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Abstract-——This paper describes initial efforts to develop and apply 3D finite-difference models to simulate
transient flow in the mold. These transient flow phenomena include flow pattern oscillations caused by
sudden changes in nozzle inlet conditions and rapid fluctuations in the molten steel/flux interface level at
the top surface of the mold. The flow model incorporates interactions with other transport phenomena,
including turbulence, superheat removal and argon gas bubble injection. Predictions are shown for the
oscillatory evolution of the flow pattern from biased steady flow to symmetrical steady flow after a sudden
change in inlet conditions. In addition, the predicted turbulent kinetic energy levels at steady state are
shown to correlate with measured surface level fluctuations. The effect of processing conditions are
consistent with experimental findings. Without argon, the greatest level fluctuations are found near the
narrow face, while increased argon moves the maximum towards the center. Fluctuations decrease with
deeper submergence and lower casting speed. These transient phenomena are important because they may
lead to defects in the final steel product from entrainment of slag, disruption of solidification at the meniscus
and non-uniform heat transfer. € 1998 Canadian Institute of Mining and Metallurgy. Published by
Elsevier Science Ltd. All rights reserved.

Résumé—Ce document décrit les efforts initiaux de développement et d’application de modeéles aux différ-
ences finies en 3D 4 la simulation de I'écoulement transitoire dan le moule. Ces phénoménes d'écoulement
transitoire incluent les oscillations du patron d’écoulement causées par des changements de conditions de
la tuyére d’entrée ainsi que les fluctuations rapides du niveau de I'interface acier fondu/écoulement a la
face supérieure du moule. Le modéle d’écoulement incorpore des interactions avec d’autres phénoménes
de transport, incluant la turbulence, I'enlévement de la surchauffe et I'injection de bulle de gas d’argon. On
prédit I'évolution oscillatoire du patron d'écoulement, allant d’un écoulement permanent biaisé 4 un
écoulement permanent symétrique, aprés un changement soudain des conditions d’entrée. En plus, on
montre que les niveaux prédits d’énergie cinétique turbulente en régime permanent sont corrélés avec les
valeurs mesurées de fluctuations du niveau de la surface. L’effet des conditions du traitement est consistant
avec les données expérimentales. San argon, le niveau le plus élevé de fluctuations se situe prés de la face
étroite alors que I'augmentation d’argon déplace le maximum vers le centre. Les fluctuations diminuent
avec une immersion plus profonde et une vitesse de moulage plus lente. Ces phénoménes transitoires sont
importants parce qu’ils peuvent conduire & des défauts dan le produit final en acier par entrainement de
scories, par dérangement de la solidification au ménisque et par transfert de chaleur non uniforme. : 1998
Canadian Institute of Mining and Metallurgy. Published by Elsevier Science Ltd. All rights reserved.

INTRODUCTION

The process of continuous casting is most efficient and produces
the highest quality product when operated at steady state.
Unfortunately, it is subject to several different types of transient
phenomena. These include transitional transients, periodic
oscillations and random fluctuations due to turbulence. This
paper applies mathematical models to explore some of the tran-
sient phenomena which affect the continuous casting of steel
slabs.

Casting conditions are often upset intentionally. for example,
the casting speed is slowed down and then ramped up to desired
operation value when the ladle, or tundish, or both are replaced
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during a grade change [1]. The casting speed is also lowered to
change the submerged entry nozzle (SEN), or when the mold
width is changed during operation [2, 3]. This kind of transient
process can be classified as transitional transient phenomena
because the system normally returns to steady state after several
minutes. Other transient phenomena are of a periodic nature.
These include the vertical movement of the mold during each
oscillation cycle [4] and the periodic bulging of the strand as it
moves between rolls [5]. Finally, random changes associated
with turbulence are almost intrinsic in the mold region of steel
casters due to the nature of fluid flow in this regime. Turbulence
contributes to fluctuations of the surface level of the liquid pool
[6]. In the extreme, severe sloshing may occur, which has been
observed in a water model of a thin slab caster [7]. The mag-
nitude of these turbulence effects likely depends on casting
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conditions, which include casting speed, argon injection rate,
nozzle submergence depth, mold geometry and nozzle
geometry.

Understanding transient phenomena is important because
they can significantly affect steel quality. Surface level fluc-
tuations in the mold may lead to defects by disrupting mold
flux infiltration and solidification at the meniscus. This can lead
to the entrapment of slag [8]. surface depressions [9-11] and
cracks [11. 12] due to the associated non-uniform heat transfer
between the strand and the mold [6, 13]. More severe damage
may be caused by violent changes in the melt pool during system
sloshing. In extreme cases, transient phenomena can lead to a
costly break-out, for example, during an inappropriate adjust-
ment of mold width [2].

