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Abstract—— An iterative (k-L)-predictor / (g)-
corrector algorithm that models turbulent flow was
developed in previous publications. In this paper, the
3D finite element turbulent model was used to
analyze the liquid steel movement produced by
gravity force, inert gas stirring or electromagnetic
forcestirring.
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I.INTRODUCTION

During the steel manufacturing liquid steel goes through

a set of vessels. These vessels are:

e Ladle: where the addition of alloystakes place.

e Tundish: wheretheliquid steel is distributed among
the different lines, and the inclusions are removed
by flotation.

* Nozzles: which connect different vessels (ladle-
tundish; tundish-mold).

e« Mold: where the steel solidifies taking the fina
shape.

In these vessels it is important to keep the liquid
steel in continuous movement to avoid the cooling and
solidification in non convenient places.

The liquid steel can be moved by three different
mechanismsin the steelmaking process:

v The gravity force: tundish, submerged entry nozzle,
mold.

v' Theinjection of aninert gas: ladle, mold.

v The electromagnetic forces: ladle, tundish, mold.

In this paper we show an example of a numerical model

of each mechanism used to move the liquid steel

II. TURBULENCE MODEL

Considering viscous incompressible flow, isothermal
flow, constant density (p), constant laminar viscosity
(1), buoyancy force (Fp) externa forces (Fo) and a
turbulence k- model (k: is the turbulent kinetic energy,
€ is the turbulent kinetic energy dissipation rate), the
following equations are solved:
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where Vv is the time averaged velocity; P is the time
averaged pressure; (' is the turbulent viscosity; g isthe
gravity force; F* , is the correction of k-transport
equation by the buoyancy forces; F° , is the correction
of e-transport equation by the buoyancy forces; L isthe
mixing length; and the typical constants of k-€ model of

Launder and Spalding (1974) are C, = 0.09, C, =
144 ,C,=192, o,=10 and g, = 1.0.

To solve these equations we use:
e A dandard isoparametric  finite  element

discretization for v, k and &.

e Penalization of pressure (Zienkiewicz and Taylor,
2000).

e A Streamline Upwind Petrov Galerkin technique
(Brooks and Hughes, 1982).

e Trapezoida rule for time dependent problems
(Zienkiewicz and Taylor, 2000).

* A k-L predictor / (€£) corrector iterative agorithm
(Goldschmit et al, 1995, 1997).

e Wall functions as boundary conditions (Principe
and Goldschmit, 1999).

1. MOVEMENT BY GRAVITATORY FORCE

The movement of liquid steel aong the continuous
caster isdriven by gravity. The quality of the steel and
the productivity of the caster depend strongly on the



characteristics of the flow of steel through the different
vessels of the caster (tundish, submerged entry nozzle,
mold).  In particular, it is important to know the
behavior of the free surface of the liquid steel in these
vessels.

A. Pseudoconcentration method

When solving flow problems with a free surface, the
location of the interface is aso an unknown to be
determined as part of the solution. In this work, the
pseudoconcentration technique is used to model the
flow of afluid with afree surface. This method solves
equations (1)-(6) without buoyancy and external forces
(Fp = Fe = F = F§, = 0) inside an extended domain.
This domain includes the volume occupied by the liquid
and an extra volume which is filled with a
“pseudofluid”. The free surface of the fluid is supposed
to stay inside this fixed domain aong the whole
numerical simulation. To track the free surface, a new

variable, C, is introduced. This variable (caled
pseudoconcentration) satisfies the following equation,
oC M
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which is solved using isoparametric finite e ements with
Streamline  Upwind Petrov  Gaerkin technique
(Zienkiewicz and Taylor, 2000).

An arbitrary value of the pseudoconcentration C; is
defined asfollows:

e C(x,t) > Cif xisinthefilled region
e C(x,t) < Cif x isin the empty region
o C(x,t) = C.if xisinthefree surface

The initial value of C, is set according to the initia
position of the free surface. Then, the vaue of C for
each time is determined by equation (7) and the
position of the free surface is given by those x such that
C(x,t) = C..

