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Using a large eddy simulation (LES) turbulence model and the finite difference
method in the three-dimensional curvilinear coordinate system, a numerical simu-
lator was developed for analyzing the flow of molten steel in the continuous caster
in the continuous casting process, the behavior of inclusions in the molten steel,
and the accumulation behavior of the inclusions in the slab being cast. To verify
the simulator’s fluid flow computational accuracy, the results produced by the sim-
ulator were compared with the results of water and mercury model experiments.
The numerical simulator was confirmed to be able to provide practically accurate
predictions for not only time-averaged flow velocity, but also for turbulent fluctua-
tion behavior. The behavior of inclusions under various continuous caster operat-
ing conditions (such as the caster profile, electromagnetic braking, and electro-

magnetic stirring) was analyzed by the simulator, and the main mechanisms gov-

erning the behavior of inclusions were studied.

1. Introduction

The flow of molten steel in the continuous caster in the con-
tinuous casting process is an important factor that governs the
occurrence in cast steel products of internal defects, resulting
from such causes as nonmetallic inclusions and argon gas bub-
bles, and subsurface and surface defects, stemming from such
sources as mold powder, argon gas bubbles, inclusions, and lon-
gitudinal cracks due to unevenness of initial solidification.
Generally, internal defects are influenced by the downward flow
of molten steel after impinging on the narrow face of the mold.
Surface defects are influenced by the flow of molten steel near
the mold meniscus and between the submerged nozzle and the
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wide face of the solidifying shell. To control these molten steel
flow conditions, such attempts are made as changing the geomet-
rical shape of the submerged nozzle, electromagnetically stirring
the molten steel, which involves applying a moving magnetic
field to the molten steel, and applying a electromagnetic brake to
the molten steel in the form of a direct-current magnetic field.

The progress of computers has increased the frequency by
which numerical fluid flow computation is used to analyze the
flow of molten steel in continuous casting. There are, however,
few examples of such analyses being conducted with high enough
quantitative accuracy. Molten steel flow and inclusion behavior
models are yet to be fully studied in view of the application of
direct-current and alternating-current electromagnetic fields,
curved profile of the continuous caster, and shape of the solidify-
ing shell.
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This paper describes the development and application of a
mathematical model and a numerical simulator that can quantita-
tively predict the flow of molten steel in the continuous caster
and the concentration distribution of inclusions in the molten steel
and the cast slab. Selection of a turbulence model is important in
computing molten steel flow. The present work adopted a large-
eddy simulation (LES") model that has come into widespread use
as a non-steady state turbulent flow computational technique in
recent years. A numerical computation program, based on the
finite difference method in the three-dimensional curvilinear coor-
dinate system?®, was developed and applied to take the curved
profile of the continuous caster into account. The phenomena
occurring in industrial continuous casters as analyzed by using the
program are described next.

2.Mathematical Model and Numerical Simulator
2.1 Basic equations

The basic equations of the mathematical model and numerical
simulator are shown next. The equations of conservation of mass
and momentum were used for the computation of fluid flow.
Convection-diffusion balance equations that take the terminal
velocity of inclusion particles into account were used for calculat-
ing the concentration of inclusions in the molten steel. The com-
putation of the electromagnetic force (Lorentz force) used differ-
ent techniques for electromagnetic braking and electromagnetic
stirring.

The equation of conservation of mass, equation of conserva-
tion of momentum based on LES, and inclusion concentration
balance equations follow:

dU/at + 0E/at + OF/on + 8G/as =g+ F - (0
u=Ju 2)
E,=JEs&+FE+GEy 0 e 3)
Fr=JEnp.+Fn,+Gyy e )
G=JE,+F,+G e 5)
U={(p,pu,pv,ow,pC) e (6)

E = (pu, o +p+ T, pUW + 1y, puW + 70, puC+ T)  +++(7)
F = (pv, puv+ry, ov?+p + 17y, ovW+ 7, ovC +T,) --«(8)
G = (pw, puw + 74, pVW + Ty, oW + D + T,

piw+wJ]C+T) e ®
I =axyna¢ndy e (10)
t: Time

X,y,Z: Cartesian coordinates

£7m,$: Curvilinear coordinates

o: Density

U: Flow velocity vector

7:Sum of stress tensor based on molecular viscosity
and stress tensor due to subgrid scale eddies. Simple
Smagorinsky model used as subgrid scale model

p: Pressure

g: Acceleration of gravity

F: Lorentz force .

w,:Terminal flotation velocity vector of inclusion parti-

cles

T:Sum of diffusion flux based on molecular diffusion

and diffusion flux due to subgrid scale eddies
Equations of electromagnetic field (for electromagnetic brak-

ing)
B=pu(M4mAdl xv/®y e an
div(grad¢) = div(UxB) e (12)
J=o(grad¢ + UXxBy e (13)