A few previous efforts to model transient behavior in con-
tinuous casting processes can be found in the literature. Finite-
difference mixing models have been developed to predict the
transient change of steel concentration in the tundish and strand
during steel grade changes [1, 14—17]. Melt velocities and tem-
peratures were assumed to be steady state so that only steel
compositions varied with time. The predicted slab con-
centration at tundish outlet [1, 14--17]) and slab compositions
[1, 14, 15] agree well with tundish water model measurements
and plant trials. Research efforts have also been devoted to
developing fully-transient fluid-flow and heat-transfer models
and applying them to transient phenomena in continuous cast-
ing ladles [18} and tundishes [19]. The transient Navier-Stokes’
equations, along with the standard K—¢ turbulence model, were
solved to obtain fluid flow velocities and temperatures. A recent
finite element stress analysis [11] was performed to predict the
effect of a sudden fluctuation in liquid level on distortion of the
solidifying shell. The results illustrated how thermal distortion
during a level drop can contribute to the formation of transverse
surface depressions and short longitudinal surface cracks.

Although experimental measurement of transient phenom-
ena in an operating continuous casting machine are very diffi-
cult, researchers have dedicated great effort to these phenomena
to improve steel quality by reducing or eliminating related
defects. Recent work [13] includes the successful application of
a magnetic field to reduce power slag inclusions in high speed
continuous slab casting. Since measurements of the liquid level
fluctuations in a water model have shown a linear correlation
with the melt velocity, a traveling magnetic field was imposed
to stabilize and control meniscus surface flow. Surface level
fluctuations were kept below 6-9 mm, slag entrainment was
avoided and corresponding surface defects on the rolled product
were reduced. Similar work was reported earlier by Teshima ¢/
al. [6]. Liquid level fluctuation in the steel continuous casting
mold and in the corresponding water model were measured
with an eddy current distance meter and a Laser distance meter
respectively. Level fluctuations were then empirically correlated
to casting conditions, such as casting speed, mold geometry,
SEN nominal angle and submergence depth, steel properties
and argon injection rate. The results were successfully applied
in a Fukuyama caster and produced a superior surface quality
of slabs cast at high speed up to 50 mm/s (3 m/min).

The first objective of this paper is to develop a transient 3D
finite difference model to simulate unsteady flow phenomena
caused by a sudden change in casting conditions. Secondly, the
turbulent kinetic energy predicted by both transient and steady
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Fig. 1. Schematic diagram of 1/4 mold and stand simulation domain
with typical mesh.

state models are analyzed to explore the correlation between
turbulence and liquid level fluctuation. Finally, the interaction
of transient behavior with casting parameters, such as argon
injection, casting speed, and SEN submergence depth. are
examined.

TRANSIENT TWO-PHASE FLOW AND HEAT
TRANSFER MODEL

Figure 1 illustrates the portion of the slab casting mold and
strand considered in the present work. A rectangular com-
putational domain is placed up to solid-liquid interface (or
mush region) to include a 3 m long liquid pool within the solid
shell. Often only one quarter of the mold needs to be modeled
because of twofold symmetry. In this work, one half of the mold
is modeled in some cases in order to investigate the asymmetric
nature of flow about the narrow face centerplane. Asymmetric
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flow about the wide face centerplane, due Lo nozzle mis-
alignment directing flow toward the mold corners, has been
modeled elsewhere [20].

A transient two-phase flow and heat transfer model has been
developed for this chosen domain based on a finite-volume
numerical algorithm. Argon gas bubbles and their effects on
the fluid flow and head transfer were taken into account in the
model. This multiphase model accounts for the phenomena of
bubble buoyancy with drag, bubble dispersion in the flow field,
and the effect of the rising bubbles on the flow field. A single
set of equations of mass continuity, momentum, energy trans-
port and a modified two-equation K—¢ turbulence model, were
solved for the mixture of molten steel and carried bubbles.
Essentially, the bubble motion is described by superimposing
the bubble terminal velocity, defined as the bubble final rising
velocity in a static ambient fluid, onto the liquid velocity field.
Consequently, no momentum equation is solved in this work
for the bubble phase. Instead, the bubble velocity at each
location was calculated by adding its terminal velocity, r, to
the corresponding liquid velocity.

The size range of the bubbles used in the continuous steel
casting processes is assumed to be less than 5 mm. Previous
published research [21] showed that such small bubbles heat up
and expand from room temperature to the liquid steel tem-
perature in the SEN before they enter the mold. The hydrostatic
pressure change is relatively small in the upper portion of the
liquid pool. Thus, it was assumed in this work that the tem-
perature and corresponding volume of each bubble is constant.
Furthermore, thermal buoyancy forces in the molten steel were
ignored, based on the justification provided in previous work
[21].

The model is based on work found in several other references
[21-31]. Details regarding the model equations are provided in
Appendix I.

