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Abstract

The horizontal and vertical velocity components of molten steel in a slab continuous
casting mold produced by three different two-port Submerged Entry Nozzle (SEN)
designs are monitored and compared using Computational Fluid Dynamics (CFD)
simulations. These two ports designs correspond to a conventional cylindrical SEN, a
plate SEN and an anchor-shaped SEN. Four monitoring points at the molten steel in
the centered vertical plane were selected to track the horizontal and the vertical
component of the velocity vector. Two of them are located near the free surface and
the remaining two are located in the vicinity of the SEN discharge nozzles. Some sta-
tistical values of the time series of above the velocity components are analyzed and
correlated with the Kelvin-Helmholtz instability and the Karman vortex streets,
which cause mold powder entrapment in the molten steel.
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1. Introduction

In the continuous casting of steel, molten steel is fed from a ladle into a mold through a
Submerged Entry Nozzle (SEN). In contact with the water-cooled walls of the mold,
molten steel forms a solidified shell. At the exit of the mold, the steel product ends its
solidification by means of water sprays. A powder is fed at the top of the mold in order
to provide lubrication to the mold walls, avoiding in this way adherence of the solidi-

fied shell at the mold walls, which in turn causes the unwanted sticking breakout phe-
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nomenon. At the same time, the powder protects molten steel from atmospheric oxida-
tion and prevents premature solidification. Unfortunately, sometimes the powder be-
comes entrapped in the molten steel, and as a consequence, the solid steel product ex-
hibits low quality in the form of poor mechanical properties.

It is widely accepted that the quality of the continuous-cast products is severely af-
fected by the fluid flow in the mold and the SEN design, and that sudden transients are
responsible of flow instabilities that cause surface turbulence [1]. In accordance to [2],
powder entrainment is influenced, among other factors, by rapid mold level fluctua-
tions, surface waves, SEN design and shallow SEN immersion. A Computational Fluid
Dynamics (CFD) study on mold powder entrapment caused by vortexing flow at the
interface between mold powder and molten steel near the SEN is reported in [3]. Mold
properties, mainly viscosity, prevent the entrapment phenomenon in ultra-low carbon
steels [4]. More specifically, mold powder entrapment is enhanced by Kelvin-Helm-
holtz instability (KHI) [5] [6] and Karman vortex streets (KVS) [4] [6]. KHI is present
in the powder-molten steel interface, and it is recognized that KHI represents an im-
balance of the destabilizing effect of inertia of a light phase (powder) moving in the ho-
rizontal direction over the stabilizing effect of buoyancy of a heavy phase (molten steel)
[7]. Meanwhile, in the mold KVS are generated behind the SEN in the downward ver-
tical direction [6], and they arise when the velocity goes beyond certain excitation value
[8].

In this work the horizontal and vertical velocity components of molten steelproduced
by three different SEN designs are monitored and compared using CFD simulations.
These SEN have been previously characterized by the present authors in terms of free
surface topography, velocity vector and turbulent intensity [9]. The considered two-
port SEN designs are shown in Figure 1. The first one (Figure 1(a)) corresponds to a
conventional cylindrical SEN (hereinafter called conventional), the second one (Figure
1(b)) corresponds to a SEN with an oval plate located in its upper part (hereinafter
called plate), and finally, an anchor-shaped SEN (hereinafter called anchor). The SEN
dimensions are [9]: 0.5 m high, 0.06 mnozzle innerdiameter, 0.04 mnozzle discharge-
port diameter, plate thickness 0.02 m.

Four monitoring points in the molten steel were selected to track the horizontal and

(a) (®) ()

Figure 1. The considered Submerged Entry Nozzles: (a) conventional cylindrical; (b) plate-
shaped; (c) anchor-shaped [9].
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the vertical component of the velocity vector: Two of them near the free surface and the

remaining two in the vicinity of the SEN discharge nozzles.

2. Mathematical Model

Mathematically, the flow of an isothermal incompressible Newtonian fluid and the
mass conservation are represented by the Navier-Stokes equations and the continuity
equation [10]. These equations come from force balances and mass conservation, re-
spectively. To maintain the mass balance in the system, the continuity equation must be
solved too. Turbulence is simulated by means of the classical two equations K-& model
[11]. For the pressure-velocity coupling, the Pressure-Implicit with Splitting of Opera-
tors (PISO) algorithm is employed [12]. Besides, the Volume of Fluid (VOF) model is
employed to issue the multiphase flow. VOF is based on the assumption that two or
more phases are not interpenetrating [12] [13]. For each additional phaseq, its volume
fraction a, is introduced as a variable. In each control volume the volume fractions of
all phases sum to unity [12]. The tracking of the interface between the phases is accom-

plished by solving the continuity equation for each phase [12] [13].

