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Abstract

The research work objective is to study a new ladle shroud internal design to reduce
the slag emulsification in the tundish during ladle transient periods. A 3D
mathematical model of the tundish was created to solve the fundamental equations,
a turbulence model, and a multiphase model. The results show that using a
conventional ladle shroud, the fluid is delivered with an excessive amount of kinetic
energy being dissipated inside the tundish bath, generating strong mixing flow
patterns and entrapping a massive amount of slag. In the other hand, the proposed
ladle shroud dissipates the kinetic energy before the fluid enters the tundish
promoting less intense mixing patterns; thus, the amount of slag emulsification is
reduced significantly. Consequently, if the internal design of the ladle shroud is able
to dissipate the kinetic energy before the fluid enters the tundish, it shall be possible
to reduce considerable the slag emulsification and the slag opening area.
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1 INTRODUCTION

The study of the tundish slag contamination emerge from the need of remove macro
inclusion generated during the ladle change operation [1] and which are detected in
the final product affecting the steel mechanical properties. Takahashi [2] and Martin
[3] indicate that the amount of this inclusion increases during the ladle change
operation due to the slag emulsification phenomenon, which can have different origin
as indicated by Ferro [4], such the thickness of the slag layer and the tundish steel
turbulence. This last, according with Kelvin and Helmholtz [5], induces surface
instabilities forming level waves able to drag small slag drops into the bath forming
an emulsion. At the same time, the amount of entrapped slag is also strongly affected
by its physical properties since Sovolainen [6] and Sulasalmi [7] indicate that the
critical velocity to induce the emulsification phenomenon change as a function of the
viscosities, densities, and surface tension of both phases. According with Ooi et al.
[8], the interfacial tension could change by chemical reactions taking place into the
fluids interface, which will decrease the values of this variable as indicated Chung
and Cramb [9]. Since the physical properties of the steel and slag are frequently
taken as constant, there is the need of search for other ways to try to reduce or
control the emulsification phenomenon. Other authors have try to control this
detrimental phenomenon by employing flow control devices, such Aiub [10] which
used turbulent inhibitors to reduce this problem. Following this tendency, Canale [11]
advices that to reduce the emulsification phenomenon, a better control of the energy
contained into the tundish fluid must be achieved. To achieve this, in a first try to
reduce the energy contained in the steel before it enters into the tundish, Solorio [12]
changes the internal ladle shroud design using cylindrical chambers, nevertheless
this changes indices inclusion entrapment at the ladle entry. In a second work,
Solorio [13] change the cylindrical chambers for rhombus chambers obtaining a
reduction of the kinetic energy into the steel delivered by the ladle shroud without the
problem of inclusion entrapment at the ladle entry. This new design was studied by
Morales et al. [14] by physical modeling during steady state conditions finding that
this design produces an increment in the mixed flow reducing the dead and plug
flows. Consequently, as this new ladle shroud design has shown considerable
benefits to control the fluid flow patterns inside the tundish during steady state
conditions, the objective of the present work is to study this new ladle shroud design
to assist in the reduction of slag contamination and slag opening area in the tundish
during transient periods considering a bare tundish.

2 MATERIAL AND METHODS

A three dimensional mathematical model was developed considering the Navier-
Stokes equations, the standard k- model, and the Volume of Fluid model.

2.1. Fundamental Equations
The time-dependent transport equations for mass and momentum are expressed as
follow [15,16]:
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2.2. The Standard k-g Turbulence Model
The standard k-¢ model of Launder and Spalding [17] was selected to model the
turbulence. The equations for turbulent energy k and dissipation rate ¢ are given by:
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The recommended values of the constant proposed by Lauder and Spalding were:
Cl=144,C2=192,06:=1.3,0k=1.0,C, =0.09.

2.3 Multiphase Model

The multiphase system composed of immiscible fluids was modelled by solving the
Volume of Fluid (VOF) model [18,19]. The VOF method is an Eulerian method that
uses a volume fraction indicator to determine the location of the interfaces of different
phases in all cells of a computational domain.

In order to minimize the effects of the inaccurate interpolation for some physical
quantities, the model consider incompressible, immiscible fluids, no phase change
between fluids, then the variable density and viscosity present at each cell can be
expressed on the base of their fraction as shown below

Phix zappp +(1_aq)pp (5)
Hix = ap/l’lp + (1_ aq)#p (6)
The tracking of the interphases between the phases is accomplished by the solution

of a continuity equation for the volume fraction. For the gth phase, this equation has
the following form:
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The volume fraction equation will not be solved for the primary phase; the primary

phase volume fraction will be computed based on the following constraint:

n
D=1 (8)
gq=1
The volume fraction equation is solved through an explicit time discretization method
and the employed reconstruction based scheme was the Geo-Reconstruct.
A single momentum equation is solved throughout the domain, and the resulting
velocity field is shared among the phases. The momentum equation, shown below, is
dependent on the volume fraction of all phases through properties p and .

aat(pmixv)—i_ \& (pmixvv) = —Vp + V[:umix(vv + VU)]+ pg + Sc (9)

The governing equations were discretized using the finite volume technique and
solved using the commercial CFD package, considering the computational
segregated-iterative method, and the physical properties indicated in Table 1. The
non-linear momentum equations were linearized using the implicit approach. The
discretization was performed using the First Order Upwind scheme as a first
approach. The PRESTO! scheme was used for pressure interpolation
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Table 1. Physical properties
Density Viscosity Surface tension Interfacial tension
Kg/m? g/m*s N/m N/m
Steel 7050 0.0064 1.9 Steel-Slag = 0.74
Slag 2800 0.18 1.4
Air 1.225 1.7894e-05 - Steel-air = 1.84