Blockage technigue for nozzle volume

The typical core diameter of the SEN is about 0.125 m, which
occupies more than half of the mold cavity thickness, which is
typically 0.200 m. Most previous models have ignored the effect
of the volume taken by the SEN [1, 21, 32]. In this work, its
effect was taken into account for half-mold simulations by
modeling the nozzle as a solid block in the mold cavity. Vel-
ocities inside the nozzle were fixed to zero. Flow velocities and
turbulence parameters were imposed on the two inlet planes
corresponding to the nozzle ports. This blockage technique
creates no extra numerical difficulty, but is conceptually more
accurate.

Boundary conditions

Inlet conditions. One half of the mold is included in the com-
putational domain for the transient simulation. For this case,
there are two inlet planes corresponding to the two outlet ports
of the bifurcated SEN. For the other cases, only a quarter of
the mold cavity is modeled, so only one inlet plane is imposed
at the narrow face symmetry centerplane. At the inlet plane(s),
all of the velocity components, turbulent kinetic energy and
dissipation rates, are specified based on the output of a separate
model of the nozzle [33]. Bubble parameters at the inlet plane(s)
were fixed at a uniform value and temperature was imposed at
the steady-state pouring temperature.

Outlet plane. At the outlet plane of the computational domain,
3 m below the meniscus, the normal gradients of velocities,
turbulent quantities, temperature and bubble volume fraction
(if applicable), are all set to zero. This assumes that the variation
of these variables along the casting direction is negligible at this
depth.

Symmetry planes. Normal velocity components and normal
gradients of the other dependent variables, including tangential
velocities, turbulence quantities, temperature and bubble frac-
tion are set to zero for the wide face symmetry plane for all
cases. The same conditions are imposed on the narrow sym-
metry plane when a quarter of the mold cavity is simulated.

“Wall” boundaries. To avoid the computational difficulties
associated with modeling latent heat evolution at the sol-
idification front, fluid flow is modeled up to, but not including,
the mushy zone. The boundaries of the mesh along the narrow
and wide face walls then correspond to the dendrite tips forming
the outer limit of the mushy zone. Consequently, a fixed tem-
perature, nominally equal to the liquidus. 7y, is imposed along
the narrow and wide face mold walls, which should behave like
a rough solid wall. To account for the steep gradients that exist
near the walls, empirical “‘wall law™ functions [22, 23, 34] are
employed to define the tangential velocities, turbulent quan-
tities, and temperature at the near-wall grid nodes. Bubble
volume fraction gradient is set to zero.

Top surface. The top surface is treated like a symmetry plane,
except for temperature and bubble fraction. Heat lost via con-
duction and radiation through the molten flux and powder
layers was modeled using an effective heat transfer coefficient
(h, =40 W/m* "K) and ambient temperature (T, = 300 “K),
taken from previous work [35]. A parametric study showed that
changing this heat transfer coefficient has only a slight effect on
the overall results, as the top surface behaves close to an insu-
lated boundary. Bubbles, if applicable, were assumed to escape
from the top surface at their terminal velocities. Thus, the
resistance of the viscous liquid flux layer acting to impede both
the tangential steel velocity and the normal bubble rising motion
was neglected. Finally, variations in the free surface position
were ignored, as the effect on flow is believed to be negligible
for most cases.

Numerical procedures A semi-implicit finite-volume formu-
lation, SIMPLE algorithm, was chosen to solve this non-linear
coupled problem. The differential equations and boundary con-
ditions were discretized into a staggered mesh, which prevents
false wiggled solutions. To aid convergence, an upwinding sch-
eme was employed for the advection terms in regions with a
high cell Reynolds number [22]. In addition, the source terms
were linearized to increase diagonal dominance of the coefficient
matrix [22]. The equations were solved with an Alternating-
Direction-semi-Implicit iteration scheme consisting of three
successive Tri-Diagonal-Matrix-Algorithm solutions (one for
each coordinate direction) [22).

For the transient simulation, a fully implicit backward Eul-
erian scheme was adopted for time discretization. The direct
successive iteration of the SIMPLE algorithm was applied
within each time step using an under-relaxation factor of 0.2 or
0.3 until the maximum relative residual error and maximum
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Table 1. Simulation conditions for the transition from uneven flow to
even flow (without argon gas)

Parameters Values

h,, heat transfer coefficient at top surface 40 W/m* K
k., steel molecular conductivity 26 W/m K

K., turbulent kinetic energy at mold inlet 0.0502 m*/s*
SD, SEN submergence depth 0.265m

SEN diameter 0.127 m (5 in)

W, mold width

N, mold thickness

T, , ambient temperture
T,. pouring temperture 1550"C

r., casting speed 16.7 m/s (1.0 m/min)
15, nominal angle of nozzle port 25

1.32m (52 in)
0.203 m (8 in)
27°C

<o. turbulence dissipation rate at mold inlet ~ 0.457 m%/s’
oy, Steel laminar viscosity 0.0055 kg/ s m
7020 kg/m"

o liquid steel density

relative error between successive solutions fell below 0.1%.
Variable time steps were taken to ensure a relative time trunc-
ation error of 0.1%. A simulation of 200 s of casting requires
about 30 time steps and 40 h of CPU time on an IBM RS6000
workstation (100 h on an SGI IRIS/35) for a 60 x 42 x 12 mesh.
About one quarter of this CPU time, i.e. 10 h, is needed for a
steady state simulation using the same mesh.

