerating the vertical component of velocity is used.
6) Slag layer is not taken into account.
7) Lining erosion has a rate that depends linearly on the melt velocity in the vicinity.

1,7m

Fig.1. A geometry of the body melt (1/20 scale) with placements of tuyeres

Fluid dynamics is determined by the law of conservation of momentum. Continuity of fluid and gas motion
corresponds to the law of conservation of mass:
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where Dy, D, — effective coefficients of kinematic viscosity and gas diffusion respectively; o — fraction of
argon in the melt; g — free fall acceleration (assumed to be 9.81 m/s2); p — pressure field (found due to the condition
of solenoidal velocity field); ¢ — gas consumption; 7,;- and 7, — initial gas temperature and melt temperature (1800 C
is assumed).

The field of residual damage to the lining is determined by the melt rate along the surface of the walls and
bottom of the bucket:

ﬁ:ks ‘7H > (5)

ot

where s — is the depth of lining erosion; k,; — coefficient, which adjusts the adequacy of the model to the real
erosion process.

The velocity equation is supplemented by boundary conditions that correspond to its components —
perpendicular and parallel to the surface w of the solid:

<l
Gg—nw=o, ©)
vazo, (7)

where n — normal to the wall.

The gas transport equation is supplemented by impermeability boundary conditions on solid surfaces. A
constant gas release rate is set on the upper surface of the melt.

The finite volume method and the Euler method are used. The problem of the explicit solution scheme is a
significant limitation of the maximum value of the time step due to the presence of the Laplacian operator in the
equations. This limitation can be avoided by using an implicit scheme.

The peculiarity of the model of the subject area of numerical study of bucket lining erosion, as well as other
scientific studies, is the availability of a list of literature sources, which is used to review modern solutions to the
problem, obtain reference data and verify the results.

It is proposed to implement the subject area model using a database based on MS SQL Server and a website
based on MS ASP.NET MVC. These technologies are well combined with the MS Visual Studio programming
environment, in which we will program in the popular C# language.
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Fig. 2. Entity—Relationship diagram for the domain model of ladle erosion research
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Experiments
To solve equations above the finite volume method was used having second order of derivative
approximation and conservation property. Cylindrical coordinate system was used as the best choice for the ladle
geometry. Time axis is divided on equal intervals and unknown values on the new timestep are calculated using
previous ones. To conduct numerical experiments, we use the technological parameters and conditions given in the

table 1 and 2.

Table 1
Melt parameters for lining erosion experiment
Parameter Value
Radius 0,956 m (22 cells)
Height 1,7 m (18 cells)
Angular coordinate 2w (36 cells)
Density 7000 kg/m’
Temperature 1800 K
Table 2
Parameters of blowing lances for the numerical experiment
Parameter Value
Total gas consumption 40/60/90 1/min
Diameter of lances 0,1 m
1st setting 1 axial tuyere
2nd setting 1 tuyere at half radius
3rd setting 2 opposite tuyeres at half radius
4th setting 3 tuyeres at an angle of 120° between them at half radius

Erosion coefficient

0,1

Fig. 3 shows charts of the erosion maximum depth depending on time. As seen, increasing gas blowing rate
intensifies lining erosion almost linearly. Lines start not at zero time, because swirls reach lining in few seconds after
experiment beginning. Turning off the blowing after the first minute significantly slows down further lining erosion.
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Fig. 3. Erosion in configuration with three tuyeres (the asterisk means turning blowing off at the 60 second)
Results of mathematical modeling can be seen at the website https://www.tensorion.com/lab/metallurgy/ladle/erosion.

Conclusions

The simulation of the process at blowout rates of 40, 60 and 90 I/min and the number of blowout plugs from
one to three showed that the greatest erosion is predicted at the bottom, near the blowout tubes, and the acceleration
of blowout intensifies erosion by about 15%. Turning off the tuyere after 1 minute of blowing significantly reduces
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the erosion by at least 35%. If we consider the bucket wall, without disconnecting the tuyere, the flow rate of 90 I/min
is the most destructive.

References

1. Molchanov L. S., Lantukh O. S., Synehin Y. V. Physical Modeling of Erosion Destruction of Teeming Ladle Lining in the Process
of Its Exploitation. Bulletin of Vinnitsa Polytechnic Institute. 2019. Ne 1. 65-71. DOI: 10.31649/1997-9266-2019-142-1-65-71.

2. Morales R. D., Hurtado F. A., Chattopadhyay K. Physical and Mathematical Modeling of Flow Structures of Liquid Steel in Ladle
Stirring Operations. Metallurgical and Materials Transactions B. 2020, Ne 51 (2). 628-648. DOI: 10.1007/s11663-019-01759-x

3. Pandhari A. Modeling of Thermal Stress Cycling in Refractory Materials. Thesis for the degree of PhD, The university of British
Columbia, The Faculty of Graduate and Postdoctoral Studies, Vancouver. 2017.

4. Salmash L., Smirnov A. Investigation of stress state and strength of refractory lining steel ladles. Steel and casting of Ukraine . 2010.
Ne 9. 48-54.

5. Schmitt N., Berthaud Y., Hernandez J. F., Meunier P., Poirier J. Damage of monolithic refractory linings in steel ladles during drying.
British Ceramic Transactions. 2004. Ne 1. 1-20. DOI: 10.1179/096797804225012873.

6. Schmitt N., Hild F., Blond E. Thermal stresses in the working lining of a ladle during the steel refining process. British Ceramic
Transactions. 2004. Ne 6. 1-12

Kyrylo Krasnikov PhD, Associate Professor of Systems Software KaHAWAT TeXHIYHUX HayK, JOLEHT Kadeapu

Kupuio Kpacuikos Department, Dniprovskyi State Technical University, POrPaMHOTO 3a0e3eueHHs CHCTEM,
Kamianske, Ukraine, JIHinpoBChKHit JiepKaBHUM TeXHIYHHI
e-mail: kir_kras@ukr.net yHiBepcuret, Kam’stHCBKe, YKpaiHa

orcid.org/0000-0002-4241-0572, Scopus Author ID
57205319971, ResearcherID: Q-8835-2017

Tanzilya Fatykhova Master student of Systems Software Department, MaricTpaHt kabenpu POrPaMHOTO
Tanzina ®aTnxosa Dniprovskyi State Technical University, Kamianske, 3a0e3eYeHH CHCTEM, JIHIOpOBCHKHI
Ukraine, JiepKaBHUIN TeXHIYHHUI YHIBEpCHUTET,

e-mail: skazochkagrimm@gmail.com Kawm’stHCbKe, YKpaiHa
MDKHAPOJIHUI HAYKOBHI JXYPHAJ 85

«KOMIT’'FOTEPHI CUICTEMHU TA THOOPMAIINHI TEXHOJIOT Ti», 2023, Ne 2



mailto:kir_kras@ukr.net
https://orcid.org/0000-0002-4241-0572
https://www.scopus.com/authid/detail.uri?authorId=57205319971
https://www.scopus.com/authid/detail.uri?authorId=57205319971
https://www.webofscience.com/wos/author/record/Q-8835-2017
mailto:skazochkagrimm@gmail.com

