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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 afull- scale water model using large
eddy smulations. 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 theinclusion removal
rate to the top surface. The results agree reasonably
with measurements from the water model. The
removal of particle inclusions to the top surfaceis
found to be independent of the particle initia
positions at which they erter 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 dlivers in the fina rolled
product.

A number of previous studies have analyzed this
flow using Reynolds-averaged turbulence models,
typically the k-e 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 aturbulent
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 aso 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. Schematic of (a) water model and (b)
simulation domain.

include prescription of the correct inlet conditions
to the computational domain,adequately resolving
al veocity and therma boundary layers,
smulating 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
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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 300mm aluminainclusionsin 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 experimentswere 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
theinlet, the instant aneous 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 centra
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 128 169" 64
nodesin thex, y and z directions respectively. The
time-dependent equations were integrated for
175,000 time steps (140 seconds of real time).

N, =N, +0.01(DxDyDz)

- LES
Experiment 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
wicth (m) 1.83 0.965
Mold /Domain
thickness (m) 0.238 0.238
Averagei nI3et flow rate 0.00344 0.00344
(n'/s)
Average inlet speed
(m/s) 1.69 1.69
Fluid density (kg/n) 1000 1000
Casting speed (m/s) 0.0152 0.0152
Fluid kinemetic 1.0x10°  1.0x10°
viscosity (m°/s)
Particle inclusion size 2_3 3.8
(mm) (diameter)
Particle inclusion
density (kg/m) 988 988
Corresponding
auminaincluson
diameter in steel caster 300 300
(mm)

Table 1: Experimental and simulation parameters.

. . Time of
Group index | Number of particles introduction
0 15000 Os—1.6s
1 500 2s—24s
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
aPentium @ 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

dX i
Vi = dtp‘ (4)
v, _18rn,

- _r—d2(1+ 015Re,”)(v,- v,,,)+(- rr—)gi (5)
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v, - vld

where: Re, = -2 P (6)

No
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(@ and (b) show two typica
instantaneous flow patterns of the upper roll. Itis
seen that the upper roll consists of a single large
recirculation structure in Figure 3(a), but many
distinct vortex structuresin Figure 3(b). The upper
roll aternates 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 aways horizonta.  This finding is
important in understanding the accuracy of the

indirect measurement of the liquid steel velocity in
caster mold using electromagnetic sensors.
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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.
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Figure 4 presents the time-averaged velocity
field over a period of 100 seconds at the center
plane between wide faces. A double-recirculation
flow pattern is seen which is consistent with the
instantaneous pictures and with previous PIV
measurements and k-e simulations
(Sivaramakrishnan, 2000; Sussman, 1992; Thomas,
1994).

Figure 5 compares the computed and measured
time- averaged fluid velocity (Thomas, 1994) along
four vertical lines located at the center plane
between wide faces and with different distances
from the SEN. The computation generally agrees
well with the measurements.  The biggest
discrepancy occurs at the line 460mm from the
SEN, dong which the computed maximum
velocity occurs almost 0.1m deeper than the
measurements. This might be generated by the
uncertainties in the measurements. For example,
the hot-wire anemometer was manually adjusted
and hence likely not accurately placed to the
desired position. The approximate inlet velocity
field prescribed in the model may be an additional
reason. It should be noted that significant
differences exist between the measured time
averages taken at different times.

51 mm from SEN 102mm from SEN 460mm from SEN 921mm from SEN
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Figure5: Comparison of the LES computation and
measurements aong four vertical lines.

Particle Transport

Figure 6 presents four snapshots of the
distribution of the 15000 particles (group 0).
These particles were evenly introduced into the
domain over 1.6 seconds at arandom position from
theinlet port of the mold (as shown in Figure 9(a))
and with the initia velocity equa to the local
instantaneous fluid velocity. The extended line
inside the mold represents the position of the
screen in the water model. The screen is used to
capture particles and consequently help study the
removal of particles to the top surface. The
entrainment of particles by the screen is calculated
by summing the particles that reach the top of the
screen. Thefluid flow and particle transport is not
affected by the screen modeling.

LES Simulation
Experiment, Set 1
4 Experiment, Set 2
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Figure 6: Distribution of the 15000 particles at
four instants after their injection.

