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Abstract It is of great importance to remove the inclusions as much as possible in
the molten steel. The inclusion collision rate is significantly improved by generating
centrifugal flow in the tundish with an electromagnetic device, which induces the
inclusions to grow and float. However, the electromagnetic device requires an
external equipment component that is difficult to maintain. Additionally, a turbu-
lence inhibitor is commonly used to optimize the turbulence flow in the tundish.
This paper describes a novel tundish design with a turbulence inhibitor that gen-
erates swirl flow in a cylindrical zone, which produced an effect similar to the
electromagnetic device. The gravitational potential energy of the molten steel from
the nozzle is converted into kinetic energy of the swirling flow in the tundish. The
inclusion removal rates with various nozzle diameters were investigated, and the
optimal turbulence inhibitor size and structure were identified by numerical
simulation.
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Introduction

In steelmaking, nonmetallic inclusions are mainly generated during deoxidization
process or originate with the refractory materials; these inclusions are of great harm
to the quality and mechanical properties of the steel products [1]. To improve the
quality of the molten steel, many methods to reduce inclusion formation and
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remove inclusions have been investigated [2]. In the continuous casting process, a
tundish acts not only as a buffer and distributor between ladle and casting mold, but
also plays an important role in the removal of inclusions [3]. Studies of the flow
characteristics of molten steel in the tundish are of great significance to improve the
quality and productivity of steel products. Inclusion separation is abetted by
increased residence time, elimination of dead zones and smooth molten steel flow
fields. Various flow control devices have been put into application, including
bubble curtains, weirs, dams, baffles and turbulence inhibitors [4]. Kawasaki Steel
proposed a Centrifugal Flow Tundish (CFT) [5], which could generate centrifugal
flow in the rotating chamber of the tundish driven by an external electromagnetic
field. The CFT method has proved to effectively eliminate inclusions; inclusion
removal is accomplished by increasing residence time and the collision rate of
inclusion particles in the centrifugal flow [6]. However, the CFT is not widely
applied due to its requirements of the external electromagnetic device and energy
consumption.

In this paper, a novel tundish is proposed based on the idea of a CFT installed
with an innovative turbulence inhibitor to generate swirling flow. The turbulence
inhibitor could obtain the similar effect to the electromagnetic device in the CFT
without the requirements of external device and electricity consumption.
Furthermore, it is cost efficient and easy to be maintained and replaced. The size
and structure of the novel tundish are optimized through computational fluid
dynamics (CFD) simulation implemented by ANSYS Fluent in the current work.

Model Description
Tundish Model

The novel tundish differs from tradition by employing the turbulence inhibitor that
is designed as a hollow cylinder with an inlet from its top surface and two tangential
outlets located symmetrically around the side wall of the cylinder (See Fig. 1b).
The tangential outlets generate swirling flow in the rotating chamber (See Fig. 1a)
of the tundish. The gravitational potential energy of the molten steel from the
nozzle is converted to kinetic energy of the swirling flow in the rotating chamber.
The turbulence inhibitor will be called the “swirling flow generator” in the fol-
lowing text. The components and planes of the tundish are labelled in Fig. 1. These
cross sections Plane 1 and Plane 2 are parallel to the bottom surface of the tundish.
Plane 1 is located at 125 mm above the bottom of the tundish, which is going
through the middle of the outlet of the swirling flow generator. While Plane 2 is
located at 275 mm above the bottom of the tundish, which is between the upper
surface of the swirling flow generator and the nozzle outlet.
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Fig. 1 Structure and components of the tundish. a Components of the tundish. b and ¢ Structure
of the swirling flow generator

The three-dimensional (3D) model of a simplified tundish installed with a
swirling flow generator is established. The detailed geometry and parameters are
shown in Fig. 2, in which the internal diameter of the swirling flow generator is
variously changed and optimized in the following discussions.