PREDICTION OF A TRANSITION FROM UNEVEN TO
EVEN FLOW

The 3D, 2-phase flow model was first used to explore how
uneven and sudden changes in inlet flow conditions affect the
evolution of transport phenomena in the liquid steel pool. The
initial condition was a steady-state flow pattern with a ““biased
flow™ of 67% through the right port and 33% through the left
port (see Table 1). It is commonly believed that such flow
conditions are detrimental to steel quality, leading to increased
nonuniformity in heat transfer and increased likelihood of
internal entrapment of detrimental inclusions into the sol-
difying shell. It is not known whether these problems are due
to the biased nature of this particular steady flow pattern itself,
or to the unstable transient flow conditions which are associated
with it.

At time = 0, flow through the nozzle ports was suddenly
made uniform, with 50% of the flow exiting through each
port. Transient calculation were then performed to simulate
the transition of the flow pattern back to a new steady state
condition. The type of event simulated here, which suddenly
reduces asymmetry through the nozzle, could be caused by a
sudden change in slide gate position, the sudden release of a
nozzle clog, a realignment of the nozzle, realignment of the
stopper rod in the tundish, or some other event. During the
transient simulation, the normal velocity components, tur-
bulence quantities and temperature were all fixed to the same
values through each port. However, the tangential boundary
condition was changed to zero shear stress. This released the
tangential velocity components to allow the jet angle to change
freely as the flow transition developed.
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Steady biased flow results

Figure 2 a) illustrates the first result of interest: the initial
asymmetric flow on opposite sides of the mold width, which
has been observed previously in water models. Biased flow
through the inlet greatly affects velocities in the upper recir-
culation zones in the mold. In this case, it causes stronger flow
in the upper right. The top surface velocity on the right side
reaches 0.07 m/s, which is more than triple the maximum on
the left side, 0.02 m/s. This will aggravate the entrainment of
molten flux globules from the right surface.

In addition, the biased flow greatly changes the relative size
of the large vortices in the lower strand, or “lower recirculation
zones”. The stronger right jet entrains much more liquid, which
greatly enlarges the lower right recirculation zone. This is
because momentum entrainment by the incoming jet is pro-
portional to the square of the jet velocity, resulting in four times
more momentum directed to the right. Liquid flows downward
to the lower strand through only about a quarter of the width
at the mold exit depth. This will lead directly to the deep pen-
etration of inclusions and bubbles causing subsurface detects
that predominate on the right hand side of the strand.

This biased flow pattern produces a corresponding bias in the
turbulent kinetic energy and temperature fields, as illustrated in
Figs 3 a) and 4 a). Specifically, K and T are higher on the right
side, as expected. A corresponding increase in surface level
fluctuations is predicted on the right side, with a corresponding
aggravation of surface defects on that side.

The upper recirculation zones have similar shape and size.
This reflects the important influence that the nozzle has in
blocking flow between the two halves of the upper mold. Even
though the nozzle takes only 62% of the thickness cross section,
(0.127 out of 0.203 m) it allows only a very weak cross flow
from right to left along the top surface.

Transient results

Figures 2—4 show the time evolution of steel velocity, tur-
bulent kinetic energy, and temperature viewed at the wide face
centerplane. As time elapses, the lower left vortex at the left
hand side grows and becomes one of the twin vortices when the
flow approaches the symmetrical steady state. An interesting
observation is that the small steady vortex that eventually forms
on the lower right does not evolve by shrinking of the initially
large lower right recirculation zone. Instead, this initially large
vortex is shed away from the nozzle after about 17 s (Fig. 2 ¢).
[t gradually loses its swirling momentum as it moves down-
wards deep into the lower strand, (Fig. 2 d), where it eventually
dissipates. At the same time, another vortex emerges on the
right hand side at 17 s (Fig. 2 ¢). It gradually grows to match
the size of its left partner to form the steady twin-vortex flow
pattern (Fig. 2 ).

