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Abstract

For the horizontal continuous casting process, the flow field, the temperature distribution and the
solidification of the shell are analyzed by means of a finite-element solution of the Navier-Strokes and
energy equations for axisymmetric laminar flow. The liquid and solid phases, as well as the two-phase
region (“mushy zone”), are treated as a single phase using an effective viscosity formulation. The solid
phase is modeled as a fluid with extremely high viscosity, whereas the viscosity of the mushy zone follows
from considering a suspension of free solid crystals of spherical form. The separation of the solidified shell
from the break ring is simulated by prescribing a high temperature at the interface between the solidified
shell and the ring at the beginning of each stroke. The computations start from a steady-state solution for
the time-averaged withdrawing velocity. The transient computations start from a steady state solution for
the time-averaged withdrawing velocity. The transient computations are then continued until a periodic
solution is attained.
Due to the withdrawing motion of the strand the liquid metal flows through the mould. Producing a long
periodic flow region in the strand. The results indicate that the relative (with respect to the solidified shell )
motion of the liquid metal in the major part of the strand, i.e. outside the mould region, resembles a quasi-
steady recirculatory flow. Where the fluid flows forward near the centerline and backward near the
solidified shell . However, this quasi-steady relative motion is distinctly different from the steady flow
corresponding to the time averaged withdrawing velocity.
The numerical results are in a good agreement with temperature measurements within the mould and at the
strand surface. The predictions regarding the appearance of witness marks are also in accordance with
observations.
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Figure 1: The horizontal continuous casting process (schematically)

Problem description

In the horizontal continuous casting process the liquid metal issues from an inlet pipe into a water cooled
copper mould, cf. figure 1. The liquid metal solidifies in the mould, and a solid shell i s formed. The solid
shell i s then withdrawn periodically in successive strokes. Figure 2 shows the withdrawing velocity as a
function of time for the case presented here, where the maximum withdrawing velocity, v, and the period,
t , are of the order of 0.1m/s and 1 s. respectively. After leaving the mould, the strand passes through a
water spray cooling region. Thereafter, there is a further cooling due to thermal radiation and natural
convection. In this way the thickness of the solidified shells grows until , at a distance from the mould of the
order of hundred strand radii , the solidification is completed.

Effective viscosity formulation

The regions containing all li quid, all solid, or their mixture (mushy zone), are treated as a single phase
utili zing an effective viscosity formulation. According to this formulation, the solid region is treated as
consisting of a liquid with very large viscosity. The mushy zone is modeled as a suspension of solid
crystals of spherical form. According to Lundgren [1], the effective viscosity of such a suspension can be
estimated as m = 2ml /(2-5f s), where ml  is the constant viscosity of the liquid steel and f s is the solid mass
fraction in the mushy zone. For the present numerical computations the following temperature-dependent
viscosity values are used.

Q £ 0  :  m = (1.37 x 107 – 1.32 x 1024Q) ml  ;                                 (1)

0 £ Q £ 0.60003  : m = (1.37 x 107 – 2.28 x 107Q) ml  ;                                  (2)

0.60003 £ Q £ 1  : m = 2ml /(2-5f s) ;                                                              (3)

Q ³  1  : m = ml  ;                                                                            (4)

cf. also figure 3. The dimensionless temperature difference Q is defined as Q = (T - Ts)/(Tl  - Ts), where Tl

and Ts, respectively, are the liquidus and the solidus values of the temperature T. This viscosity formulation
ensures that the solidified shell remains rigid during the separation from the ring, whereas the mush can fill
the gap between the moving shell and the ring.



Figure 2: Withdrawing velocity as a function of
time (1 stroke)

Figure 3: Effective viscosity of a high-carbon,
high-chromium tool steel as a function of
dimensionless temperature difference Q

Computational method

The flow field, the temperature distribution and the solidification of the shell are analyzed by means of a
finite-element solution of the Navier-Stokes and energy equations for axisymmetric laminar flow.
Buoyancy effects, cf. [2], are neglected. The finite-element code FIDAP (version 7.6) is used for the
computations. The basic equations are discretized with 4 node quadrilateral elements. To reduce the
memory requirements and the computational time the pressure is eliminated from the discretized set of
equations using the penalty function approach. The time steps vary between 0.001t  and 0.005t , depending
on the withdrawing acceleration. The computations are performed in two parts, first for the mould region
and then for the rigid part of the strand.

Mould region

Computational domain
As shown in figure 4, the computational domain consists of the interior of a part of the inlet pipe, parts of
the mould, the interior of the mould, the break ring, and the strand. The inlet (left-hand side) boundary is
placed at the middle of the inlet pipe to circumvent numerical problems at the entrance cross section, where
the cross section changes discontinuously. The outlet (right-hand side) boundary is placed far enough to
ensure no relative internal motion near the boundary.

Boundary conditions
The imposed boundary conditions are summarized in figure 4. R and Z are the radial and axial coordinates,
respectively. With the origin located at the plane of the interface mould/inlet pipe. UZ and UR are the axial
and radial velocity components, respectively, h is the heat transfer coefficient, hc is the thermal contact
conductance, and q denotes the heat flux.
The computations are stated with some initial estimation for the distribution of the thermal contact
conductance at the interface of the solidified shell and the mould. The conductance distribution is modified
then such that, when the periodic state is attained, the overall heat balance is satisfied, i.e. the total heat
extraction in the mould is equal to the value measured in the real process.



