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Abstract:

In order to suppress defects entrapped in the solidi-
fied shell in the continuous casting mold under high
molten steel throughput conditions, the momentum of the
molten steel in a mold with two static magnetic fields in
the Flow Control Mold (FC mold) was investigated to
evaluate the effects of the electromagnetic brake on the
distribution of defects and unbalanced flow behavior.
The main results are summarized as follows :

(1) The measured value of the effect of the electromag-
netic brake on decreasing the momentum of the mol-
ten steel was consistent with the calculated value.
Molten steel momentum could be reduced by more
than 50% when the Stuart number was more than 3.5.

(2) The position of entrapped defects in the solidified
shell in the mold was influenced by throughput and
the magnetic flux density of the electromagnetic
brake.

(3) Entrapped defects can be predicted by numerical
simulation, which is useful for optimizing the mag-
netic flux density and casting conditions.

1. Introduction

In some cases, bubbles and inclusions which are
entrapped in the solidified shell during continuous cast-
ing and remain in the cast slab cause defects in the
downstream hot rolling or cold rolling processes.
Because both high quality and high productivity have
been required in recent years, improvement of slab qual-
ity in high speed, high throughput casting has become
an issue. However, slab quality generally deteriorates in
high speed, high throughput casting conditions in con-
tinuous casting. Various causes have been pointed out,
for example, the inclusion flotation effect in the mold is
small due to the high casting speed, and as a result,

inclusions tend to penetrate to the bottom of the mold",
and mold flux entrainment occurs due to the increased
amount of fluctuation in the molten steel bath level at
the meniscus due to the large discharge flow rate from
the submerged entry nozzle (SEN)?. As a solution to
these problems, it is possible to reduce the flow velocity
of the molten steel discharged from the SEN by apply-
ing electromagnetic brakes in the mold, which sup-
presses penetration of inclusions to the bottom of the
mold and fluctuations of the bath level at the meniscus?®.
When a two-hole SEN is used, deposits of inclusions
such as alumina inside the nozzle or around the sliding
gate can cause an unequal flow velocity from the nozzle.
It is known that the flow of molten steel becomes unbal-
anced in the opening-closing direction of the sliding
gate (i.e., mold width direction or mold thickness direc-
tion), and the degree of this unbalanced flow is particu-
larly large under high throughput conditions*”. The
molten steel flow from the discharge holes of the two-
hole SEN to the mold width direction collides with the
solidified shell at the narrow mold faces and then
branches and forms a rising flow and a descending flow.
However, if an unbalanced flow occurs in the mold
width direction, violent bath level undulations will occur
in the meniscus area at the narrow mold faces in the
region where the flow velocity of the rising flow turned
from the collision area at the narrow face, and the
increase in bath level fluctuations at the meniscus will
cause entrainment of mold flux®. Moreover, inclusions
which are carried to the bottom of the mold by the
descending flow at the collision area at the narrow mold
face are entrained toward the bottom of the mold,
trapped on the solidified shell inside the strand, and
become defects”. In the operational aspect, when a large
unbalanced flow occurs in the mold, it is also thought
that breakout occurs as a result of re-dissolution of the
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solidified shell in the collision area at the narrow mold
face on the side with the larger discharge flow veloc-
ity'®. Considering these problems, reduction of molten
steel momentum and suppression of unbalanced flows of
molten steel in the casting mold are critical issues for
satisfying both high productivity and high quality. Previ-
ous research has examined various techniques for reduc-
ing molten steel momentum and suppressing unbalanced
flows in the mold by the geometry of the SEN, electro-
magnetic stirring in the mold, and application of electro-
magnetic brakes to the area of the SEN!''"13. However,
the details of the effect of the electromagnetic brake in
reducing molten steel momentum in the mold, the corre-
lation between the degree of unbalanced flow in the
mold and the actual distribution of entrapped defects in
slabs, and the influence of electromagnetic flow braking
on unbalanced flows was not understood. In this report,
the molten steel momentum and distribution of defects
were measured in slabs cast by a continuous slab caster
equipped with electromagnetic brakes with two stages at
the upper and lower sections of the mold, and the effect
of the electromagnetic brakes in reducing molten steel
momentum and unbalanced flows, and the correlation
between an unbalanced flow condition in the mold and
the defect entrapment position in the mold were evalu-
ated. The results of this research are described in the fol-
lowing.