As the large vortex sheds in the lower region. a left-right
oscillation in the flow pattern is created. The lower left vortex
in Fig. 2 a) enlarges for the first 27 s, extending over the right
side of the mold from Fig. 2 a) to d). It later shrinks back, to
equal its right partner. The influence of this oscillation extends
to the flow beyond 3 m below the meniscus. Liquid leaves the
domain mainly from the left for the first 7 s, Fig. 2 a) and b),
switches its preference to the right half after 17 s, Fig. 2 ¢), and
finally becomes equal after about 92 s, Fig. 2 f). These damped
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Fig. 2. Predicted evolution of velocities for simulation conditions in Table 1.
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oscillations are also illustrated in Figs 5 and 6. It is suspected
that these oscillations are stronger in the steel caster than they
are in the model predictions, which are dampened by numerical
diffusion. Asymmetric flow across the centerline (Fig. 5) is seen
to approach its steady value of 0 after only 200 s. The period
of each oscillation cycle is about 90 s (1.5 min), which is also
expected in the steel caster. This vortex shedding phenomenon
may explain the time-variation in sizes of the lower recirculation
zones observed in water models [36, 37].

The final steady flow field (Fig. 2 f) is interesting: the jet

angle leaving the ports becomes horizontal. This result is not
usually obtained in practice, however, as the angle of the jet
entering the mold is determined primarily by the angle of the
nozzle ports. It is interesting to consider that a horizontal inlet
angle might lessen the oscillation and create more stable flow
in the mold.

Surface pressure at the meniscus along the wide face cen-
terplane is shown in Fig. 7. This distribution on the artificially-
imposed top surface plane may provide an index for estimating
the shape of the top free surface of the molten pool. In reality,
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this pressure is reduced by raising the surface level, H, until it
balances the small steel surface tension. Experimentally mea-
sured melt-flux interfaces [38-40], i.e. steel top surfaces, show
the same shape as the pressure predicted by the numerical
model. This implies a strong correlation between the two. The
quantitative relationship was difficult to establish, however, due
to the difference between dynamic pressure calculated by the
model. and static pressure important to the level.

The stronger flow up the right side of the mold is seen to
raise the predicted surface pressure and corresponding level
height near the narrow face. This height, or “standing wave”,
varies greatly between sides due to the initial biased flow
condition. This might cause uneven consumption of the flux
and change the lubrication and heat transfer conditions between
the strand surfaces and mold walls. An oscillation of the surface
pressure (and corresponding surface level profile) is predicted
but the magnitude is quite small, as shown in Fig. 7. This small
cyclic variation in the surface level appears to have a similar
period to the oscillations in the lower recirculation zones.

Figure 3 illustrates the predicted melt turbulent kinetic energy
(K). Maxima of K occur at each nozzle port, due to the strong
shear layer around each incoming jet. Maxima also appear
where the jets impinge at the narrow face walls. At these points,
the local generation of turbulence is greater than the transport
of turbulence from the vicinity. Figure 3 b)-f) shows a weak
oscillation in the X fields, corresponding to the flow oscillations,
but greatly diminished. This is also illustrated in Fig. 8. Using
the correlation presented in the next section, this figure also
predicts a maximum difference of 10 mm in the average height
of surface level fluctuations. The variation in velocity and tur-
bulence levels from left to right sides of the mold and with time

together shows how slag entrainment and corresponding slab
surface quality might vary from side to side.

The effect of the transient flow on melt heat transfer is stron-
ger than on turbulence, as shown in Figs 4 and 9. The relatively
higher temperature zone in the lower right vortex sheds and
transports warmer liquid deeper into the lower strand, as it
follows the flow, Fig. 4 ¢) and d). However, Fig. 9 shows that
the magnitude of this effect is small. The initial temperature
difference at the top surface due to biased flow is only about |-
and this is damped away quickly. This is because heat transfer
is controlled more by turbulence than by time-averaged convec-
tion, especially in the slow lower region of the strand.

PREDICTION OF LEVEL FLUCTUATION BY
STEADY STATE MODEL

Fluctuations of the top surface level are known to be very
detrimental to steel quality. They may lead to entrainment of
liquid mold flux [8]. surface depressions and even cracks [11].
Ideally, level fluctuations could be modeled using a direct simu-
lation method or a large eddy simulation method to solve for
the instantaneous velocities while tracking the motion of the free
surface. This is very difficult to achieve with current computer
capacities, considering the other complex flow phenomena pre-
sent in steel continuous casting processes. In this work, an easier
method was sought.