Numerical Simulation

Numerical simulations were carried out by using the commercial software
ANSYS FLUENT 18.0%, which was widely applied in the field of the numerical
simulation of the flow fields in the tundishes [7-10]. In this study, the meshes of the
3D tundish models are produced by ICEM with the same operating process for each
tundish model. The total quantity of the grids is approximately 1.7 million. The
calculations are considered to have converged as the residual of all the variables are
below 1 x 107>. The numerical simulations were carried out based on the fol-
lowing consumptions to simplify the simulation model:

(1) The molten steel is a Newtonian incompressible fluid. The density and viscosity
of the molten steel are constants, which are 7080 kg/m® and 0.0055 kg/(m s),
respectively.

(2) The temperature and compositions of steel within the tundish are assumed to be
homogenously distributed.
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Fig. 2 Dimensions of the three-dimensional model

(3) The walls of the tundish are considered as smooth wall.

(4) Regardless of the influence of the slag phase, the top surface of the molten steel
is set to be specified shear wall boundary condition.

(5) The inclusion particles are assumed to be spherical with the density of 3000 kg/m®.

Turbulence Model

The renormalization group (RNG) k-¢ two-equation turbulence model is adopted in
this work based on the previous study [11]. The governing equations for the steady
flow are solved within a finite control volume are presented as follows.
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The continuity equation of the fluid is,
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The momentum conservation equation is given by,
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The turbulence kinetic energy ¢ can be derived from the following equation,
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The dissipation rate k is calculated by the following formula,
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where, C, C,, 6, and Gy are constants recommended by Launder and Spalding

[12]; and G is given by,
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The effective viscosity is modified by,
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Inclusions Tracking Model

The capacity to separate inclusion particles from molten steel is one of the most
important criteria in the optimization of the tundish structure. The discrete phase
model (DPM) is introduced to simulate the motion of the inclusion particles in the
phase of the molten steel, and thus calculate the removal rate of the inclusion particles.
In the discrete phase model, the boundary condition of the outlet of the tundish is set to
be “escape”, which means that the inclusion particles could exit from the outlet with
the molten steel. The boundary condition of the top surface of the tundish is set to be
“trap”, where the inclusion particles become trapped. The boundary conditions at all
of the other tundish walls are set to be “reflect”, where the inclusion particles are
reflected back into the molten steel after they collide with those walls.
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Results and Discussion

Comparison Between Novel and Traditional Tundishes

The molten steel flow in the tundishes was simulated with the swirling flow gen-
erator and the traditional turbulence inhibitor (200 mm internal diameters in both
devices) to illustrate the function of swirling flow generator. Figure 3 compares the
molten steel streamlines in the two models. With the swirling flow generator, an
obvious circular motion of the molten steel is found in the cylindrical rotating
chamber. The velocity contours of the cross section A-A (See Fig. 2) are shown in
Fig. 4. The velocity of the molten steel in the tundish with the swirling flow
generator is much more symmetric than that with the traditional turbulence inhi-
bitor. It is clear that a swirling flow is created in the rotating chamber by guiding the
molten steel from the nozzle to flow out of the tangential outlets.
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Influence of Nozzle Length

Two tundish models are established to clarify the influence of the immersing depth
of the 250 mm internal diameter nozzle. The model of case (a) shown in Fig. 5a is
designed exactly following the parameters shown in Fig. 2. The immersion depth of
the nozzle is 900 mm, which is positioned 50 mm above the inlet of the swirling
flow generator. The immersion depth is increased to 970 mm in case (b) shown in
Fig. 5, in which the nozzle is put into the swirling flow generator. The streamlines
and the velocity contours of the molten steel are shown in Figs. 5 and 6. The
streamlines of the molten steel in the tundish become more disordered and asym-
metrical when the nozzle immersion depth is extended from 900 to 970 mm.
Meanwhile, the velocity contours of the two tundish models indicate that a stronger
swirling flow is generated in the rotating chamber when the outlet of the nozzle has
a distance of 50 mm above the inlet of the swirling flow generator.
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Influence of Internal Diameter

In order to determine the optimum structure, the internal diameters of the swirling
flow generator were varied, (150, 200, 250 and 300 mm). The streamlines of the
molten steel of each model are presented in Fig. 7. The poorest tundish perfor-
mance appears when the internal diameter is 150 mm, indicating that the internal
diameter is too small for the swirling flow generator to generate a sufficient swirling
flow in the rotating chamber. With internal diameters of 200, 250 and 300 mm, the
swirling flow generator produced a similar swirling flow in the rotating chamber.
With the increase of the internal diameter, the molten steel is more likely to flow
along the wall of the rotating chamber.