3. Model Solution and Velocity Monitoring

Transient 3-D two-phase (air-molten steel) isothermal computer simulations were car-
ried out with time steps of 0.001 s using Computational Fluid Dynamics software. The
value of the time step was determined from numerical experiments, and corresponds to
that value which gives numerical stability. 100 s of integration time was assumed to
yield fully developed flow of molten steel in the mold volume. The mold dimensions
were: height, 2 m; width, 1.2 m; thickness, 0.2 m. The initial level of molten steel was
1.82 m, and the remaining volume of the mold was air. The considered physical prop-
erties of molten steel were: density of 7100 kg/m’ and viscosity of 0.0067 kg/(m.s).
Boundary conditions were as follows: velocity inlet 2.83 m/s, which corresponds to a
casting speed of 1.5 m/min; turbulent kinetic energy 0.08 m?/s’, turbulent dissipation
rate 0.755 m?/s’. The computational mesh employed in the computer simulations con-
tains 464,000 tetrahedral/hybrid cells. The mesh and the coordinate system employed
in the computer simulations are shown in Figure 2.

For velocity analysis, four monitoring points were selected as tracking locations at
the Y = 0 vertical plane. The (X, Y, Z) coordinates of these points were as follows: A
(-0.24, 0.0, 0.8), B (0.24, 0.0, 0.8), C (-0.075, 0.0, 0.65), D (0.075, 0.0, 0.65), and their
approximate location is depicted in Figure 3. The points A and B are symmetrical, and
are located at 0.02 m from the initial level of molten steel with the purpose of tracking
the horizontal (X) velocity component and the vertical (Z) velocity component of the
molten steel velocity vector near the free surface. On the other hand, the C and D
points are located 0.17 m below the molten steel surface in order to track the X and Z
velocity components in opposite places near the SEN discharge ports. Using the above

data, the mean residence time (MRT) of molten steel in the mold is 72.8 s. To obtain re-
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Outflow

Figure 2. The computational mesh and the coordinate system employed in the computer simula-
tions [9].

Figure 3. Location of the monitoring points at the Y = 0 vertical plane for the conventional SEN.
Red phase is molten steel, blue phase is air.
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liable and representative results and analysis of velocity monitoring, computer runs
spanned from 100 s, which corresponds to fully developed flow, to 180 s, which corres-

ponds to around 2.5 times the MRT of molten steel.

4. Results

As was explained before, the X and Z components of the vector velocity of molten steel
are associated with the magnitude of the Kelvin-Helmholtz instability and the Karman
vortex streets, respectively. In this Section the tracked results of these velocity compo-
nents in the chosen monitoring points from 100 s to 180 s of elapsed time are presented
and discussed.

Figure 4 shows the time series of the X velocity component for the three SEN consi-

dered at the A and B monitoring points, which are located just 0.02 m below the molten
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Figure 4. Time evolution of the X component of the velocity vector for (a) simple; (b) plate; and
(c) anchor SEN. Monitors: A (black), B (gray).
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steel free surface, as is seen in Figure 3. The three SEN present positive values of X ve-
locity component at A, whereas they exhibit negative values of the X velocity compo-
nent at B. This is explained by the fact that the flow of molten steel is directed towards
the SEN, driven by the recirculation loops in the upper part of the mold [14] [15], as is
observed in Figure 5 for the anchor SEN. Table 1 shows some statistics (minimum,
maximum and mean values) of the time series of Figure 4. These values suggest that
significant asymmetry in the molten steel flow is present on the left and right sides of
the mold. The asymmetry of the molten steel flow in the left and the right parts of the
mold has been reported at least two decades ago [14]. This asymmetry is quantitatively
verified by observing the different statistic values of the X velocity component of Table
L.

In accordance to Table 1, the plate SEN presents the lowest average value (0.4480
m/s) of the X velocity component at the A monitoring point, whereas the anchor SEN
shows the lowest average absolute value (0.3324 m/s) of this component at the B moni-
toring point. The conventional SEN exhibits the highest maximum X velocity (0.9082
m/s) among the three considered SEN. Related to the Z component of the vector veloc-
ity, is the anchor SEN who exhibits the lowest average absolute value (0.0025 m/s) at

both monitoring points, as is seen in Table 2.