A simple correlation is proposed between the time-averaged
magnitude of the level fluctuations and the fluctuation energy
predicted by the modified K—~¢ model for steady state flows.
Random fluctuations in the turbulent motion of the swirling
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eddies is presumed to be responsible for level fluctuations. An
ideal conversion from K to gravitational potential energy was
assumed along the top surface. Equating these two energies
yields :

K = 0.5(p,— prgh (N

In this simple model, X represents the turbulent kinetic energy

erature with time at the meniscus.

contained in the swirling eddies per unit mass of fluid and /4 is
the distance from the peak to the trough of the average level
fluctuation, A. To raise a volume of steel with density p, above
the interface as a level fluctuation, the gravitational potential
energy must displace an equivalent volume of liquid flux, with
density p. This gives rise to the (p,—p,)} term and g is accel-
eration due to gravity. The factor 0.5 takes into account that
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Table 2. Simulation conditions for surface turbulence calculation by the modified X—¢ model

Values
Parameters Teshima [31} Case 1 Teshima [31] Case 21
(Base case)
dy,. gas bubble size 3 mm —
h,. heat transfer coefficient at top surface 40 W/m* K —
k. thermal conductivity 26 W/m K —
K,. turbulent kinetic energy at mold inlet 0.0666 m?/s 0.137 m?/s?
SD, SEN submergence depth 0.180 m —
W. mold width 0.9 m (35.4in) 1.25m (49.2 in)
N, mold thickness 0.203 m (8 in) —
O, inlet gas volume flow rate 1.69 x 107 m*/s (8§ SLM) -
Se,. turbulent Schmidt Number 1 —
T, . ambient temperture 2rCc e
T,. pouring temperture 1550 C —
., casting speed 26.7 m/s (1.6 m/min) 34.5 m/s (2.1 m/min)
%, nominal angle of nozzle port 25 —
& turbulence dissipation rate at mold inlet 0.512 m?¥/s’ 2.57 m%/s?
w;. liquid steel laminar viscosity 0.0055 kg/ s m —
o1 liquid steel density 7020 kg/m*
pr, molten flux density 3000 kg/m’ —
0y inlet volume fraction of gas bubbles 0.11 0.07

tUnlisted values are the same as Case 1.

the average interface position, H, is displaced to H+ /2 by the
wave amplitude, which is only half of the total level fluctuation,
h. For typical densities, (Table 2) this equation yields the cor-
relation, 4 ~ (0.356 s*/m) K.

Moadel validation

This simple model was first applied to predict level fluc-
tuations under the conditions used by Teshima et al. in experi-
ments at NKK Corporation, Japan [6). The predicted results
are compared with these experimental measurements in Figs 10
and 11. The simulation conditions are given in Table 2. The
caster had two strands, casting at 1.6 m/min through a 0.9 m
wide mold (Case 1) and at 2.1 m/min through a 1.25 m mold
(Case 2). The same argon flow rate of 8 SLM (8 l/min at
standard conditions of | atm pressure and 25°C) was used on
both strands. The terms ‘‘south wide face™ and “‘north wide
face” in figs 10 and 11 indicate measurements near the two
opposing wide face mold walls of each strand.

The predicted results show encouraging agreement with the
measurements in Figs 10 and 11. This implies that the crude
correlation between turbulent kinetic energy at the surface and
level fluctuation may have some validity. It was expected that
the dissipation process that converts turbulence into potential
energy should be incomplete. After a level fluctuation has star-
ted. however, additional energy input is needed only to balance
the loss of potential energy from the fluctuating wave due to
damping dissipation. The agreement obtained using this simple
model implies that these two dissipation rates are probably
similar,

Both predictions and measurements show that the combined
effects of casting speed and mold width change the nature of
the level fluctuations. The maximum level fluctuation is located
near the mold center for Case 1 (the base case with a narrow
mold and low casting speed). [t moves to near the narrow face
wall for Case 2 (a wide mold at a higher casting speed). This

effect is due to the increased importance of the argon directing
flow towards the surface when the steel flow rate is lower, as
discussed in further detail below.

There are obvious discrepancies between the predictions and
the experiments. Firstly, the model consistently predicts stran-
ger level fluctuation at the wide face centerline than near the
wide face walls, while the opposite tendency was measured in
the experiments. This is expected because the effect of mold
oscillation, which was ignored in the mold, should be strongest
near the mold walls. Secondly, the model underpredicts the
measured level fluctuations near the narrow face for Case 1 and
overpredicts them near the SEN for Case 2. It should be pointed
out that the viscous molten flux layer strongly affects the flow
along the top surface, which has been neglected in the present
model. The molten flux reduces surface velocities of the steel by
about 75% [40]. Its effect on kinetic energy is expected to be
much less, but is likely one of the reasons for the discrepancy
between the predictions and measurements. Nevertheless, the
favorable comparison with results from this unrefined model
are encouraging.

Having somewhat validated the model, it is next applied to
explore the effect of casting conditions, including argon gas
injection rate, submergence depth of the submerged entry nozzle
(SEN), and casting speed.

