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Abstract: In connection with the increasing requirements for cleanliness in conticast steel, it is
necessary to develop original solutions. The tundish, as the last refractory-lined reactor, gives enough
space to remove inclusions by optimizing the flow of steel. The basic component of the tundish is the
impact pad, the shape of which creates a suitable flow of steel, thus making it part of the tundish
metallurgy. The optimal steel flow in the tundish must avoid creating dead zone areas, or the slag
“eye” phenomenon in the slag layer around the ladle shroud, and is intended to create conditions
for the release of inclusions by promoting reactions at the steel-slag phase interface. The flow also
has to prevent excessive erosion of the tundish refractory lining. This paper compares the standard
impact pad with the “Spheric” spherical impact pad using computional fluid dynamiscs (CFD) tools
and physical modelling. The evaluation criteria are residence time and flow in the tundish at three
different casting speeds.
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1. Introduction

Current trends show that more than 96% of the steel produced in the world is processed by
continuous casting [1]. In view of this, there is a naturally increasing pressure on producers of
refractory materials used in the continuous casting process. A key part of the continuous casting
plant is the tundish, which can significantly affect steel cleanliness. In connection with the constantly
increasing ratio of high-grade steel in the product portfolio, development in the field of tundish
metallurgy is essential. A fully operational tundish is chosen in terms of covering and refining
powders and the proper slag regime. The basic requirement for a properly functioning slag system
is the controlled flow of steel in the tundish so that inclusions can be released from the steel into the
slag and chemical reactions have good conditions to run at the steel–slag phase interface [2]. From this
perspective, the most important criterion is the geometrical adjustment of the steel impact point in
the tundish. In practice, this is solved by the use of an impact pad, which has the role of reducing
the erosion of the bottom of the tundish refractory lining [3–5]. Swirl flow at the point of impact is
due to the high kinetic energy of the incoming steel. The low momentum of diffusivity of the input
steel causes a relatively slow transfer of fluid from the input stream with high kinetic energy to the
surrounding liquid steel. In the case of a suitably shaped impact pad, a so-called “piston flow” area is
created. One of the main indicators of the quality of the flow adjustment in the tundish is the residence
time, which is defined as the duration of stay of steel particles in the tundish [6]. The longer the
residence time, the more time inclusions have to flow from the steel into the slag.
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In recent years, impact pads have undergone considerable development, especially in terms of
their design, changing from simple pads through ribbed pads to the most sophisticated shapes that
use the latest knowledge from mathematical and physical modelling as well.

As mentioned above, the impact pad is one of the key parts of the tundish furniture affecting
the flow of liquid steel. It is mostly used with suitably selected dams, weirs, and baffles, which can
significantly prolong the residence time of steel in the tundish [7–9]. In order to accurately compare
the properties of the spherical impact pad with those of the standard impact pad, this article contains
the results of the comparison of these impact pads without the use of other flow modifiers.

The aim of this research was to point out a new, innovative solution for the impact pad using
a convex hemispherical shape. In the case of a symmetrical two-strand boat-type tundish, a more
advantageous character of steel flow is assumed using a spherical impact pad.

2. Experimental Materials and Methods

2.1. The “Spheric” Impact Pad

The shape of the spherical impact pad was developed in order to decrease the hydrodynamic
drag force of the impinging stream of molten steel. Dimensional analysis of the drag force F provides
the dependence.

F =
1
2

C·ρ·S·v (1)

where: C—coefficient of drag, ρ —specific mass of fluid, S—size of the reference area (planform area of
the pad), and v—references the velocity of impinging stream.

The coefficient C expresses the influence of the shape of the pad on the drag force. The coefficient
C is a dimensionless parameter that can be assumed constant for small changes in velocity.
The experimental values of the coefficient of drag of objects in a free stream are 1.17 for the square flat
plate and 0.40 for the convex hemisphere [10]. The proposed spherical pad has a square planform and
the upper surface shape of a large-radius hemisphere.

The shape of the spherical impact pad should, in comparison with the standard impact pad, cause
less erosion of the pad surface. Smaller deflection of the stream should reduce the creation of large
intensive vortices at the surface of the fluid level. Short-path flow should be suppressed by more
intensive mixing at the core of the fluid volume.

Physical modelling is done in a scaled-down model of the tundish at the scale 1:3, made of
transparent plastic (PMMA), with water as the fluid medium. The description of the physical model
and the experimental method is given in [7,11].

The dimensions of the impact plate were calculated with respect to the scale of the tundish at
the ratio 1:3, with the height of the impact plate (Figure 1) set at 9.96 mm due to its position on the
bottom of the real tundish (Figure 2). The flow of steel in the tundish equipped with the “Spheric”
impact pad is optimized not only for the residence time but also for the nature of the flow, so that this
flow promotes the removal of inclusions into the slag and the best conditions for the slag-metal phase
interface. This method of modifying the flow is given in [12,13].
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2.2. The Standard Impact Pad

The dimensions and position of the standard impact pad in the tundish are shown in Figure 3.
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The measurements were performed in steady-state conditions, so the steel level in the tundish
was constant and the amount of steel flowing into the tundish was equal to the amount of steel flowing
out from the tundish into the molds.