The velocity contours of the rotating chamber area in the position of Plane 1 and
Plane 2 (See Fig. 1) are shown in Figs. 8 and 9. In Fig. 8a, the molten steel flowing
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Fig. 7 Streamlines of tundishes with various sizes of swirling flow generators
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out of the tangential outlets is shown to go straight to the wall of the rotating
chamber when the internal diameter of the swirling flow generator is 150 mm.
Furthermore, the velocity contour at Plane 2 in Fig. 9a indicates that the kinetic
energy of the molten steel is insufficient to generate a well-developed swirling flow
at the upper part of the rotating chamber. By comparison with the other velocity
contours, the swirling flow is well developed and symmetric in Fig. 8c; while the
swirling flow is not well developed in Fig. 8b and not symmetric in Fig. 8d.
Therefore, it may be concluded that the swirling flow generator with an internal
diameter of 250 mm generated a relatively ideal flow field for inclusion removal.

Removal of Inclusion Particles

The inclusion removal rate must be considered to find the optimum structure.
Inclusion particles with diameters of 20, 50 and 80 pm were tracked and the results
are presented at Fig. 10. In all models, the removal rate increased with the
increasing particle size because larger inclusions are easier to float and be removed.
Additionally, when the internal diameter of the swirling flow generator is less than
250 mm, the inclusion removal rate increases with increased internal diameter;
while the inclusion removal decreases with the increasing of the internal diameter of
the swirling flow generator when its diameter is larger than 250 mm. The model
with the internal diameter of 250 mm achieves a higher removal rate than the others
regardless of the inclusion size. The highest removal rate of inclusions reaches
91.9% as the inclusion size is 80 pm and the internal diameter of the swirling flow
generator is 250 mm, which indicates that the optimal internal diameter is 250 mm.

The comparison of inclusion removal rates between swirling flow generator and
traditional turbulence inhibitor with the internal diameter of 250 mm was investi-
gated. The sizes of the inclusion particles are set at 20 pum 50 and 80 pm, the results
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of which are shown in Fig. 11. The inclusion removal rates increase with increasing
particle size for both the tundish applied with swirling flow generator and tradi-
tional turbulence inhibitor. However, the inclusion removal rate of the tundish with
swirling flow generator is double that of the traditional one for any size of inclusion
particles. The application of the swirling flow generator is feasible to significantly
strengthen the removal of inclusions.

Conclusions

A novel tundish design incorporates a swirling flow generator. The swirling flow
generator was optimized by numerical simulation. The following conclusions are
drawn from this study:



Numerical Simulation of Inclusion Removal ... 49

(0

@)

3

@

By applying the swirling flow generator, a swirling flow of the molten steel is
successfully generated in the rotating chamber in the tundish. The idea of
swirling flow generator takes advantage of the gravitational potential energy of
the molten steel to generate a swirling flow that increases the collision rate of
the inclusion.

The influence of the nozzle immersion depth was investigated. The patterns of
streamlines indicate that the swirling flow is much stronger when the immersing
depth is 900 mm that is 50 mm above the inlet of the swirling flow generator.
The flow characteristics of the molten steel in the tundish with various internal
diameters of the swirling flow generator were studied. The optimized internal
diameter of the swirling flow generator is found to be 250 mm, in which a
steady and symmetrical swirling flow is generated in rotating chamber.
Inclusion particles of various size were tracked in the tundish installed a
swirling flow generator with a series of internal diameters. The highest inclu-
sion removal rate reaches 91.9% when the particle size is 80 um and the
internal diameter of the swirling flow generator is 250 mm. By comparison
with traditional tundish, the swirling flow generator has the potential to sig-
nificantly improve inclusion removal efficiency.
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