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1. Introduction

The steelmaking industry is one of the crucial industries in the world, where increasing requ-
irements regarding the quality of the final products and environmental regulations force the conti-
nuous development and optimisation of production to obtain high efficiency with reduced power
consumption. Moreover, each device in the production line must be properly designed to avoid the
risk of the faults like improper solidification and sedimentation.

Optimisation of the process during production focused on quality improvement based on the
high cleanliness of the steel [1,2] is difficult to carry out in real conditions. Often, the water models
in a laboratory scale are used, but the main disadvantage of the method is that the preparation of
the test equipment and hence, the design changes are time-consuming. Moreover, all of the phe-
nomena occurring in the real melt are impossible to be covered by water models. Therefore, the
numerical approaches to support the experimental investigation and simulate the phenomena in the
molten steel are being intensively developed. The simulations from Computational Fluid Dynamics
(CFD) domain enable understanding of the processes inside the melt, like the flow distribution, the
efficiency of the mixing and the behaviour of the non-metallic inclusions. At the same time, such
analysis tools allow optimisation of the manufacturing technology to increase its efficiency. Fur-
thermore, based on the analysis of the flow, the prevention of faults can be realised via the reduction
of dead zones and clogging [3]. Nowadays, different methods like the injection of argon gas [4-6],
baffle walls (dams, weirs), and dedicated devices like electromagnetic stirrers [7,8] are under de-
velopment to increase the mixing process and hence, the quality of the steel. All of the mentioned
concepts can be easily tested via numerical methods without the long-lasting and expensive labo-
ratory tests or industrial trials.

Within the presented work, the process of secondary steelmaking for continuous casting is
taken into consideration, as it significantly influences the final product’s quality. The analysis is
focused mainly on the ladle furnace and tundish, the two last manufacturing steps before casting,
where the high cleanliness of the steel is required. The current analysis includes the implementa-
tion of the CFD methods to track the flow behaviour, mixing process and an introduction to the
inclusions modelling to understand the mechanisms of its removal phenomenon. The developed
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numerical model can be used as a base for its future improvement and correlations of the results
with the real test measurements.

2. Methodology

The research is focused on the CFD approach to simulate phenomena occurring in molten
steel during steelmaking. The analysis covers the flow behaviour of the melt, including the mixing
process and non-metallic inclusions modelling mainly in the ladle furnace and tundish. Different
types of additional stirring are used during the investigation to improve the flow distribution, avoid
the dead zones, and increase the amount of the inclusions removed from molten steel. For both,
ladle furnace and tundish, the electromagnetic stirring with different electromagnetic power can be
considered. The processes in the ladle furnace include gas stirring and a combination of gas and
electromagnetic stirring, but mixing in the tundish can be accomplished by baffle walls which are
commonly used.

2.1. Electromagnetic stirring

The electromagnetic stirring in the CFD approach is realised as an additional momentum sour-
ce, where the dependence between the electromagnetic forces and velocity is considered:

borlh-

where: ﬁo — stirring force calculated for stationary melt [N/m?], F — stining force after compensa-
tion with moving melt [N/m?], 7 — pole pitch [m], /— frequency [Hz], V' — velocity of melt [m/s].

Obtained forces are then interpolated on the fluid domain in each direction, and the whole
process is realised by the user-defined scripts implemented in the comercial software.

2.2. Gas stirring

The gas stirring is realised by the multiphase approach, where both, Euler and Lagrange appro-
aches are included. The main assumption is based on the Eulerian VOF (Volume of Fluid) model,
where the phase of the molten steel, slag and air can be tracked. The approach enables understan-
ding the behavior of the free surface in the ladle under the stirring process, but does not cover the
inert gas behavior. To implement the gas bubbles and its influence on the flow, hence the slag and
free surface layer, the Lagrangian DPM (Discrete Phase Model) is applied. Due to the complexity
of the phenomena and inert gas bubbles behavior, some simplifications are included like the as-
sumption of the ideal gas, where the diameter of the bubbles is changing with the height. Moreover,
the bubbles have a constant mass during the whole process and are removed from the simulation
when touching the free surface of the melt. Therefore, the coalescence and breakup of bubbles are
not included at this stage and will be developed in the future.

