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ABSTRACT

Turbulent structures are important in influencing
inclusion transport in continuous casting of steel.
The turbulent velocity field and inclusion transport
are studied in a full-scale water model using large
eddy simulations. The computed fluid velocities
are compared with measurements. Chaotic vortex
structures were computed in the upper roll region
as expected. The computed inclusion trajectories
were processed to determine the inclusion removal
rate to the top surface. The results agree reasonably
with measurements from the water model. The
removal of particle inclusions to the top surface is
found to be independent of the particle initial
positions at which they enter the mold.

INTRODUCTION

Turbulence plays an important role in continuous
casting of steel. The transient turbulent structures
in the mold region of a continuous caster influence
the entrapment of the top surface flux layer and the
motion of inclusion particles. The inclusions
exiting the submerged entry nozzle (SEN) may
either float to the top surface and get safely
removed into the slag layer, or may be trapped in
the solidifying front, leading to defects such as
internal cracks and slivers in the final rolled
product.

A number of previous studies have analyzed this
flow using Reynolds-averaged turbulence models,
typically the k-¢ model. However, the k-e model
gives only the time-averaged transport, and at best
only crudely predicts the turbulence dynamics and
particle transport by turbulence.

Large Eddy Simulations (LES) of turbulence
provide an attractive method for simulating
turbulent flows. In comparison with the Reynolds-
averaged approach, LES provides much more
realistic and accurate representation of a turbulent
flow by resolving the large-scale dynamics. This
information is crucial in estimating the heat mass
and momentum transport, and transport of
inclusions.  Turbulence is also important in
estimating the entrapment of the flux layer on the
top surface of the mold. LES has been applied in
the past to model many simple turbulent flows.
However, its application to a highly complex flow
such as that in the mold region of a continuous
caster presents many new challenges. These
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Figure 1:

include prescription of the correct inlet conditions
to the computational domain,adequately resolving
all velocity and thermal boundary layers,
simulating the two-phase flow resulting from
injection of argon bubbles and inclusions, and
resolving the transient solidification front. Further,
experiments in water models have shown the
presence of large-scale unsteadiness in the flow,
which mandates long simulation times. Therefore,
the computational burden of such simulations is
very high.

Because of nearly equal kinematic viscosities of
the liquid steel and water which determine the
main flow characteristics, flow in the steel caster
mold region can be studied using scaled water
models. In the present study, we have conducted
LES of the flow in a full-scale water model. Our
objective is to understand the instantaneous
structures in the flow and the motion of inclusion
particles, and to compare the LES results with
experimental data where available.

PROBLEM DESCRIPTION

Figure 1 shows an experimental set-up at AK
Steel Company (Sussman, 1992), and the
corresponding computational domain used to
simulate this water model experiment. In the
experiment, around 8000-30000 elliptical disk-
shaped plastic beads were injected into the mold



with the water through the nozzle to study the
particle transport. The density and size of the
beads were chosen to match the vertical terminal
velocity of 300um alumina inclusions in the liquid
steel. A screen was positioned near the top surface
to trap the plastic beads and thereby simulate the
fraction of inclusion particles removed to the top
surface. The experiments were repeated for at least
five times and the averaged inclusion removal by
the screen was reported (Sussman, 1992). A hot-
wire anemometer was used to measure the fluid
velocity field.

The LES was conducted to study the flow and
particle transport for this water model to compare
with the experiments and gain more insights. At
the inlet, the instantaneous velocity profiles from a
fully developed turbulent flow in a pipe are
prescribed. The velocities are directed at an angle
of 25° downwards to the horizontal axis. Only half
of the mold domain is computed at this time with
the assumption of symmetry about the central
plane. The computational conditions are compared
with those of the experiment in Table 1. Six
groups of particles were introduced from the inlet
within a short time period at different times, as
shown in Table 2.