3 RESULTS AND DISCUSSION

Using the VOF model a single strand tundish model (Figure 1) was simulated
employing the above mathematical model. First, the system was simulated
considering a velocity inlet calculated for 4.83x10-4 m3/s to keep the normal
operating level. Once the steady state was reached, the velocity inlet was changed to
zero, and the simulation continues until the bath level decreases until the ladle
change level. At this point, the velocity inlet was changed to 14.5x10-4 m3/s and the
simulation continues until the normal operating level was reached again. Finally, the
velocity inlet was changed again to 4.83x10-4 m3/s for a small period of time. This
procedure is schematized in Figure 2.
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Figure 1. Tundish dimensions (mm), a) Frontal view, b) Lateral view, c) Conventional ladle shroud, d)
Dissipative ladle shroud — small, and e) Dissipative ladle shroud — large.
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Figure 2. Schematic representation of the ladle change operation during the mathematical modeling.

Figure 3 shows the modelling results of the ladle change operation and the detection
of the emulsification contamination for the three ladle shrouds. The figure starts
showing a sequence of the modelling images for the CL, which starts dragging a big
amount of air into the bath during the first three seconds and it is until the fourth
second when the slag starts being dragged into the bath. During this short period of
time, the air bubbles move fast from the entry zone to the tundish left side; then, the
bubbles change direction abruptly toward the free surface promoting the break-out of
the slag layer. At the next ten seconds, the slag contamination is evident in the first
half of the tundish and its intensity decreases as the fluid moves toward the outlet.
During this period of time, these variations induce strong free surface fluctuations
and the slag layer has been opened. The last sequence shows the images after 20
seconds, where the slag contamination is fully developed and the small oil drops
have reached the tundish outlet. Comparing these results to those obtained using
the new design (DLS-small and DLS-large), it is clear that the amount of dragged air
during the first three seconds is a lot lower, the bath level shows a better stability, the
slag layer opening is smaller, and the dragged slag is also lower (See Figure 4).
Following the previous sequence, the next ten seconds shows clearly that the both
DLS reduces considerably the slag emulsification. At the tenth second, at the entry
zone, the emulsification is a lot lower than the CLS case. Comparing the last
seguence at the same time steps, it was observed that the slag contamination was
considerable reduced, the slag opening was also reduced, and the free surface
remained very stable. Considering the previous results, it is clear that the fluid flow
performance induced by DLS reduces considerable the slag contamination
phenomenon, the slag layer opening, and the free surface fluctuation. It is important
to notice, that the remaining slag inside the bath at different levels is due to the oil
dragged at the start of the emulsification which has not reached the oil layer and
keeps moving inside the bath.
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Figure 3. Slag contamination images at different times during the transient period of the modeling,
Conventional ladle - first column, Dissipative ladle-small — second column, and Dissipative ladle-large
— third column.

GO -
45 4 - cL

a0 A DLE-Small
35 . DLS-Large
30 4
25 4
20 4
15 4
10 4

Emulsified Slag (kg)

D T T T T T T L LI I

o 5 10 15 20 25 30 35 40 45
Time (s)

Figure 4. Dragged Slag (kg) during the ladle change operation.
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The slag opening was analyzed by mathematical images (Figure 5), which show that
while the slag contamination phenomenon develops, the slag layer opening takes
place at the same time. This slag layer opening starts at the moment that the new
ladle flow rate is activated, and continues strongly developing while the shroud tip is
uncovered and the tundish bath level is low. Nevertheless, the covering layer
opening remains so intense even when the liquid cover the shroud tip and the bath
level is higher, and it is observed that the slag opening area decreases as the bath
level increases but remaining during the whole operation. This is due to an ascending
flow from the tundish bottom, close to the lateral walls, which converges at the center
of the free surface. These patterns induce the formation of two recirculations close to
the ladle shroud, which remain almost at the same zone, changing slightly its position
and intensity. These recirculations drag the slag towards the tundish center and the
tundish right side; the pulled slag is close enough to the entry jet to be dragged
promoting the bath contamination during the whole operation. In the other hand, both
DLS clearly show a reduction in the slag opening (Figure 5 and Figure 6); this is
because the ascending flow at the lateral walls is now smaller, reducing its
movement towards the center of the free surface and consequently reducing the
recirculations intensity. As a consequence, the slag is moved with less intensity
towards the tundish right side and the bath level center, inducing that as the bath
level increases the slag is not dragged and the slag contamination is not promoted
any longer.
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Figure 5. Slag layer opening at different times during the transient period of the modeling,
Conventional ladle - first column, Dissipative ladle-small — second column, and Dissipative ladle-large
— third column.
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Figure 6. Slag layer opening percentage as function of time.
4 CONCLUSION

1) The high turbulent kinetic energy levels contained by the liquid delivered by the
ladle shroud are strongly dissipated at the tundish entry zone inducing the air and
slag dragging into the bath, forming the immiscible multiphase emulsion.

2) The conventional ladle shroud in a bare tundish induces vortexes formation at the
bath level next to the entry zone. These vortexes promote continuous slag dragging
into the bath causing the emulsification phenomenon during the transition period.

3) The dissipative ladle shroud improves the flow patterns delivering a fluid with less
turbulent kinetic energy, reducing the amount of slag and air dragged into the bath
during the whole operation.

4) The dissipative ladle shroud significantly reduces the slag opening area since it
delivers a less turbulent fluid.

5) A better control of the fluid flow patterns inside the tundish can be achieved by
modifying the ladle shroud internal geometry design reducing the need of fluid flow
control devices.
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