2.3. Non-metallic inclusions modelling

The measurements of the non-metallic inclusions are difficult to realise due to the very expen-
sive apparatus and the necessity to analyse the results in real conditions. Advanced CFD methods
enable understanding the behavior of the inclusions and improve the possibilities to reduce its
amount in the molten steel. The tracking of the aggregation of non-metallic inclusions is realised
by the additional multiphase module PBM (Population Balance Model). The PBM is based on the



definition of different sizes of the particles corresponding to different bins, which are tracked during
the simulation. The concentration of the bins changes in time according to the aggregation process
controlled by the following phenomena:

* Brownian collisions,

* Stokes collisions,

» Turbulent collisions.

Moreover, the inclusions can be removed when they reach the slag layer under special condi-

tions like the proper value of relative velocity between the slag and inclusion, collision time and
rupture time.

3. Results and discussion

The research results include the analysis of the flow behaviour on the velocity vectors di-
stribution under different types of stirring, mainly electromagnetic stirring, which is being in-
tensively developed due to the noticeable increase in the mixing process and prevention of the
dead zones. The results are obtained for the two important parts of the continuous casting process
namely the ladle furnace and tundish, where the high mixing and cleaning occurs. Based on the
CFD simulations, the clogging of the outlets is tracked by RTD (Residence Time Distribution)
curves to understand the problem and optimise the device construction. Moreover, complex phe-
nomena like inclusions modelling are implemented, which enable understanding the issues with
the appearance of the non-metallic inclusions above critical diameters. Obtained data is analysed
separately to improve the effectiveness of the whole process and prepare more advanced and
efficient solutions.

4. Conclussions

The research confirms the importance of the CFD methods in the steelmaking industry, where
the real tests are difficult to carry out due to the high temperature and costs of the measurement
equipment. Thanks to the numerical simulations, the optimisation of the production line can be
realised.

The strong mixing process without high power input is realised by electromagnetic stirring,
which enables to increase the efficiency of the mixing, the homogeneity of the steel structure and
the cleanliness of the steel.

The presented numerical approach will be still further developed to obtain better results, vali-
dated with real industrial tests.

References

1. Zhang L., Thomas B.G.: Inclusions in continuous casting of steel. [in:] XXIV National Steelmaking
Symposium, Morelia, Mich, Mexico, 2003.

2. Reis B.H., Bielefeldt W.V., Vilela A.C.E.: Efficiency of inclusion absorption by slags during secondary
refining of steel. IS1J International, 54, 2014, 1584-1591.

3. Sahai Y., Emi T.: Melt Flow Characterization in Continuous Casting Tundishes. I1S1J International, 36,
1996, 667-672.

4. Chang S., Cao X., Zou Z., Isac M., Guthrie R.I.L.: Micro-bubble formation under non-wetting condi-
tions in a full-scale water model of a ladle shroud/tundish system. IS1J International, 58, 2018, 60—67.

5. Yang H., Vanka S.P., Thomas B.G.: Mathematical modeling of multiphase flow in steel continuous ca-
sting. IS1J International, 59, 2019, 956-972.

6. Souza G.M., Mendonga A.F.G., Tavares R.P.: Physical and mathematical modeling of inclusion beha-
vior in a tundish with gas curtain. International Journal of Engineering, 73, 2020, 531-538.



7. Zhang L., Taniguchi S., Cai K.: Fluid flow and inclusion removal in continuous casting tundish. Metal-
lurgical and Materials Transactions B, 31, 2000, 253-266.

8. LiB.,LuH., Zhong Y., Rens Z., Lei Z.: Numerical simulation for the influence of EMS position on fluid
flow and inclusion removal in a slab continuous casting mold. 1S1J International, 60, 2020, 1204—-1212.

Acknowledgements. The research within the industrial doctorate project co-financed by the Mini-
stry of Science and Education.