MATHEMATICAL MODELING

Fluid Flow

The time-dependent three-dimensional Navier-
Stokes equations have been solved for the fluid
velocity field. The Smagorinsky eddy viscosity
model (Smagorinsky, 1963) is used to represent the
unresolved scales:
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The equations are discretized using the Harlow-
Welch fraction step procedure (Robichaux, 1990)
on a staggered grid. Second order central
differencing is used for the convection terms and
the Crank-Nicolson scheme is used for the
diffusion terms. The Adams-Bashforth scheme is
used to discretize in time with second order
accuracy. The implicit diffusion terms are solved
using Alternative Line Inversion. The pressure
Poisson equation is solved using a direct Fast
Fourier Transform solver. For parallelization, 1-D
domain decomposition with MPI (Message Passing
Interface) is utilized. The computation was
conducted with a mesh consisting of 128x169x64
nodes in the x, y and z directions respectively. The
time-dependent equations were integrated for
175,000 time steps (140 seconds of real time).

Experiment LES
p simulation
Nozzle port size /Inlet 0.051 x 0.051 x
port size (x X y) (m) 0.056 0.056
Submergence depth 0.150 0.150
(m)
Nozzle angle 25° 25°
Inlet jet angle 25° 25°
Mold /Domain height 2152 2152
(m)
Mold /Domain
width (m) 1.83 0.965
Mold /Domain
thickness (m) 0.238 0.238
Average in]aet flow rate 0.00344 0.00344
(m’/s)
Average inlet speed
(m/s) 1.69 1.69
Fluid density (kg/m?) 1000 1000
Casting speed (m/s) 0.0152 0.0152
Fluid kinematic 10x10°  1.0x10°
viscosity (m°/s)
Particle inclusion size 2.3 38
(mm) (diameter)
Particle inclusion
density (kg/m®) 088 988
Corresponding
. alummg inclusion 300 300
diameter in steel caster
(nm)

Table 1: Experimental and simulation parameters.

Group index | Number of particles in;l;:gscc,zif;m
0 15000 0s—1.6s
1 500 2s—-2.4s
2 500 4s—4.4s
3 500 6s — 6.4s
4 500 8s—8.4s
5 500 10s —10.4s

Table 2: Particle injection data.

This computation takes 19.2 CPUs per time step on
a Pentium III 750MHz PC or 39 days for 175,000
time steps.

Particle Transport

The Lagrangian approach is employed for
particle transport. The particle equation of motion
is:
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where: Re, = L2 LJ 6)
The equations are integrated for each particle
using a fourth order Runge-Kutta method at the
same time as the velocity field is computed. This
computation takes 2.4 additional CPUs per time
step for 17500 particles or 5 additional days for

175000 time steps.

RESULTS AND DISCUSSION

Fluid Flow

Figure 2 shows a typical instantaneous velocity
vector plot computed using LES. The flow
emerges from the inlet port as a jet, diffuses as it
traverses across the mold, impinges on the narrow
face and splits into two recirculation regions
consisting of the upper and lower rolls. This
turbulent flow pattern is consistent with the
experimental observations (Sussman, 1992;
Thomas, 1994).
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Figure 2: Computed typical instantaneous velocity
field between wide faces.

Figures 3(a) and (b) show two typical
instantaneous flow patterns of the upper roll. It is
seen that the upper roll consists of a single large
recirculation structure in Figure 3(a), but many
distinct vortex structures in Figure 3(b). The upper
roll alternates chaotically between these two
extremes. This finding is consistent with a
previous LES conducted for a 0.4-scale water
model (Sivaramakrishnan, 2000). Only at the
places very close to the top surface is the fluid
velocity always horizontal.  This finding is
important in understanding the accuracy of the
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indirect measurement of the liquid steel velocity in

caster mold using electromagnetic sensors.
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(b)
Figure 3: Instantaneous flow patterns in the upper
roll.
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Figure 4: Time-averaged velocity field at the plane
between wide faces.