Parametric study

The rate of argon gas injection significantly affects the surface
turbulence and level fluctuation. This is shown in Fig. 12.
Increased argon fraction generally increases both surface tur-
bulence and level fluctuations. Argon also changes the steel
flow pattern, however, which changes where the maximum steel
velocities impinge upon the surface. This, in turn, alters the
distribution of turbulence and level fluctuation across the mold
width. Adding 11% argon with the steel entering the mold raises
the surface turbulence and level fluctuations near the mold
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Fig. 11. Comparison of predicted turbulent kinetic energy and measured surface level fluctuation (Case 2 in Table 2).

center by almost four times. When no argon is injected (the two
thinner curves in Fig. 12), level fluctuations are strongest near
the wall. This is because the steel jet impinges first upon the
narrow face, before being directed upward and impacting the
top surface near the narrow face.

These results explain the differences observed between Cases
| and 2 in Figs 10 and 11. Increasing mold width and casting
speed increases both the speed and flow rate of the molten steel.
For the same argon flow rate, the higher steel flow rate lowers
the fraction of argon entering the mold from 11% for Case 1
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Fig. 12. Effect of argon on predicted turbulent kinetic energy and correlated surface level fluctuation.

to 7% for Case 2. When combined with the further penetration
of the higher speed jet across the mold width, this changes the
flow pattern. Instead of rising to the free surface and moving
towards the narrow face, the high-speed, low-argon jet first
impacts the narrow face wall below the surface. The jet rises up
the narrow face to flow back across the top surface towards the
SEN, with corresponding changes in the surface level and level
fluctuation maxima. Other conditions being equal, this finding
suggests that varying argon injection rate directly with steel
flow rate should tend to make flow in the mold more uniform.

The submergence depth (SD) of the SEN has an important
effect on surface turbulence, as shown in Fig. 13. Deeper sub-
mergence generally decreases surface turbulence, which matches
findings in practice. Specifically, level fluctuations are predicted
to decrease by a factor of two when submergence is lowered
from 100 to 180 mm. Further deepening the SD to 260 mm has
less effect, however. This is because lowering the SEN below a
critical level changes the flow pattern to make the jet first
impinge upon the narrow face. Further decreases in depth are
not particularly effective at lowering the velocity of the high
speed jet which flows up the narrow face wall and recirculates
back across towards the SEN. This critical depth varies with
operating conditions.

Increasing casting speed tends to increase level fluctuations,
assuming other conditions and the flow pattern remain
constant. This is because the velocity of the steel moving across
the interface was found to increase proportionally with casting
speed, which produces an increase in both turbulent kinetic
energy levels and gradients. Specifically, increasing speed from
1.0 to 1.6 m/min increased maximum surface velocity from 0.04

to 0.09 m/s which increased K from 0.008 to 0.020 m?/s* and
increased # from 3 to 7 mm. This prediction qualitatively mat-
ches the well-known experience in practice. This is one of the
important problems that limits higher casting speed.

CONCLUSIONS

(1) A 3D, 2-phase, turbulent finite difference model has been
developed to simulate transient flow behavior in steel con-
tinuous casting processes, including the important effects
of argon gas bubbles. It has been applied to simulate the
transition from steady biased flow to steady symmetrical
flow.

The results illustrate shedding of the large lower vortex. A
corresponding low-frequency oscillation of the flow and
thermal pattern was predicted by the model, although these
were quickly damped. The magnitude of the turbulent kin-
etic energy and temperature distributions in the liquid were
least affected by this oscillation in the lower zone. No drastic
sloshing was predicted even though the tangential velocities
were free to change. The transition from uneven to even
flow takes about 90 s.

Turbulent kinetic energy predicted by the modified, steady-
state K—¢ model can be easily transformed to predict surface
level fluctuations, which roughly agree with measurements
[6].

Typical argon injection rates not only greatly raise the sur-
face turbulence intensity, but also alter the turbulence dis-
tribution. The combined effect of mold width and casting

2

3)

4



210

X. HUANG and B.G. THOMAS: TRANSIENT FLOW PHENOMENA

0.05 —

Mold Width = 0.9 m
Casting Speed = 1.6 m/min

T T T T T T T T T

| Argon Flow Rate = 8 SLM
0.04 H (11 % Volume at Mold Inlet)
[ SD = 260 mm,
i Centerline
0.03 |-

| SD =260 mm,
L 40 mm from

Turbulent Kinetic Energy (m?/s*)

SD = 100 mm, 7
Centerline -1 16
SD = 100 mm, ]
40 mm from 1
Wide Face ]
-1 12

(urui) uoryen)IN| Y (943

| Wide Face -1 8
0.02 |-

:
0.01 T SD = 180 mm - 4

i SD = 180 mm (Case 1)
! - (Case 1), 40 mm from
| eermeTI et Centerline Wide Face
0 [ i s " st . A | 4 : | A n N N | . N N " 0
0 0.1 0.2 0.3 0.4 0.5

Distance from Narrow Face (m)

Fig. 13. Effect of submergence depth on predicted turbulent kinetic energy and correlated surface level fluctuation.

speed on measured surface level behavior can be explained
by including the change in flow rate on the argon fraction.