The C-curve method was used to define the characteristics of the steel flow in the tundish
under constant (steady) casting conditions [14–16]. Upon reaching the desired level in the mold and
stabilizing the casting flow rate, a measured amount of aqueous KCl solution was injected into the
ladle shroud. In the ladle shroud and in the submerged entry nozzles, conductivity probes were
mounted to measure the change in conductivity of the water due to the added salt, thus obtaining
the C-curve [17]. From this curve, we could determine the minimum residence time τmin, which is
the minimum time that the impulse of the tracer injected into the ladle shroud (τ0 = 0 s) appears on
the probe located in the submerged entry nozzle. Minimum residence time has a significant effect
on the duration of flow of inclusions from the steel into the slag [18]. The maximum residence time
τmax is the time between t0 and the time of maximum measured concentration of the tracer in the
output of the tundish. The maximum residence time refers to the time taken to reach the maximum
concentration of the trace element at the output of the tundish [19,20].

Measurements were performed for the tested configurations at flows corresponding to casting
speeds of 0.8 m·min−1, 1.2 m·min−1, and 1.6 m·min−1 on a real continuous-casting machine. The length
of the ladle shroud on the model corresponded to a real length of 1700 mm. In both configurations the
same ladle shroud was used. The distance of the nose of the ladle shroud from the tundish bottom was
203 mm. Thus, when using the standard impact pad it was 183 mm and 194 mm when the spherical
impact pad was used.

Each configuration was simulated three times for more accurate statistical evaluation and
comparison of the results, and these measurements were then used in each configuration for calculating
the mean values reported in the results and graphs. More detailed specifications of each simulated
configuration and specific results are presented below.

3. Results and Discussion

The initial idea of the “Spheric” impact pad was verified using CFD simulation tools [21,22],
(Figures 4 and 5).

Numerical simulation of the flow was computed in the ANSYS Fluent v19.2, the software
produced by ANSYS, Canonsburg, PA, USA. ANSYS Fluent computes discrete values of
time-dependent Navier–Stokes equations, that is conservation equations of momentum in x-, y-,
and z-directions, and the conservation equation of mass. Time-dependent details of turbulent eddies
are removed from the Navier–Stokes equations with Reynolds averaging, and the effect of turbulent
motion on transport of momentum in the averaged flow is assumed by means of the Boussinesq
hypothesis which defines turbulent viscosity. Turbulent viscosity increases the basic, molecular
viscosity of the fluid. Computation of turbulent viscosity requires additional equations which are
based on the k-omega SST model (Shear Stress Transport, the Menter’s variant of the k-omega model).
Change in concentration of the solution in the water is modelled using species transport equations.
The solver of the Ansys Fluent is pressure based, so the velocity is obtained from the momentum
equation and the pressure is obtained from the pressure equation, which is derived from the continuity
equation and the momentum equation. The equations are discretised using the control volume method
(CVM). The volume of the domain is divided into discrete control volumes using a computational
grid, and the equations are integrated on these volumes and linearized to create algebraic equations
for unknown values of velocity, pressure and species fraction. The resulting system of equations has
a sparse matrix of coefficients and is solved iteratively using the Gauss–Seidel method. Updating
of unknown values is done with the coupled algorithm in the case of the velocity and pressure and
sequentially in the case of the species fraction. The values are stored in cell centers. Values at cell
faces, needed in convective terms of the equations, are interpolated from the cell-center values by
means of upwind discretization schemes. Spatial discretization of the gradient is achieved using
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the least-square cell-based method. The pressure, momentum, turbulent kinetic energy and specific
dissipation use second-order discretization. The species fraction also uses second-order discretization,
as does the temporal discretization. The water is modelled as an incompressible fluid with constant
density of 998.2 kg m−3 and constant viscosity of 1.002 × 10−3 Pa s. The boundary condition at the
inlet is uniform velocity of 0.623 m s−1. Both outlets have a predefined velocity of flow equal to half
the value of the inlet velocity. The intensity of turbulence at the inlet is 0.1%. The walls are defined
with zero slip condition, that is the velocity of the fluid immediately attaching to the wall is equal
to zero. The time step is 0.1 s, and the flow is initialized by the flow field developing naturally after
200 s from the steady-state solution. Each time step was computed in 10 iterations. The mesh was
created in the ICEM CFD software. The mesh is structured so that is it is composed of only hexahedron
discrete volumes arranged in blocks with regular orthogonal structure. The orthogonal geometry of
the blocks is projected onto the surface of the walls and the inner geometry of the blocks’ volumes is
interpolated from the boundaries. The mesh adjacent to the walls in the region of the boundary layer
has perpendicular geometric spacing with the multiple of 1.15 between the heights of consecutive
layers of volumes, and the first layer of volume has the height of 0.035 mm in the region of impact
flow, and the height of 0.45 mm elsewhere. The worst value of y+ is 1.6 in the region of impact flow,
and 0.02–1.0 elsewhere. The mesh contained 2.5 million cells and 2.5 million nodes. The computation
ran in the High Performance Computing Centre at the Technical University of Kosice [23–25].
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0.8 m·min−1—CFD simulation.