2. Experimental Method

In this test, casting was performed with a continuous
caster? equipped with the FC (Flow Control) Mold,
which makes it possible to apply electromagnetic brakes
in the mold with coils positioned at the upper and lower
sections of the mold. The test was performed under the
conditions in Table 1, which shows the casting speed,
mold (slab) width and thickness, magnetic flux density
of the FC Mold, and the chemical composition of the
molten steel'¥. In order to evaluate the molten steel
momentum reduction effect of the electromagnetic brake
in the mold, the inclination of primary dendrites (angle
of dendrites) in the direction perpendicular to the slab
surface layer was measured, and molten steel flow
velocity was calculated by Eq. (1)'>. The solidification
constant (2.58 x 1073 m/s"?) was calculated by Eq. (2)
from the solidified shell thickness obtained from the dis-
tribution of the sulfur (S) concentration in the slab after
casting when an iron-sulfur alloy was added in the mold
during actual casting. The solidification rate in Eq. (1)
was obtained from the change over time in the solidified
shell thickness shown by Eq. (3). In the investigation of
the molten steel flow velocity, in order to measure the
rising flow velocity after collision with the narrow mold
faces, samples were cut from the narrow face side, pol-
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Table 1 Chemical composition of molten steel and casting

conditions'
Slab width [mm] 1600—1700
Slab thickness [mm] 260

Casting speed [m/min] 1.2-1.7

Throughput [t/min] 3.7-5.3
Index of magnetic flux density (T) 0.04-0.30

C Si Mn P Al
0.0015— 0.01- 0.15— 0.015— 0.025—

0.0018 0.02 0.16 0.020 0.031

[mass%]

ished, and etched with picric acid, after which the angle
of dendrites was measured with a microscope at inter-
vals of 1 mm.
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where, D: thickness of solidified shell [m], K: solidifica-
tion constant [m/s'?], ¢: time [s], Z: distance from menis-
cus [m], V_: casting velocity [m/s], 8: angle of dendrites
[degree], C,: carbon concentration [mass%], Vy: flow
velocity of molten steel [m/s], and V: solidification rate
[m/s].

For evaluation of the influence of the unbalanced
flow in the mold on the distribution of defects, the dis-
tribution of defects in the slab was measured by the
ultrasonic defect detection method.

3. Numerical Simulation Method

A numerical simulation was performed in order to
consider the effect of the electromagnetic brakes on the
flow velocity of molten steel in the mold'®. The general-
purpose fluid analysis program Fluent'” was used in the
analysis, and a standard k-¢ model'® was used as the
turbulence model. The mass conservation equation,
momentum conservation equation (Navier-Stokes equa-
tion), energy conservation law, and enthalpy, which are
included in Fluent, are shown in Egs. (4)-(7), respec-
tively.

5(0\:)+V'(p;;)=—Vp+V~(,uV;) ................. 4)
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where, v: velocity [m/s], p: density of molten steel
[kg/m3], p: pressure [Pa], u: viscosity coefficient of mol-
ten steel [0.0057 Pa-s]'?, H: enthalpy [J], k: thermal
conductivity [34 W-m/K]??, T: temperature [K], S:
source term, /¢ reference enthalpy [J], C,: specific heat
at constant pressure [753 J-K/kg]?", T, reference tem-
perature [K], and f; : liquid phase ratio.

For evaluation of the effect of the electromagnetic
brakes, an external magnetic field B of a static magnetic
field was set, and calculations were performed by using
Egs. (8) and (9).

J=0(E+V+B)=—V><B .............................. (8)
ai+(;,v)§zivz§+(§.v); ................... 9)
ot ou

where, J: current density [A/m?], E: electric field [V/m],
B: magnetic flux density [T], o: electrical conductivity
[7.14 x 10° S/m] 2», and u: magnetic permeability
[1.26 x 10°H/m] 2.

4. Experimental Results and Discussion

4.1 Effect of Electromagnetic Brakes
on Molten Steel Momentum

Figure 1 shows the influence of the magnetic flux
density of the electromagnetic brake on the molten steel
momentum in the mold'¥.

In this figure, the y-axis shows the ratio of the mea-
sured momentum calculated from the angle of dendrites
or the momentum obtained by numerical simulation,
divided by the momentum in the case of no influence of
the magnetic field, which was proposed by Imamura et
al?¥. as expressed by Eqgs. (10)-(14).

