IOP Conference Series:
Materials Science and
Engineering

&%, PURPOSE-LED
“w§# PUBLISHING™

PAPER « OPEN ACCESS

Interface tracking in modeling of nozzle clogging in
steel continuous casting

To cite this article: Hadi Barati et al 2025 /OP Conf. Ser.: Mater. Sci. Eng. 1329 012008

View the article online for updates and enhancements.

You may also like

- Flow and clogaing in a horizontal silo with

a rotary obstacle
Cong-Cong Xu, , Qing-Fan Shi et al.

- Clogaing in two-dimensions: effect of

particle shape
Ezequiel Goldberg, C Manuel Carlevaro
and Luis A Pugnaloni

- Development of helical, fish-inspired

cross-step filter for collecting harmful algae
Adam Schroeder, Lauren Marshall, Brian
Trease et al.

This content was downloaded from IP address 185.222.128.124 on 31/07/2026 at 14:03


https://doi.org/10.1088/1757-899X/1329/1/012008
https://iopscience.iop.org/article/10.1088/1674-1056/ac7a19
https://iopscience.iop.org/article/10.1088/1674-1056/ac7a19
https://iopscience.iop.org/article/10.1088/1742-5468/aae84b
https://iopscience.iop.org/article/10.1088/1742-5468/aae84b
https://iopscience.iop.org/article/10.1088/1748-3190/ab2d13
https://iopscience.iop.org/article/10.1088/1748-3190/ab2d13

International Symposium on Liquid Metal Processing & Casting 2024 (LMPC 2024) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1329 (2025) 012008 doi:10.1088/1757-899X/1329/1/012008

Interface tracking in modeling of nozzle clogging in steel
continuous casting

Hadi Barati!*, Menghuai Wuz, Sergiu llie3, Abdellah Kharicha?, and Andreas
Ludwig?

1K1-MET GmbH, Leoben, Austria

2Chair for Modeling and Simulation of Metallurgical Processes, Montanuniversitat,
Leoben, Austria

3voestalpine Stahl GmbH, Linz, Austria

*E-mail: hadi.barati@k1-met.com

Abstract. A common problem in continuous casting of steel is clogging of the
submerged entry nozzle (SEN), which occurs due to the continuous build-up of
solid material. Clogging reduces productivity of the process and the quality of the
final product. The authors of this study have developed a volume average model
for clogging of the nozzle. In this model, clog is treated as a developing porous
medium due to the continuous deposition of solid non-metallic inclusions (NMIs)
on the nozzle wall. With development of the clog, wall boundary conditions are not
valid anymore, and it is necessary to introduce proper conditions at the clog-melt
interface. In the present work, a new front tracking model is introduced to the
clogging model using a piecewise linear interface calculation (PLIC) approach
along with immersed boundary method. The main advantage of the PLIC function
is more accurate calculation of the turbulent flow in partially clogged
computational cells where the interface between clog and melt flow is defined. To
verify the model, two similar cases were prepared for a predefined clog geometry
on the nozzle wall: in one case the clog geometry was created by volume fraction
of the clog and in the other case, the clog was defined as a distinct porous medium
with sharp interface with the melt. The comparison of the results showed that the
PLIC treatment in the volume average model can reproduce conditions at the
porous clog-melt interface properly.

1. Introduction

In continuous casting of steel, submerged entry nozzle (SEN) conveys the steel melt from tundish
to the mold. The main tasks of SEN are protection of the steel melt from oxidation and stabilization
of the melt flow inside the mold region. Various phenomena occur in the SEN, such as turbulent
melt flow, chemical reactions, agglomeration of solid non-metallic inclusions (NMIs), distribution
of gas bubbles, etc. Built-up of solid materials on the inner side of SEN called clogging and can
significantly reduce energy efficiency, predictivity and productivity of the casting process. There
are four main phases that are responsible for clogging: steel melt, non-metallic inclusions,
refractory material, and argon bubbles. Interactions between these phases influence clogging.
Clogging has been studied intensively by numerous researchers and various mechanisms have
been suggested for it. The mechanisms can be summarized in five types: (i) attachment of solid
NMIs [1-3], (ii) reaction between the refractory and the melt [4,5], (iii) reaction of the sucked
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oxygen through refractory and the melt [6], (iv) solid oxide precipitation due to lowered solubility
of oxygen [7,8], and (V) solidification of steel melt [9]. Since similar morphology and composition
of NMIs were found in both melt and clog material [10-12], deposition of solid NMIs is considered
the major reason of the clogging.

The current authors have developed a numerical model for particulate clogging of SEN
considering major steps of clogging. The aim of this paper is to improve treatment of the interface
between melt and clog using interface tracking by piecewise linear interface calculation (PLIC)
approach.

2. Model in brief

Various experiments and computational thermodynamics calculations showed that chemical
reactions at melt-refractory interface introduced an initial sublayer for further deposition of solid
NMIs [13-16]. This phenomenon is called ‘early-stage’ of clogging. In the ‘late-stage’, suspended
solid NMIs deposit on the initial layer and form a porous network of NMIs, called clog. In our
clogging model, the early-stage is handled by a one-dimensional model based on
thermodynamics, kinetics, fluid flow through a porous medium [17]. Late-stage of clogging is
modeled using an Eulerian-Lagrangian approach. A volume-average scheme is used to define
dynamic growth of the porous medium of clog. This model considers the main steps of particulate
clogging in the late-stage, i. e. (a) transport of the suspension particles towards the wall; (b)
adhesion of the particles on the wall; (c) formation and growth of the porous clog; and (d)
detachment of the clog material by the fluid flow to form fragments, as shown in Figure 1. More
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Figure 1. Schematic of main steps of particulate clogging.

details of the model can be found in our previous publications [17-22].