Based on the results of CFD simulations, using the “Spheric” impact pad is expected to shorten
the residence time compared to the standard impact pad, but on the other hand it is also expected to
reduce the swirl of steel around the ladle shroud and reduce the so-called slag “eye” phenomenon.
It is assumed that when using a “Spheric” impact pad the mixing area will predominate and the area
of dead zones will be intensively reduced. It has also been found that the standard impact pad has a
tendency to create a shortcut flow at lower casting speeds.

The proposed impact pad was tested using a model of the real symmetrical, two-strand boat-type
tundish at scale 1:3 for the three default casting speeds. The C-curve, residence time, and visual
evaluation of the flow in the tundish were selected as comparison criteria. The tracer is an aqueous salt
solution of KCl, the concentration of which is monitored by means of the conductivity measurement
system, while the flow is evaluated visually using KMnO4 as tracer. Figures 6–8 show the results of the
simulations comparing the standard and Spheric impact pads. For visual flow comparison, Figures 6–8
show the flow of tracer at time intervals of 5, 20 and 80 s after tracer injection. Below these pictures
are the corresponding C-curves with highlighted minimum and maximum residence times for each
configuration and casting speed.

Table 1 gives a comparison of minimum and maximum residence times for each configuration.
The numbers in brackets indicate the percentage difference related to the minimum residence time of
the alternative with standard impact pad under similar conditions. Graphical comparison of residence
times of all tested configurations is presented in Figure 9.

Table 1. Comparison of residence times for all tested configurations.

Configuration Casting Speed Minimal Residence Time (s) Maximal Residence Time (s)

Standard Impact Pad
0.8 m·min−1 57 98
1.2 m·min−1 55 137
1.6 m·min−1 39.5 119

Spheric Impact Pad
0.8 m·min−1 40.5 (71%) 119
1.2 m·min−1 42 (76%) 127
1.6 m·min−1 42 (106%) 104
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The difference in flow dynamics in the impact area is shown in Figures 10 and 11, where the
standard and “Spheric” impact pads are compared.
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The faster vertical circulation of steel up to the slag layer may cause the slag “eye” phenomenon,
i.e., slag-free areas of steel surface open to air reoxidation and higher heat losses [26,27].

When using a “Spheric” impact pad, the vertical velocity of the flow around the ladle shroud
is significantly lower than when using a standard impact pad. Using the “Spheric” impact pad can
eliminate the so-called slag “eye” around the ladle shroud in the slag layer due to the lower vertical
velocity of steel flow in this area, in contrast to the standard impact pad.

Another very important function of impact pads is to prevent splashing of molten steel while
filling the empty tundish, mainly for safety reasons. A demonstration of the first seconds of filling
the empty tundish is shown in Figure 12, and it is clear that the spherical impact pad safely prevents
steel splashing.
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4. Conclusions

The design of the spherical impact pad with a convex surface was inspired by the differences
between the flow past a flat plate and the flow past a sphere. CFD simulations were utilized for the
initial testing and approval of this shape of impact pad. Compared to the standard impact pad at a
corresponding casting speed of 0.8 m·min−1, the spherical pad was found to shorten the residence
time, but on the other hand the flow pattern created by this impact pad could have the benefit of
reducing dead zone areas and eliminating any slag “eye” in the slag layer around the ladle shroud.
The proposed impact pad has no tendency to short-circuit the flow. The “Spheric” impact pad was
therefore subjected to further, more extensive testing using a 1:3 scale physical model of a tundish at
flow rates simulating different casting speeds.

Compared to the standard impact pad, based on our measurements of residence time distribution
(RTD) curves using the water model, the “Spheric” impact pad shortened the minimum residence
times at casting speeds of 0.8 and 1.2 m·min−1, which is on the level of 71% and 76% of the standard



Metals 2018, 8, 944 10 of 11

impact pad times under identical conditions. On the other hand, the “Spheric” impact pad produced
a 6% longer residence time than the standard impact at casting speed 1.6 m·min−1. It should be
taken into account that this is only a comparison of impact pads. In both cases, it is possible to fit the
tundish with flow modifiers such as dams, weirs and baffles to prolong the residence time of steel in
the tundish.

From a visual comparison of flow in the tundish, we can observe that the “Spheric” impact pad
produces a better flow pattern than the standard impact pad. It has no tendency to shortcut the flow at
lower casting speeds. Moreover, dead zone areas are eliminated using the “Spheric” impact pad. We
can predict that using this impact pad in practice will have a positive influence on steel cleanliness due
to more dynamic steel flow at the steel-slag interface. Furthermore, the slag “eye” phenomenon can be
reduced when the “Spheric” impact pad is used, compared to impact pads with a significant piston
flow pattern.

Based on the performed measurements, it can be concluded that the “Spheric” impact pad has
great potential to optimize the flow of steel in the tundish, and that in combination with the appropriate
“tundish furniture” it can become a new part of modern tundish metallurgy with significant influence
on the final quality and cleanliness of conticast steel.
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