Equations (1)-(6) are solved using the real material
properties (viscosity, density, etc..) of the fluid in the
filled region and certain artificia properties (the
“properties of the pseudofluid’) in the empty region.
Pseudofluid properties are generally taken low enough,
not to affect the dynamics of thereal fluid.

It is important to note that the method of
pseudoconcentrations prescribes the position of the free
surface by the equation C(x,t)=C.. Then, any position
of the free surface may be represented by different
pseudoconentration distributions.

In order to prevent numerical errors due to the
presence of strong gradients of pseudoconcentration
inside the domain, the pseudoconcentration C(x,t) must
be a smooth function of position. A smooth initial
condition is imposed on the whole domain. To keep the
smoothness of  C(x,t), the distribution of
pseudoconcentration is re-calculated in each time step
(after updating the position of the free surface) with the
following equation,

Cx,)=C.+ d o sgn(C(x,t)-C,)

Where d is the distance to the free surface and o isan
arbitrary constant (g = 0.015 in our simulations).

B. Mold problem

As an example of fluid flow driven by gravity with free
surfaces, the flow inside amold is considered. Figure 1
shows a 2D scheme of a dab caster mold with a
submerged entry nozzle (SEN).
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Figure 1. Scheme of the modeled domain

In order to compare results with experimental
measurements, the flow inside a water model mold is
simulated with the following parameters,

e Width of the mold, W 457 mm

* Modeled length of themold 686 mm

e Inmersion depth of the SEN 150 mm

e SEN diameter, D 19.5 mm

e SENangle 20°

e Speed a SEN entrance, Uo  780/1340 mm/seg

Uniform vertical velocity is applied at the SEN
entrance as boundary condition. The values of the
turbulent variables are k,= aUy?> and &, = k. 2/
(D/2). For the constant a, the value a = 0.00425 is
chosen. This value corresponds to tubes and is usually
employed in SENs. Wall functions are used to prescribe
boundary conditions for velocity and turbulent variables
on the rigid walls of the mold and the SEN. On the
symmetry line all variables are kept free, except for the
normal component of the velocity which is set to zero.

No boundary conditions are imposed on the upper
limit of the domain (which is occupied by the pseudo
fluid). In the lower limit of the domain the hydrostatic
pressureis applied. Thistakesinto account the fact that
the fluid is not falling freely but is partially retained by
the solidified steel. Pseudoconcentration needs to be
imposed at the SEN entrance and eventualy (if the fluid
is entering the domain) at the lower and upper limits of
the domain.



C. Results

Results of numericd model are compared with
experimental measurements of the velocity and position
of the free surface presented in literature (Panaras et al.,
1998; Anagstopoulos and Bergeles, 1999).
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Numerical and experimental values of
horizontal component of velocity

Figure 2.

Figure 2 shows the horizontal component of the
velocity, VX, along avertical line placed at 15 mm from
the symmetry line. The figure shows numerical results
of the above described method (line) and experimental
points (squares). The vertical co-ordinate (y) is
measured upwards from the bottom of the SEN. The
comparison is repeated in Fig. 3 for the vertica
component of the velocity Vy. Both figures correspond
to Uo = 780 mnv/s.
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Figure 3. Numerical and experimental values of
vertical component of velocity
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Figure 4. Numerical and experimental values of the
height of the free surface in steady state.

In Fig. 4, the height h of the steady state free surface
obtained by numerical computations is compared with
experimentd results. Inthiscase Uo = 1340 mm/s.

IV.MOVEMENT BY INJECTION OF
AN INERT GAS

The stirring of liquid steel contained in a ladle is an
example of a flow driven by inert gasinjection.

The ladles are near-cylindrical vessels (radius, R =2
- 3m; height, H =2 - 4 m) that contain liquid steel and
a surface dag layer (0.1 — 0.4 m) to avoid the
reoxidation of steel. In order to obtain a quick chemical
and thermal homogenization it is essential to predict
where it is convenient to place the gas injection nozzle
and to determine the ideal gas flow rate (Qy).