Figure 4: Boundary conditions

Solution procedure
The computations are stated with a steady-state solution based on the average withdrawing velocity, which
is equal to the mean volume flow rate divided by the cross sectional area of the strand. The transient
computations are then continued until a periodic solution is attained.
The separation of the solidified shell from the ring is simulated by prescribing a high temperature for the
nodes at the interface at the beginning of each stroke. Thus local melting at the interface allows the shell to
separate from the ring, while liquid metal fill s the gap. Alternative formulations have been given in [3.4]

Rigid part of the strand

Computational domain
The second part of the computations covers the rigid part of the strand, consisting of the mushy zone that
moves as a rigid body and the completely solidified material. The left-hand side boundary coincides with
the outlet boundary of the first part, while the right-hand side boundary is placed beyond the point of
complete solidification.
Boundary conditions
The temperature distribution at the outlet boundary of the first part of the computations is prescribed at the
left-hand side boundary. The surface of the strand is subject to cooling by natural convection and radiation.
Symmetry conditions at the axis are also applied, and it is assumed that there is no axial temperature
gradient at the right-hand side boundary of the computational domain.
Solution procedure
Since there is no internal relative motion in the strand and the temperature at the left-hand side boundary
varies but littl e with time, the steady-state problem based on the average withdrawing velocity is solved in
this part.



Results

Flow field
Figure 5 shows streamline plots in the mould region at various times during one stroke. When the
withdrawing velocity approaches the maximum value (figure 5(a)), the streamlines are rather smooth and
no substantial flow separation is visible, despite the fact that this behaviour of the flow is due to strong
acceleration.
As the shell decelerates and comes to rest, the liquid metal in the core of the strand cannot follow it. Since
the diameter of the inlet pipe is smaller than the diameter of the strand, there is an excess of axial
momentum flow in the inlet section in comparison to the outlet boundary. Therefore, liquid metal continues
to move forward near the center and, to satisfy continuity, flows backward near the solidified shell , cf.
figure 5(b). It is remarkable that this internal flow penetrates very far downstream into the strand of radius
r , cf. Figure 6.
During the small back stroke, and when the shell i s at rest, the bulk flow undergoes only small changes in
the mould region, but there is enough time for the development of f low separation at the exit of the inlet
pipe and at the corners of the break ring, cf. figure 5(c). Shortly after the beginning of the next acceleration
period, the recirculatory flow region disappears, cf. figure 5(d).
So far we have considered the flow field in a mould-fixed coordinate system. Considering the fluid motion
relative to the strand, however, reveals the interesting result that at relatively large distances from the
mould the relative (with respect to the solidified shell ) velocity does not change with time, cf. figure 7. In
other words, the relative motion of the liquid metal in the major part of the strand resembles a quasi-steady
recirculatory flow. However, this quasi-steady relative motion is distinctly different from the steady flow
corresponding to the time-averaged withdrawing velocity. The reason for this difference is that in the
unsteady case the withdrawing velocity reaches relatively high values for a short period of time, giving rise
to a larger momentum flow than in the steady-state case of equal volume flow rate.
Temperature field
Figure 8 shows the temperature contour plot in the strand, with the point of completed solidification
approximately at Z = 140r . the temperature at the strand surface is shown in figure 10. At the beginning of
the spray-cooling region the surface temperature rises rather fast up to a local maximum, where it starts to
decrease slowly. Behind the spray-cooling region there follows another maximum before the surface
temperature decreases monotonically and approaches the terminal temperature. The experimental data, as
shown in figure 10, are in reasonable agreement with the predictions. Further measurements were
performed within the mould wall , as indicated by the * in figure 1, and good agreement with the predictions
was also found.
Figure 11 shows temperature contour plots in the break-ring region at the end of the forward motion, i.e. at
the beginning of the back stroke. The old solidified shell , bounded by the thick contour line and the
shell /mould interface has moved forward, while liquid metal has fill ed the gap behind the shell . Meanwhile
a new shell has grown in the corner. Figures 11(a) and (b), respectively, give the results for the case
presented here and another case with maximum withdrawing velocity 0.5v and period 2.3t . During the
backstroke, the old shell i s pressed to the newly formed shell i n case(b), generating a second witness mark
as indicated by an arrow. In case (a) however, the old and new shells are so far from each other that the
back stroke cannot join them. The predictions regarding the appearance of the second mark and its position
are in agreement with observations in real processes.



Figure 5: Streamlines in the mould region.



Figure 6: Axial velocity component UZ at the
axis of the strand at time t = t  (end of stroke).

Figure 7: Profiles of axial velocity components
relative to the solidified shell . The profiles are
independent of time and plotted at sections Z =
8r ; 16r ; 24r ; … 72r

Figure 8: Contour plot of dimensionless temperature difference Q in the strand.

Figure 9: Dimensionless temperature difference
Q at the axis of the strand.

Figure 10: Dimensionless temperature difference
Q at the shell surface. * measurements [5].



Figure 11: Contour plots of dimensionless temperature difference Q in the break-ring region for (a) large
and (b) small withdrawing velocities. The contour are associated with the values Q = 2/3; 1/3; 0; -1/3…
with the thick line corresponding to Q = 0.

Conclusions

-  There is a large recirculatory flow region in the strand, relative to the solidified shell , with
forward flow in the center and backward flow near the shell .

-  Downstream of the mould region. The relative motion of the liquid in the strand is nearly
independent of time; it differs, however, from the flow obtained by the solution of the steady-
state problem based on the average withdrawing velocity.

-  The strength of the recirculatory relative flow in the strand is strongly affected by changes in
the diameter of the inlet pipe. The acceleration during the withdrawing motion has also a large
influence on the strength of the relative flow.

-  The numerical results are in a reasonable agreement with temperature measurements within
the mould and at the strand surface. The predictions regarding the appearance of witness
marks are also in accordance with observations.
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