(5) The effect of casting conditions on surface level fluctuations
can be predicted. Surface turbulence and level fluctuations
are decreased by increasing nozzle submergence depth or
decreasing casting speed.

APPENDIX I

Model equation details

Conservation equations for mass continuity, momentum,
energy transport, and a modified two-equation K—¢ turbulence
model, were solved for the molten steel-bubble mixture par-
ameters. The first three equations are based on standard volume
averaging [24, 25] and Reynolds time averaging techniques [26,
27] and are given in Cartesian tensor form as:

a
ey =0 I
2y, P (h
¢ (pr)+ d W)= v, 81>,+% + 2
Ey pr; @x,-(plilj = T oy, Her oy, " ox, rg: (2)
e+ o1y = - (kg o &)
— —(pv.: = — o 3
g PCr D+ 5 orCe 1) = oo\ K

where p, v; (or v;), T, C, are, respectively, the density, velocity
component, temperature and specific heat of the mixture,
defined as:

4)
(5)

p= (1 _ag)/)l+ggpg

pr; = (1 =0 )i+ 0P 0y

T=(-0,)T\+0,T, (6)

pCy = (1 —a)pCutop,C, (7)

Inserting typical gas () and liquid () properties into these defi-
nitions reveals that the velocity components, temperature, and
heat content of the liquid phase are virtually the same as that
of the mixture, which greatly simplifies the model. The apparent
density change of the mixture due to the bubbles was ignored
in this simplified two-phase model, which is reasonable when
the bubble volume fraction, g, is less than 5%.

The transport coefficients, the effective kinetic viscosity pq
and effective thermal conductivity k., each include two com-
ponents:

Metr = Mo+ [ (8)
Cop
kclT =ko+ Pp"ll 9)

The turbulent Prandtl number, Pr,, is set to the standard value
of 0.9. Arithmetic averaging is used to calculate the molecular
components of viscosity u, and thermal conductivity &, :

(10)
(1)

Extra source terms were introduced into the standard K-¢ tur-
bulence equations to account for the enhanced mixture tur-
bulence caused by the bubbles, based on the model of Malin
and Spalding [28] for mixing of cold and hot gases:

p 0K
Tk ('3.\‘,,‘)

o =(1- O+ Oylhyy
kee = (1 -0 )k + 0ok

0g

¢

¢ é
= + z=(pr,K) = ——
”(pK) ox; (Pt K) ox;
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+pGx—pe+ Cro (1 —0,)Gx+ Cx, CopK (12)
¢ ¢ _i th de
61(p8)+ 0x; (prie) = ox, (a,; ox;

& £
>+C\EPG1<‘C27<I75

.
+Cao (1 =0 pGx+ Cat CaCopie (13)

v, (dv; - Ovy
Ox p Ox; <(’?x, + Ex,) (14)
The turbulent viscosity g, is defined in the standard way :
KE
W= Cupp* (15)
£
The standard constants in this modified K~¢ model are:
Ci=144, C,=192, C,=009, oy=10, o,=13
(16)

The four extra empirical constants needed in this modified K—
model were taken from Sheng and Irons [31], who reported a
better match with experiments in bubbly molten metal flows by
increasing the original constants [28] to the following values:

a7

C, is a friction factor, defined from the bubble diameter, 4, and
the vertical component of the bubble terminal velocity, v,,.

Cx =40, Cx =06, C, =60, C,=075

3
C}=@;CDL‘E,: (18)
The bubble drag coefficient, Cy, is found from Stoke’s law,
modified for bubbly flow using the following empirical function

of Reynolds number :

24
(,‘D=E;(l—{—O.lSReO'””)(l—ag)’l7, Re < 1000 (19)

Cp =044, Re > 1000 (20)
and
AoV,
Re = SoPiby: 1)
Hot

The bubble terminal velocity, v,. was defined by an empirical
relation from Soo and Szekely [24, 41] which was based on
a compilation of experimental measurements from different
researchers for bubble sizes up to 10 mm :

13

exp (ao) exp (a, Ind,) exp[a.(ln d,)*]
a; = —2.6306,

gtz

ay = —8.373, a, = —0.2500 (22)

Bubble dispersion due to turbulent transport in the mixture is
calculated by solving a continuum transport equation of g, [21]:

5
Lag>

23
ox;

where the “diffusivity” of the bubbles in the mixture, D,, is
assumed to be equal to the turbulent diffusivity of a solute
element and the turbulent Schmidt Number, Sc,, issetto 1:

A

1§ ¢ ¢
E —{o)+ E(aq(l’/"' V) = ?<D
v ot

(23)

D, = M (24)
pSe. p
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