Figure 5. Velocity vectors in the Y = 0 vertical plane corresponding to the anchor-shaped SEN.

Table 1. Statistics of the time series of the X velocity component at A and B monitoring points.

Value Conventional SEN Plate SEN Anchor SEN
(m/s) A B A B A B
Minimum -0.0721 —-0.9908 —-0.0241 -0.8612 0.4827 —-0.4410
Maximum 0.9082 0.4038 0.8281 -0.0917 0.7201 -0.2247
Span 0.9803 1.3946 0.8522 0.7695 0.2374 0.2163
Average 0.5177 —0.4456 0.4480 -0.4774 0.5739 -0.3324
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Table 2. Statistics of the time series of theZ velocity component at A and B monitoring points.

Value Conventional SEN Plate SEN Anchor SEN
(m/s) A B A B A B
Minimum -0.3737 —0.4334 -0.2059 -0.2529 -0.0249 —-0.0703
Maximum 0.4206 0.6622 0.2367 0.1562 0.0327 —-0.0059
Span 0.7943 1.0956 0.4426 0.4091 0.0576 0.0644
Average —-0.0301 -0.0247 -0.0161 -0.0275 -0.0025 —-0.0025

As was stated in Section 1, mold powder entrapment is enhanced by the Kelvin-
Helmholtz instability (KHI) and the Karman vortex streets (KVS). The magnitude of
the KHI is proportional to the horizontal (X) component of the velocity vector in the
vicinity of the molten steel free surface, whereas the magnitude of the KVS is propor-
tional to the downward vertical (Z) component of the vector velocity in the vicinity of
the SEN discharge. In order to carry out a qualitative evaluation of the KHI and the
KVS, in Figure 6 and Figure 7 the X and Z components of the vector velocity are mo-
nitored and depicted. Figure 6 shows a direct comparison of the X component of the
vector velocity for each SEN considered at the A and B monitoring points. It is clearly
observed that the anchor SEN presents the more stable and smooth time evolution of
the X component at both monitoring points. On the other hand, in Figure 7 depicts the
time series of the Z component of the vector velocity for each SEN at the C and D mon-
itoring points. As the case of Figure 6, the anchor SEN exhibits the smooth time evolu-
tion at the C and D monitoring points. Some statistics of the times series of Figure 7
are presented in Table 3. In accordance with this table, is the conventional cylindrical
SEN who exhibits the lowest and the largest values of the absolute values of the mini-

mum and maximum Z velocity component.

5. Conclusions

Three different designs of Submerged Entry Nozzles (SEN) were presented here. Their
performances are numerically studied and compared in terms of the time series of the
X and Z components of the vector velocity at four monitoring points. From the numer-
ical results the following conclusions arise:

i) The plate and the anchor SEN present the lowest absolute average values of the X
(horizontal) components of the vector velocity at the monitoring points located in the
vicinity of the molten steel free surface.

ii) The plate and the anchor SEN present the lowest absolute average values of the Z
(vertical) components of the vector velocity at the monitoring points located in the vi-
cinity of the SEN discharge nozzles.

iii) The conventional cylindrical SEN exhibits the largest absolute values of the
minimum and maximum X and Z components of the vector velocity at the four moni-

toring points.
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Figure 6. Time evolution of the X component of the velocity vector. Monitors: (a) A; (b) B. SEN:
simple (black), plate (red), anchor (blue).
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Figure 7. Time evolution of the Z component of the velocity vector. Monitors: (a) C; (b) D. SEN:
simple (black), plate (red), anchor (blue).
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Table 3. Statistics of the time series of the Z velocity component at C and D monitoring points.

Value Conventional SEN Plate SEN Anchor SEN
(m/s) C D C D c D
Minimum -0.6362 -0.6260 —-0.5431 —-0.5232 -0.3512 -0.3725
Maximum 0.0385 0.0791 -0.0306 0.0175 -0.1995 -0.2378
Span 0.6747 0.7051 0.5125 0.5407 0.1517 0.1347
Average -0.2971 -0.2859 -0.2815 -0.2726 -0.2756 -0.3055

iv) Given that the X and Z components of the vector velocity are associated with the

Kelvin-Helmholtz instability and the Karman vortex streets, respectively, it is the con-

ventional cylindrical SEN who is more prone to present mold powder entrapment.
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