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INTRODUCTION

Fluid flow during steel casting is very important
to steel quality because it affects other important
phenomena during mixing, refining, and solidifica-
tion processes. These phenomena include turbulent
flow in the molten steel, the transport of bubbles
and inclusions, multiphase flow phenomena, chem-
ical and transport interactions between the steel
and the slag, the effect of heat transfer, the trans-
port of solute elements, and segregation. With the
high cost of empirical investigation and the
increasing power of computer hardware and soft-
ware, computational fluid dynamics (CFD) is
becoming an important tool to understand these
fluid flow-related phenomena during steelmaking
and casting processes.

FLUID-FLOW AND TURBULENCE MODELS

A typical three-dimensional fluid-flow model
solves the continuity equation and Navier–Stokes
equations for incompressible Newtonian fluids,
which are based on conserving mass (one equation)
and momentum (three equations) at every point in a
computational domain.1,2 The solution of these
equations, given elsewhere,3 yields the pressure and
velocity components at every point in the domain.
At the high flow rates involved in this process, these
models must incorporate turbulent fluid flow. Many
different turbulence models have been employed by
different researchers for fluid flow in the molten
steel system, such as one equation turbulence
models (turbulent energy k plus a given length-
scale)4; two-equation turbulence models such as the
k-e model3,5; large eddy simulation,6–10 possibly
with a subgrid scale model11,12; and direction
numerical simulation (DNS).3 Among these models,
direct numerical simulation is the simplest yet most
computationally demanding method. DNS uses a
fine enough grid (mesh) to capture all of the
turbulent eddies and their motion with time. To

achieve more computationally efficient results, tur-
bulence is usually modeled on a courser grid using a
time-averaged approximation, such as the popular
k–e model,5 which averages out the effect of turbu-
lence using an increased effective viscosity field, leff.
This approach requires solving two additional par-
tial differential equations for the transport of tur-
bulent kinetic energy and its dissipation rate.3 The
standard high-Reynolds-number k–e model gener-
ally uses assumed ‘‘wall functions’’ to capture the
steep gradients at wall boundaries, in order to
achieve reasonable accuracy on a course grid.5,13,14

Alternatively, the low-Reynolds-number turbulence
model treats the boundary layer in a more general
way but requires a finer mesh at the walls. Large
eddy simulation is an intermediate method between
direct numerical simulation and k-e turbulence
models, which uses a turbulence model only at the
subgrid scale.6–10

TRANSPORT OF THE SECOND-PHASE
PARTICLES

Two main approaches have been applied to model
the behavior of these second-phase particles in
the molten steel: the simple convective-diffusion
approach and full trajectory calculations. In the
convection–diffusion approach,15–18 particle (inclu-
sion or bubble) motion due to turbulent transport
and diffusion is modeled by solving a solute trans-
port equation, with the addition of a particle ter-
minal rising velocity to the vertical direction, as
shown in Eq. 1.
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where rp is the particle (inclusion or bubble) volume
fraction, ui is the liquid velocity; Deff is the effective
diffusion coefficient; uip is the particle velocity,
which equals the liquid velocity, except in the
vertical direction, where the terminal rising velocity
VT should be added, namely, uip = ui + VT.
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In the full trajectory approach,19–24 each particle
trajectory is calculated by integrating its local
velocity, defined by considering the different forces
that act on it, such as drag and gravity, as given in
Eq. 2.
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where qp and q are the particle and liquid densities,
vpi is the particle velocity, CD is the drag coefficient
as a function of particle Reynolds number, CA is a
constant, and g is gravity acceleration. The first
term on the right of this equation is the drag force,
which is always opposite to the motion direction.
The second term is the buoyancy force due to grav-
ity, and the third term is the ‘‘added mass force.’’25

The effects of turbulent fluctuations can be modeled
crudely by adding a random velocity fluctuation
(n

ffiffiffiffiffiffiffiffiffiffiffi
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p
) to the mean fluid phase velocity at each

step, where n is a random number (chosen between
0 and 1 at each increment) and k is the local tur-
bulent kinetic energy.

MULTIPHASE FLUID-FLOW MODELS

The multiphase phenomena in steelmaking
include argon injection during steel refining and
continuous casting, the entrainment and emulsifi-
cation of slag at the top of the molten steel, and air/
slag/steel interactions during ingot teeming. There
are several models to simulate multiphase fluid
flow. The algebraic slip model16,19,26–30 approxi-
mates the dispersed two-phase system as a single-
phase mixture of liquid and gas. Flow of the liquid–
gas mixture is calculated by solving only one conti-
nuity equation, one set of momentum equations,
and one set of turbulence equations. The gas frac-
tion is calculated from one additional transport
equation for the gas phase (Eq. 1). The slip velocity
of the argon bubbles depends on their size and
shape. Usually, their terminal velocity is used.18