Va=yy/ (1=E)(1-&) v 28[A(hap + 1) + B+ 1] -+ (10)
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Fig. 1 Relationship between magnetic flux density and ratio
of measured or calculated molten steel momentum
in mold to momentum calculated by eq.(14)"
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where, V4 discharge flow rate from SEN [m/s], y: ratio
of maximum discharge flow velocity and average flow
velocity of SEN, g: acceleration of gravity [m/s?], Ap:
bath depth of tundish [m], /;: upper nozzle length [m],
l,: lower nozzle length [m], /;: distance between lower
nozzle and bath surface in SEN [m], ¢: discharge coeffi-
cient in free fall flow in SEN, ¢: throughput [t/min], a:
cross sectional area of flow falling in SEN [m?], B’:
internal cross sectional area of SEN [m?], ¢: discharge
angle of SEN [degree], V,: collision velocity on narrow
mold face [m/s], X: average distance from discharge out-
let of SEN to wall surface of mold [m], and d: diameter
of SEN discharge outlet [m].

When the magnetic flux density is small, the momen-
tum calculated by Eq. (14) with no influence of the mag-
netic field is close to the value of measured momentum.
In contrast, when the magnetic flux density is increased,
causing a large eclectromagnetic brake action, it was
found that the measured momentum becomes small, and
the momentum of the molten steel can be reduced by a
maximum of approximately one-half in comparison with
the case in which the electromagnetic brake is not
applied. Looking at the ratio of the momentum obtained
by numerical simulation to the momentum given by Eq.
(14), with the throughputs of both 4.7 t/min and 5.3 t/
min, there were deviations when the magnetic flux den-
sity was small, but good agreement was found between
the values given by Eq. (14) and the measured values.
Moreover, the Stuart number N, which is an index giv-
ing the influence of a magnetic field, is given by the
ratio of an external force term and an inertial force term,
as shown in Eq. (15)*.
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Fig. 2 Relationship between Stuart number N and ratio of
measured or calculated molten steel momentum in
mold to momentum calculated by eq.(14)"
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where, L: representative length [m].

Figure 2 shows the relationship between the Stuart
number N and the ratio of the measured value or numeri-
cal simulation value of momentum to the momentum
given by Eq. (14)'. It can be understood that there is a
correlation between the Stuart number N and the ratio of
the measured or calculated momentum to the momentum
given by Eq. (14), and the momentum reduction effect
by the electromagnetic brakes in the mold increases as
the Stuart number N becomes larger. From these results,
it is considered that the molten steel momentum in the
mold can be reduced by approximately 50% in compari-
son with the case of no electromagnetic brake if a mag-
netic flux density at which the Stuart number N is larger
than approximately 3.5 is applied, even under different
conditions of throughput and magnetic flux density.

4.2 Unbalanced Flow in Mold

Based on the results of measurements of the defect
distribution in slabs by the ultrasonic defect detection
method, the defect depth from the slab surface to the
defect was converted to the defect entrapment position
in the mold (distance from meniscus). The plotted
results are shown in Fig. 3'4.

The casting-direction position in the mold was con-
verted from the defect depth position in the cast slab to
the distance from the meniscus by using Eq. (16).

7=, (D) ................................................... (16)

Comparing the cases of throughputs of 4.2 t/min and
4.6 t/min under a constant magnetic flux density of the
electromagnetic brakes in the mold, the defect entrap-
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Fig. 3 Position of surface defects in investigation of cast
slab™

ment position in the mold differs greatly, and in the case
of throughput of 4.6 t/min, the distribution of defect
entrapment in the mold is unbalanced in the width direc-
tion. From the fact that the defect entrapment position
differs greatly depending on these different throughputs,
it is thought that the flow condition in the mold also dif-
fers. In order to evaluate the unbalanced flow in the
width direction, in this research, the mold width direc-
tion was divided into two parts (left and right in mold),
and the defect distribution and molten steel flow were
evaluated. For a quantitative evaluation of the degree of
uneven widthwise distribution of defects entrapped on
the solidified shell, the difference in the numerical den-
sity of the defects entrapped in the left and right width
mold directions was defined as the degree of uneven
distribution of defects, as shown in Egs. (17) and (18).

where, 4: degree of uneven distribution of defects [%],
N,: numerical density of all defects [defects/m?], Ng:
numerical density of defects entrapped at right side of
mold [defects/m?], and N, : numerical density of defects
entrapped at left side of mold [defects/m?].