A genera scheme of liquid steel movement caused
by injection of inert gasin the ladleis shown in Fig. 5.

Surface region
“spout”

Bubble
region

Transition region 3

Primary region

Figure 5 — Description of the fluid dynamicsin the gas
stirred ladle

Gas isinjected into the liquid steel through a porous
nozzle where bubbles are formed; the bubblesrisein the
liguid and break up into smaller bubbles and determine
two zones:

Two-phase plume zone :

e Primary or momentum region where the flow is
governed by inertia forces.

e Trangition region where the gas loses its kinetic
energy and disintegratesin small bubbles.

*  Bubble region where the bubbles rise by the effect
of density difference between the gas and liquid
steel.

e Surfaceregion, it isthe zone closest to the surface.

The primary and transition region in the plume occupy a

very small volume of the industria ladle ( Z, = 1to 3

mm; Korig, 1993). Therefore, the buoyancy forces

control the fluid dynamicsin this zone.

Recirculation zone: it is formed outside the plume zone.

In this work the plume zone is treated as a pseudo-
one phase (Grevet et a , 1982; Mazumdar and Guthrie,
1985, 1993) with alower density,
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and the recirculation zone is treated as liquid steel
(p = p); where a isthe gas fraction, py isthe gas density
and pisthe liquid density. The gas fraction is estimated
according to the drift flux model (Mazumdar and
Guthrie, 1993) as,

Ql_nrplza(l_a)us (9)

to model the buoyancy effect produced by a change of
gas fraction in the direction of gravity are

F =u' g Ma
F'o=pC, C kgMa

(16)
(17)

A. Validation of the quas single phase model with a
(k-L)-predictor / (g)-corrector turbulent model

In the Table 1 and Fig. 6 we show the result of our
numerical model and different water model experiments
published in the bibliography
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References Fig. H R Qqy
6 [m [m] [Nnm/g]
Grevet et al. (1982) D 0.3 0.3  0.0004
Mazumdar et a. (1985) C 0.93 0.56 0.000667
Johansen et al. (1988) A 1237 055 0.00061
Anagbo et al. (1990) B 0.4 0.25  0.0002
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Ty aretheliquid and gas temperatures [°K]; Pam is the
atmospheric pressure [N/m?]; d, isthe injection orifice
diameter [m]; z is the height coordinate of the point;
and, Qo= Qu(z=0).

In the steady state Navier Stokes eguation (2),
pg=0 ; Fe= 0 and the buoyancy forces are

where Q, = T, and

— (15
F, =pga

The corrections of the steady state k-transport (3) and &-
transport (5) equations F*s and F*, introduced in
our reference Goldschmit and Coppola Owen (in press)

Table 2 -Water model experiments with injection of air.
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Figure 6 — Velocity modulus as function of the radial
distanceinz =0.5

A good agreement is observed between our
numerical results and the experimental results.

B. Anindustrial application

Position of the Ar injector.
Thegrey zoneisthe modelled
area.

R"=165m; R =175m;H=175m ; Q = 500It/min
r=CR"™; C=028;05;072

Figure 7 . Scheme of the ladle



We use our numerical method to find the best positions
of the inert gas injector in a ladle. One of these
parametric studies analyses the fluid dynamics obtained
with two injectors separated by a 120° angle with three
radial positions. In Figs. 7 and 8 we show a scheme of
the ladle and the velocity distribution in the liquid steel,
respectively. _

v For the radial injection position r = 0.28 R™ the
liquid steel risesin zone A and goes down in zone
B.

v For the radial injection position r = 05 R"™ the
liquid steel goes down in zone B. In zone A a
recirculation is formed in the upper part of the
ladle.

v For the radial injection position r = 0.72 R" the

flow is similar to r = 05 R™ being the
recirculation in the zone A deeper.
Zone B Zone A ZoneB Zone A

C=0.72

Figure 8 . Velocity distribution
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Figure 8 . Recirculation flow

The recirculation flow rate is defined as the total
amount of liquid flowing upward or downward through
the horizontal mid-plane (Turkoglu and Farouk, 1991).
In Fig. 8 we show the recirculation flow as function of
the Ar flow rate in each injector of the ladle. The
recirculation flow rate increases with the radial position
of the injector. The difference between C = 0.28 and
C = 0.5 is greater than the difference between C = 0.5
and C=0.72.