3. Interface treatment

The model has been developed based on the finite volume approach. According to formation
and growth of the clog, a computational cell in the domain can be ‘fully-clogged’, ‘partially-clogged’,
or ‘free’. Fully-clogged cells are considered as porous medium and introduction of Darcy source
term based on permeability in momentum and turbulence equations define porous conditions.

So = — 5P, (1)
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where p is viscosity; K is permeability of the clog; and @ can be velocity, turbulence kinetic
energy, or (specific) dissipation rate.

In a free cell no source term is required, but in a partially-clogged cell a source term based on
volume fraction of clog should be defined and should fulfill the melt-clog interface conditions.

In Figure 2(a), a 3D topography of a real clogged SEN from steel plant is presented. It shows
that the melt-clog interface is very rough, especially in the port region. The roughness of the
interface seems very variable along the SEN. A sample of 3D structure of the clog network is
presented in Figure 2(b). The average porosity of the clog network is around 50%. In Figure 2(c),
results of typical flow field at the clog interface achieved by numerical simulation are shown. In
this simulation, a small sample of the clog network, ~0.5 mm thick, is extracted from Figure 2(b)
to demonstrate how flow pattern looks like at the clog-melt interface.
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Figure 2. (a) 3D clog surface in an as-clogged SEN from steel plant, (b) 3D structure of a real clog
network, (C) simulated flow field at the porous interface of clog.

Simulating the flow field and the growth of the clog while considering the detailed porous
network, as depicted in Figure 2(C), for a real-scale SEN is not feasible. The typical CFD mesh
size, as shown by the wire frame in Figure 2(C), is on the order of mm and much larger than the
pores of the clog. Therefore, we need to treat the clog interface in a partially-clogged cell
numerically. As a preliminary solution an average value of permeability based on volume fraction
of clog (fc0g) Was used to define flow source terms in partially-clogged cells, X = JCO/fC’fog .
Where K, is permeability of a fully-clogged cell and n is a correction factor [19].

The clogging model can reproduce 3D clog growth qualitatively well, as shown in Figure 3.
At the moment a one-to-one qualitatively comparison of simulation results and real-scale clogged
SEN is not possible due to uncertain boundary conditions in real process, simplifications, and
calculation costs. However, the model can be used to understand effects of different process
parameters on transient phenomena related to clogging.
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Figure 3. Qualitative comparison between (a) simulated clog front and (b) clog front of an as-
clogged SEN from steel plant.

The aim of this work is to improve the clogging model by redefinition of the boundary
conditions at the interface. The clog-melt interface in a partially-clogged cell is defined by
piecewise linear interface calculation (PLIC) [23]and the proper interface boundary conditions is
introduced by adding source terms in flow equations [24].

4., Test case

In order to test the new interface treatment using the PLIC approach, a representative small
domain with two parallel planes was selected, as shown in Figure 4. The inlet velocity was set to
1 m/s to keep Reynolds number close that in the real scale SEN. A small predefined and fixed
hemisphere was defined in the canter of the lower plane with radius of 4 mm as the clog region.
In one case, this hemisphere was created as a distinct porous region and the domain was
discretised by unstructured mesh. In the other case, the domain was discretised by a structured
hexahedral mesh, and the porous region, i. e. clog, was defined by setting volume fraction of the
clog.

Results velocity field and turbulent kinetic energy are plotted in Figure 5 and 6, respectively.
In these figures, results of three cases of clog interface treatment are shown: (a) distinct porous
medium with sharp interface, (b) volume average with uniform clog thickness over clogging faces,
details in [19], and (c) volume average with PLIC and immersed boundary approaches.
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Figure 4. Geometry and boundary condition of test case.

It is obvious that case (a) with sharp interface is the most accurate one. But in the continuous
casting process, dynamic and randomly deformation of the interface due to the frequent
attachment and detachment of particles makes this kind of modeling very hard. Here case (a) was
defined to evaluate the improvement of interface treatment using PLIC, i. e. case (c), comparing to
the previous interface treatment, case (b). In Figure 5 and 6, the sharp interface of case (a) is
shown by a black solid line, while for case (b) and (c), partially clogged cells where the interface
located are highlighted with white squares. In these two cases, black dashed lines represent the
sharp interface between clog and melt. It can be seen that in all cases the velocity fields are very
similar. Therefore, both volume average treatments in case (b) and (c) could reproduce the
interface between the porous medium and the free flow stream properly. The turbulent kinetic
energy in case (b) and (c) look larger than that of case (a). However, results of case (c) with PLIC
function are much closer to the sharp interface results in comparison to case (b). This shows a
quiet good improvement for particle tracking, since the random motion of particles in a turbulent
flow, called random-walk, is highly dependent on the turbulent kinetic energy. Another advantage
of using PLIC function is that the exact position of the interface can be found. Therefore,
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Figure 5. Velocity field on the symmetrical plan for different cases: (a) sharp interface, (b) volume
average interface calculated by uniform clog thickness, and (c) volume average calculated by PLIC .
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Figure 6. Turbulent kinetic energy on the symmetrical plan for different cases: (a) sharp interface,
(b) volume average interface calculated by uniform clog thickness, and (c) volume average
calculated by PLIC.

calculation of the particle distance to the interface and decision about particle attachment can be
done easily.

5. Summary

A volume average model has already been developed by the authors to simulate transient
phenomena related to the SEN clogging in steel continuous casting. This contribution aimed to
improve treatment of the melt-clog interface using piecewise linear interface calculation along
with immersed boundary approach. Simulation results of a test case showed that the results of
the PLIC method lead to better agreement with those of the ideally sharp interface conditions.
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