The buoyancy effect of the gas bubbles on the fluid
flow is taken into account by adding an extra force
term to the vertical momentum equation: Sgz ¼
�rggq, where rg is the gas volume fraction. In the
Langrangian multiphase model,31 only one velocity
field is solved (i.e., the Eularian liquid velocity), but
the liquid volume fraction is included in every term.
The liquid volume fraction is calculated from the
gas volume fraction, which is solved using the par-
ticle trajectory (Eq. 2). This model has been used to
calculate two-phase fluid flow in a continuous-cast-
ing mold.32 In the Eularian–Eularian two-phase
model approach, velocity fields of each phase are
solved, and the total volume fraction of all phases is
unit.20,25,33–35 Bubble-induced turbulence may be
added to the k and e equations through source
terms.25,36 In the volume of fluid (VOF) method,37

the movement of a free surface is tracked through
the computational grid by simultaneously solving
the volume of fluid per unit volume (fi). This re-
quires satisfaction of an additional conservation
equation, such as
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This method is popular in the simulation of free
surface phenomena.23,24,38

HEAT-TRANSFER-RELATED PHENOMENA

Fluid-flow models can be extended to predict the
variations and evolution of the fluid temperature by
solving an additional equation for the transport and
dissipation of superheat in the liquid metal.
Superheat is the energy contained in the liquid
metal above its equilibrium solidification tempera-
ture or liquidus temperature. The conservation
equation of the thermal energy has been coupled to
the flow equations, incorporating Boussinesque’s
term (qgbDT) into the vertical direction momentum
balance equation, where q is the density of the
molten steel, g is the gravitational acceleration, b is
the thermal expansion coefficient, and DT is the
temperature difference.

SIMULATION OF ELECTROMAGNETIC
FORCES ON THE FLUID FLOW
IN METALLURGICAL SYSTEMS

The application of magnetohydrodynamics to
control the flow of molten steel started with elec-
tromagnetic stirring (EMS) of the strand pool with a
traveling (alternating) magnetic field. It has now
advanced to electromagnetic stirring in the mold
and to an in-mold direct-current magnetic field,
which induces a braking force to slow the flow
(EMBr) in the continuous caster. Owing to the dif-
ficulty of conducting measurements, development of
EMS and EMBr must rely heavily on computational
modeling. The flow pattern and mixing under the
application of electromagnetic forces can be modeled
by solving the Maxwell, Ohm, and charge conser-
vation equations for electromagnetic forces simul-
taneously with the flow model equations.39

Boundary Conditions

For the simulation of fluid flow, a fixed-velocity
condition is imposed at the domain inlet, and a
‘‘pressure outlet condition’’ is used at the outlets.
Special ‘‘wall functions’’ are used as boundary con-
ditions at the walls are used in order to achieve
reasonable accuracy on a coarse grid.5 The particles
are assumed to escape at the top surface and the
outlet, and be reflected at other walls. Recently, an
accurate entrapment criterion of inclusions/small
bubbles into the solidified shell was developed.40,41

It is based on performing a sophisticated force bal-
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ance on each particle and time increment in the
fluid boundary layer ahead of a solidifying dendritic
interface, as reported elsewhere.40,41

Recent Application of CFD to Steel Refining
and Casting Processes

A Lagrangian–Lagrangian method has been
developed using FLUENT42 and applied to simulate

two-phase fluid flow in an argon-stirred 300-tonne
steel ladle with 4.5 height, 0.5 Nl/min gas injection,
and 30 mm bubble size.43 The classic recirculating
fluid-flow pattern is generated by argon injection
from the center of the ladle bottom. Similar results
were obtained in a simulation with an off-center
bottom injection point.44 The recirculating path
length of inclusions in the ladle is more than 10
times that of the ladle height before they touch the
top surface. The path length of the argon bubbles,
however, is nearly the same as the ladle height, as
shown in Fig. 1. Taking into account the initial
freezing and later remelting of a solid steel shell
around the alloy particles, a simulation of alloy
mixing the ladle successfully matched measure-
ments of alloy concentration with time.44 Inclusions
will be more easily removed if attached on the
bubble surface. A fundamental modeling study was
performed to quantify the frequency of nonwetting
particle attachment to bubbles in steel as a function
of particle size and bubble size.45

The free-surface phenomena during a centrifugal
continuous-casting process were simulated using
VOF multiphase model. As shown in Fig. 2, the
steel jet impinges on the top surface of the mold and
penetrates into the molten steel. Since the nozzle is
not submerged, air is entrained into the molten
steel. The motion of the air bubbles and the surface
fluctuation can be well revealed, and the optimized
parameters to achieve less fluctuation and less air
entrainment can be obtained by the multiphase
fluid-flow simulation.

PAPERS INCLUDED IN THIS JOM TOPIC

This section of JOM focuses on CFD modeling on
the transport phenomena during casting to provide
the state of the art in using CFD to optimize casting

Fig. 2. The top surface fluctuation and gas entrainment in a mold
during centrifugal continuous-casting process.
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Fig. 1. Fluid-flow and particle trajectories in an argon-stirred ladle.
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operations. Lifeng Zhang and Yufeng Wang inves-
tigated the entrapment of nonmetallic inclusions in
steel continuous-casting billets using CFD model-
ing; Hong Lei discussed the similarity of continu-
ous-casting mold metallurgy; and Yongfeng Chen
et al. studied the effect of self-braking submerged
entry nozzle on steel continuous-casting operation
using water modeling.
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