V.MOVEMENT BY ELECTROMAGNETIC
FORCES

In this section we describe the stirring of the liquid steel
that flows in the continuous casting round mold by the
application of an external electromagnetic force. Such a
force is obtained by a time dependent electromagnetic
field produced by a set of coils connected in pairs. The
electromagnetic force can be evaluated as

Fe=J xB 0

where J is the current density and B is the magnetic
induction. The current density depends on the steel
movement through the constitutive relation

J=0(E+ Vv xB) ®)

where v is the steel velocity and o is the electric
conductivity. In the second term of the above equation
we can see a coupling with the steel motion. However
this coupling can be neglected when the magnetic
Reynolds number, defined as

Ren=vLuo ©)
where p is the molecular viscosity and L a
characteristic length of the problem, is much smaller
than 1 (Moffatt, 1991).

We present results for bar diameter of 0.145 m. In
this case the Reynolds magnetic number is 0.03, then
the above approximation can be done. The
electromagnetic force has been calculated by the CINI' s
physics department using a 3D finite element model to
solve Maxwell equations (Madovan et al, 2000;
Robiglio et al., 1999). Using this result we solve the k-



model equations (1) to (6) in steady state conditions
with F, asexternal forceand Fp,= F= Ff=g=0.

The y-Cartesian and the azimuthal electromagnetic
force components for a 0.145 m diameter bar are shown
in Fig. 9. It can be seen that this force will produce a
rotational movement of the liquid steel.

The azimutha component of the velocity field
without electromagnetic stirring and with 6 Hzand 50 A
is shown in the Fig. 10. Asit can be seen there, thereis
a rotational movement of the fluid when it is stirred

electromagneticaly. Without stirring no  azimuthal
velocity component is obtained.
External applied force
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Figure 9. Horizontal components of the Lorentz force

obtained applying a low-frequency (6 Hz) 2-phase
current with an intensity of 50 A at the coils.
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Figure 10. Azimuthal components of the velocity field
obtained with and without stirring

In Fig. 11 we present the velocity modulus aong a
vertical line from the meniscus to the bottom of the
computational domain (which is far above the bottom of
the mold) with the current intensity as a parameter. This
line is located in the external radio, outside the
boundary layer. The azimutha velocity is maximum
there, as can be seen in the Fig. 10. In that way we have
ameasure of the influence of the current intensity on the
velocity field.

As it is indicated by Shah and More (1982) a
minimum va ue of 250 mmy/s for the velocity modulusis
needed in order to improve the solidification structure.
On the other hand, high velocities in the meniscus area
(liquid steel free surface) can cause surface problems on
the bar. Some tests carried out in SIDERCA led to an
optimal value for the current intensity. With this model
we can predict the maximum meniscus velocity, which
was found to be around 150 mm/s (Robiglio et &.
1999). In the Fig. 12 we plot the maximum velocity
modulus and the meniscus velocity, taken from the line
used above. In that way we can evaluate the current
intensity we can apply in order to have meniscus
velocities lower than this limit. In the example shown in
Fig. 12 the maximum acceptable current is about 83 A.
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Figure 11. Velocity modulus aong a vertical line, with
the current intensity as a parameter
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[11. CONCLUSIONS

The numerical method alows us to obtain a better
understanding of the steel making process.

Numerical results were validated with plant and
water model experimental measurements. Then, a good
estimation of the fluid dynamics of liquid steel is
expected under more genera situations where direct
measurements are difficult and expensive.

Faced upon these conditions, numerical methods
turn out to be a useful tool in the analysis and
optimization of liquid steel processes.
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