This figure shows that the particles move along
the jet after injection (Figure 6(a)) and split into
two parts (Figure 6(b)) corresponding to the upper
and lower rollswhen they hit the narrow face. Due
in part to their buoyancy, some of the particles
move to the top surface and are safely removed.
Other particles flow out of the mold with the
outflow and would be trapped at a deeper position,
leading to defects in the real steel strand.
Moreover, in areal steel caster, inclusion particles
can aso be entrapped by the solidifying shells
(corresponding to the sidewalls of the water
model). Thiswas not modeled in the water model
or LES.

The trgjectory computations for the 15000
particle group (group 0) were processed to
determine the computed particle removal rate to
the top surface (lines) in Figure 7 and to compare
the computed and measured removal rates by the
screen (symbols) in the water model. Considering
the approximate nature of the experiments, and
uncertainties in the computations, the agreement
between the computation and measurements
appears to be quite good. The screen appears to
simulate surface removal well at early times, but
under-predicts it at later times (100s). The
computation shows that the total remova rate
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appears to be very large (nearly 80%) when the
walls are unable to trap particles.

Time (s)

Figure 7. Particle removal to the top surface in
full-scale water model: (@) particles removed to
top surface (simulated); (b) particles removed to
top surface (derived from extrapolation); (c)
particle removal rate to top surface (derived from
simulation); (d) particle removal rate to top surface
(derived from extrapolation); (€) particles removed
by screen, LES; (f) particles removed by screen,
measurements.
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Figure 8: Four typical particletrgectoriesfoundin
the computation.

Figure 8 shows four computed typical particle
trajectories for 100 seconds or until they contact
the top surface (the first picture) or exit the domain

om
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(the second picture). The last two particles are
stilling moving. These irregular tragjectories show
some random motions and provide evidence for the
effect of the turbulent fluid structures on particle
transport.
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Figure 9: The initial positions of (@) the 15000
particles (group 0) and those in this particle group
removed to the top surfacein (b) 0-10 sand (c) O-
100 s after injection.

Figure 9(a) shows the initial positions of the
15000- particle group (group 0) at which they are
introduced into the domain at the nozzle port exit
plane. Figure 9(b) and (c) show those particlesin
thisgroup removed to the top surface from 0 to 10
seconds and from 10 to 100 seconds respectively.
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It is seen that particle removal to the top surface
appears to be independent of its initial position.
Thisis contrary to some expectations that particles
exiting the top portion of the port might be more
likely to be removed.

Finally, the computed particle remova by the
screen for different particle groups and that of the
measurements are compared in Table 3. It isfound
that the removal rate of an individual group of 500
particles can be very different by afactor of over
1.5. This appearsto be due to the sensitivity of the
particletrajectory to transient variationsin the flow
field which persist over several seconds. However
the average of 5 groups agrees with both the
experiment and the 15000-particle group result.
This indicates that a large number of particles are
required to study their transport (at least 2500 in
this case), and that LES has the potential to
accurately predict particle trgjectories and remova.

CONCLUSIONS

The LES of the full-scale water model agrees
with the measurements of fluid velocity and
particle removal rate. Two typical turbulent flow
structures are seen in the computation. Complex
particle trajectories are seen in the computation,
which agree with experimental observations,
evidencing the important influence of the
turbulence on particle transport. Particle removal
to the top surfaceisfound to be independent of the
particle initial positions at the inlet port.
Comparison of different particle groups shows that
a large number of particles are required to study
particle transport.
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NOMENCLATURE
D
—  tota derivative (:1+v.i)
Dt It ! ﬂxj
X displacement vector
v velocity vector
n, laminar kinematic viscosity of fluid
Ny  effectiveviscosity of fluid
Dx mesh size in x direction
Dy  meshsizeiny direction
Dz mesh size in z direction
r fluid density

-
°

particle material density

0-10 10-100
seconds | seconds

500 particle
groups
1 27.2% 23.4%
2 17.8% 27.2%
3 26.2% 23.0%
LES 4 23.8% 23.2%
5 33.0% 18.2%
Average 25.56% 23.0%
15000 particles | 56 o0, 26.03%

(group 0)

Experiment 22.3% 27.6%

Table 3: Comparison of particle removal by screen.

d, particle diameter
t time

g gravity vector
Subscripts:

i directions (x, Y, 2)
p particle
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