F=JxB (14
1 : Magnetic permeability
J: Eddy current density vector
¢: Electric scalar potential
B: Magnetic flux density vector
Electromagnetic field equations for electromagnetic stirring.
The basic equations based on the vector potential A-scalar
potential ¢ method were used and solved by the finite element
program FLEDY? developed by Nippon Steel.
2.2 Discretization and solution algorithms
The complete conservation-type finite difference method was
used for discretization of Egs. (1) to (13), and a staggered system
was used to arrange the grid points and variables. The difference
accuracy of the second to fourth terms on the left side of Eq. (1)
was basically taken as second-order accuracy. Fluid flow and
pressure were solved as coupled by the semi-implicit fractional
step method” or HSMAC method®. The Nippon Steel-developed
software FLODIA® was used for the above-mentioned numerical
solution methods.

3. Analytical Objects
3.1 Physical model experiments for verification of computa-
tional accuracy
1) Water model experimental apparatus
Model size: 200 X 1,250 mm
Casting speed: Equivalent to 1.6 m/min
Submerged nozzle: Port size of 70 X 80 mm and port
angle of 15 downward
Velocity measuring method: Time-averaged velocity meas-
ured with electromagnetic velocity meter
2) Mercury model experimental apparatus
Model size: 100 X 600 mm
Casting speed: Equivalent to 0.39 m/min
Submerged nozzle: Port size of 28 mme and port angle of
15 downward
Velocity measuring method: Velocity time variation and
turbulent energy spectrum measured with Vives sensor®
3.2 Application to industrial continuous casters
The mathematical model and numerical simulator were
applied to the analysis of molten steel flow and inclusion behavior
in various continuous casters at Nippon Steel. The equipment
data and operating conditions of the continuous casters are omit-
ted here.

4. Analytical Results and Discussion
4.1 Verification of fluid flow computation accuracy by water
and mercury model experiments

Fluid flow computation corresponding to the water model
experiment was performed by the LES method, and time averag-
ing operation was conduced over 60 seconds. The results are
shown in Fig. 1. The time-averaged velocity vectors obtained in
the water model experiment are shown in Fig. 2. The calculated
and measured velocities near the meniscus are comparatively
shown in Fig. 3. From Fig. 3, it is evident that accurate results
were achieved when the time-averaged velocity was computed by
the LES method”.

The computational results of turbulent fluctuation behavior
are described next. Fig. 4 shows the time variation of the trans-
verse velocity component near the meniscus as calculated by the
LES method. Fig. 5 shows the time variation of the transverse
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Fig. 1 Computational results of time-averaged flow velocity in water
model
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Fig. 2 Experimental results of time-averaged flow velocity in water model
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Fig. 3 Comparison of calculated and measured time-averaged flow
velocities in water model

velocity component near the meniscus as measured by the mer-
cury model experiment. Variations of a similar nature are
observed between the calculated results and the measured results.
Fig. 6 shows the comparison of the turbulence energy spectrum
velocity near the meniscus as calculated by the LES method and
as measured by the mercury model experiment. Obtained were
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Fig. 4 Change with time in flow velocity near meniscus as calculated by
LES method
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Fig. 5 Change with time in flow velocity near meniscus as measured in
mercury model :
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Fig. 6 Comparison of calculated and measured turbulence energy spectra
near meniscus

qualitatively common results such as strong turbulent components
are present in a wide frequency region of 0.01 Hz to a few
Hertz, and turbulence energy suddenly decays at a frequency of a
few Hertz or more.

As a result of the study using the turbulent fluctuation analyti-
cal technique, it was discovered that the formation of turbulent
flow present in the upper part of the continuous caster mainly
originates from the instability of flow near the ports of the sub-
merged nozzle.
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4.2 Numerical analysis of molten steel flow and inclusion accu-
mulation behavior by consideration of machine profile

Using three-dimensional generalized coordinate conversion,
molten steel flow and inclusion behavior were analyzed to take
into account the effects of the curved machine profile, such as the
bow type or vertical bending type, and the solidifying shell
shape.

The slab size was 289 X 1,830 mm, the casting speed was
1.3 m/min, and the machine profile was either the vertical-bend-
ing type (vertical section of 2.5 m) or bow type (radius of 10.5
m).

Fig. 7 shows the computational results of molten steel flow in
continuous casters of the vertical-bending type and the bow type.
With the bow type, the curved flow path resists and reduces the
downward flow of the molten steel. In terms of the accumulation
of inclusions in the cast slab, this result appears to favor the bow
type but the bow type actually has an adverse effect on the accu-
mulation of inclusions in the slab as described below.

Fig. 8 shows the calculated through-thickness distributions of
280-um inclusions in the slabs cast on machines of the vertical
bending type and bow type. Fig. 9 shows the measured through-
thickness distributions of 280-um particles in the slabs cast under
the operating conditions with approximately the same flotation
parameter (equal to terminal inclusion flotation velocity divided
by casting speed) as shown in Fig. 8. Generally speaking, the
calculated values agree with the measured values.