As the number of defects, the measured results
obtained by the ultrasonic defect detection method were
used. Figure 4 shows the relationship between the dif-
ference of momentum of the molten steel at the left and
right sides of the mold and the degree of uneven distri-
bution of defects (within 200 mm from the meniscus)'?.
As the difference of the momentum of the molten steel
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Fig. 4 Relationship between difference of momentum of
rising flow at left and right mold narrow sides and
degree of unbalanced distribution of defects'

in the mold became larger, the degree of uneven distri-
bution of defects also increased, and the distribution of
defects in the mold was influenced greatly by the
momentum of the molten steel. Thus, in suppressing the
degree of uneven distribution of defects in the mold,
reducing the molten steel momentum in the mold is
important, and reducing the molten steel momentum by
applying an appropriate electromagnetic braking force
corresponding to throughput, which can be arranged by
the Stuart numberN, is considered to be effective.

5. Example of Numerical Simulation
in Continuous Casting Process

This chapter presents an example of a numerical
simulation which was used in a study of optimization of

, 1™

Shell thickness 2.5 mm
Distance from top surface 63 mm

Shell thickness 3.5 mm
Distance from top surface 92 mm

Shell thickness 4.5 mm
Distance from top surface 127 mm

Number density

magnetic density 0.1 T magnetic density 0.2 T

center plane

interface
between solid
and liquid
(fs0.2)

calculated based
on model
experiment

Fig. 5 Calculated results of entrapped bubble concentration'®

the casting conditions in a continuous casting process.
Figure 5'9 shows an example of a calculation of the dis-
tribution of entrapped bubbles with diameters of 0.5 mm
in the center of thickness and at the liquid-solid interface
(solidification interface, solid phase ratio f;=0.2). The
upper part of the figure shows the bubble distribution in
the center of thickness, and the lower part shows the
bubble entrapment ratio at the solidification interface.
Here, the calculated entrapment ratio was normalized by
the concentration of injected bubbles.

The left and right sides of the figure show the results
when the magnetic flux density of the FC Mold was 0.1
T and 0.2 T, respectively. When the intensity of the mag-
netic flux density of the FC Mold is large (field inten-
sity: 0.2 T), flotation of bubbles mixed in the jet stream
of the nozzle is accelerated. This is thought to be
because the nozzle jet stream, which is determined by
the flow velocity of the molten steel from the nozzle dis-
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Fig. 6 Comparison between calculated and measured bubble concentration'®
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charge outlet and the buoyancy of the bubbles, is braked
by the electromagnetic brakes, and as a result, the buoy-
ancy of the bubbles accelerates a rising flow and the jet
stream is distorted in the upward direction. Figure 6'¢
shows the measured value of the bubble and inclusion
distribution in the width direction (left side of figure),
and their calculated values based on a model experiment
(right side).

From the top row, the results correspond to depths
from the slab surface of 2.5 mm (estimated to be 63 mm
from the top surface of the molten steel), 3.5 mm (same,
92 mm) and 4.5 mm (127 mm). Here, as in Fig. 5, the
calculated entrapment rate is normalized by the number
of injected bubbles. Good agreement could be confirmed
between the measured values and the values calculated
based on the model experiment, as the bubble distribu-
tion was large near the narrow face of the mold, and the
density of bubbles and inclusions decreased with
increasing depth from the slab surface in both the mea-
sured results and the calculated results.

6. Conclusion

In this report, the effects of the electromagnetic
brakes in reducing the momentum of molten steel in the
continuous casting mold and suppressing unbalanced
flows of molten steel were evaluated. The following
knowledge was obtained.

(1) In the study of the effect of the electromagnetic
brakes in the mold on reduction of molten steel
momentum, the numerical simulation results were
consistent with measured values. In addition, it is
possible to arrange the effect of the electromagnetic
brakes in reducing momentum by the Stuart number
N, which is the ratio of an external force term and an
inertial force term, even under different throughput
and magnetic flux density conditions. It was possible
to reduce the molten steel momentum by 50% or
more by applying electromagnetic braking force so
that the Stuart number N was more than 3.5.

(2) Tt was found that the distribution of defects
entrapped on the solidified shell in the mold depends
largely on throughput and the magnetic flux density
of the electromagnetic brake, and the degree of
uneven distribution of defects in the mold displays a
correlation with the difference of momentum in the
mold. As in the case of molten steel momentum, bath
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level fluctuations at the meniscus, which influence
entrainment of mold flux, can also be arranged by
the Stuart number N, even under different throughput
and magnetic flux density conditions.

(3) Defects entrapped on the solidified shell in the mold
can be predicted by numerical simulation. Thus,
numerical simulation is useful for discovering the
appropriate electromagnetic braking force and cast-
ing conditions for achieving high slab quality in high
productivity operation.
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