With the bow type, a strong inclusion accumulation phenome-
non can be seen approximately 30 mm below the loose-side sur-
face of the slab. This peak position corresponds to the solidifica-
tion position where the curve of the machine beings to increase.
The peak value is greater than observed with the vertical-bending
type. This finding indicates that the curved profile of the machine
has a greater effect than the flow of the molten steel on the accu-
mulation phenomenon of inclusions in the cast slab. In other
words, the trap velocity of inclusions into the solidifying shell in
positions deep below the meniscus depends on the inner product
of the terminal flotation velocity vector of inclusions (in the

(a) Vertical-bending type

(b) Bow type

Fig. 7 Computational results of molten steel flow velocity in continuous
caster (half section in thickness direction)

direction opposite to gravity), and the normal vector at the solid-
liquid interface. As the solid-liquid interface comes closer to the
horizontal condition, the inclusions are more liable to be trapped
in the solidifying shell. Actually, the amount of inclusions
trapped in the 2.5-m vertical section of the vertical-bending
machine was extremely small.

4.3 Effect of electromagnetic braking in continuous slab caster

If the casting conditions are the same as discussed previously,
the curved profile of the machine has the most pronounced effect
on the internal accumulation behavior of inclusions in the slab. If
the machine profile is the same, the same effect of molten steel
flow appears. The inclusions do not sink deep into the mold, par-
ticularly when the downward velocity of the circulating molten
steel flow formed in the lower part of the mold is lower than
their terminal flotation velocity. When the downward velocity of
the molten steel flow is higher than their terminal flotation veloci-
ty, the inclusions sink deep into the mold and are trapped more in
the internal accumulation zone. Of late, a direct-current magnetic
field electromagnetic brake has been applied as one method for
controlling the downward flow of molten steel.

Fig. 10 shows the calculated flow of the molten steel to
which an electromagnetic brake was applied, forming a uniform
horizontal magnetic field at a depth of 1.1 m below the meniscus.
Compared with the calculated flow of non-electromagnetically-
braked molten steel as shown in Fig. 11, it is evident that the
downward velocity of the molten steel is reduced immediately
below the magnetic field and that the molten steel stops circulat-
ing.

4.4 Effect of electromagnetic stirring in continuous slab caster

Because the trapping position is near the meniscus and the
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Fig. 8 Calculated through-thickness distribution of inclusions in slab
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Fig. 9 Through-thickness distribution of inclusions observed in slab



NIPPON STEEL TECHNICAL REPORT No. 67 OCTOBER 1995

liquid-solid interface is nearly vertical, and due to the floating of
inclusions as decribed earlier, the trapping behavior of inclusions
in the subsurface of the slab is not governed by their trapping
phenomenon. Sawada et al. reported that increasing molten steel

Fig. 10 Computational results of molten steel flow with electromagnetic
braking

Fig. 11 Computational results of molten steel flow without electromag-
netic braking
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Fig. 12 Effects of molten steel flow velocity and inclusion size on inclu-
sion shell washing (shell washing region is hatched)

flow velocity reduces the captures of inclusions in the slab and
diminishes the size of inclusions trapped (see Fig. 12)®. This
phenomenon is interpreted as the washing out of the inclusions by
the molten steel. To promote this shell washing phenomenon, the
molten steel is electromagnetically stirred with a moving magnet-
ic field to increase flow velocity.

The computational results of molten steel poured from a
round submerged nozzle with and without electromagnetic stir-
ring are shown in Figs. 13 and 14, respectively. The effect of
electromagnetic stirring is more conspicuous near the center of
the liquid core than near the meniscus. Compared with the non-
electromagnetically-stirred molten steel, the electromagnetically-
stirred molten steel increases in flow velocity near the solid-liquid
interface. When considered together with the results of Sawada et
al. this finding agrees with the fact that electromagnetic stirring
sharply reduces the number of large inclusions.

5. Conclusions

Using the LES turbulence model and the finite difference
method in the three-dimensional curvilinear coordinate system, a
numerical simulator was developed for calculating the flow of
molten steel in the continuous caster, the behavior of inclusions

Fig. 13 Computational results of molten steel flow without electromag-
netic stirring

Fig. 14 Computational results of moiten steel flow with electromagnetic
stirring
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in the molten steel, and the accumulation behavior of the inclu-
sions in the slab being cast in the continuous caster.

To verify the computational accuracy of the simulator, the
results of calculations by the simulator were compared with the
results of water and mercury model experiments. The simulator
was confirmed to be practically accurate for not only time-aver-
aged flow velocity, but also for turbulent fluctuation behavior.
The trapping behavior of inclusions in the slab was analyzed
under various continuous caster operating conditions by using the
numerical simulator. The results obtained helped to understand
the mechanisms that govern the trapping behavior of inclusions in
the slab being cast in the continuous caster.
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