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A computer program has been developed for analyzing the three-dimensional, steady conservation equa-
tions for transport phenomena in a slab continuous casting process with Electromagnetic Brake (EMBr) to
investigate the effect of EMBTr on the turbulent melt-flow, temperature fields, and macroscopic solidification
of the molten metal. The enthalpy-porosity relation was employed to suppress the velocity within a mushy
region. A revised low-Reynolds number k—¢ turbulence model was used to consider the turbulent effects.
The electromagnetic field was described by Maxwell equations. The application of EMBr to the mold region
results in the decrease of the transfer of superheat to the narrow face, the increase of temperature in free-
surface region and most part of the melt of submold region, and the higher temperature gradients near the
solidifying shell. The increasing magnetic flux density has effect mainly on the surface temperature of the
solidifying shell at the narrow face, hardly on that at the wide face. It is seen that in the presence of EMBr, a
thicker solidifying shell is obtained at the narrow face of slab.
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(EMBr); continuous casting (CC) process.

1. Introduction

Electromagnetic Brake (EMBr) is an useful tool to con-
trol and redistribute the molten metal flows in a mold re-
gion using a transverse static magnetic field applied to the
mold of continuous caster. The practical effect of EMBr on
the melt-flow phenomena is regarded as the reduction of
two major recirculating flows which are due to the melt jet
flow supplied into caster through a submerged entry nozzle
(SEN). A suppression of the recirculating flows results in
the elimination or reduction of cast defects which relates
closely to the melt-flow in the mold region, such as the en-
trapment of inclusions and mold powder, longitudinal and
transverse cracks of cast, static and dynamic waves at a
meniscus, and remelting at the narrow sides of strand,
etc.""? Thereby, the control of melt-flow in the mold region
is essential to eliminate or reduce the melt-flow-related de-
fects, and to result in an increase of the productivity of steel
in a continuous casting (CC) process.

The CC process is related with the liquid-to-solid phase-
change. Furthermore, the turbulent flow and heat transfer in
the melt affects the growth of solidifying shell. However,
most work, carried out on the CC process with an EMBr
system, has been limited to the analysis of the EMBr-ap-
plied melt flow with no consideration of solidification.
Thus, the correlation between flow pattern and solidified
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shell in the CC process has not been clearly established.>®
Although a minority of study”® considered the solidifica-
tion phenomena, the effects of EMBr on the temperature
field and solidified shell in CC process were not shown in
those works. Therefore, it may be meaningful that the in-
vestigation of the controled flow pattern by EMBr and so-
lidification is performed.

It is difficult owing to the facility scale and cost con-
sumption, to obtain the desired experimental data for an in-
dustrial scale of CC process. Thus, a majority of previous
work, mainly depending on numerical simulations, has
been done on the basis of ultimately limited conditions.”
In particular, two-dimensional analysis has been performed
to reduce the computational cost for the analysis of the cou-
pled turbulent flow and solidification. Although the as-
sumption of two-dimensional modeling can be permitted
for a round billet caster, the two-dimensional modeling of
the square billet or rectangular slab casters has some limita-
tions. Especially, for the slab caster with small aspect ratio
(thickness/width) of slab, the cooling effect in the slab-
thickness direction can not be practically taken into account
through the two-dimensional model. Therefore, for more
realistic modeling of the slab casting process, the three-di-
mensional analysis of the coupled momentum, solidifica-
tion, and induced electric field is required to be carried
out.'¥
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In the present study, a three-dimensional analysis of the
coupled turbulent flow, solidification, and induced electric
field in a slab CC process with EMBr system, is performed
using a developed computer program. And based on the
corresponding results, the velocity and temperature distrib-
utions are investigated. The suppression effects of velocity
in phase-change zone are considered depending on a poros-
ity-enthalpy relationship. The turbulent characteristics of
melt-flow in the liquid region are taken into account using a
revised version of low-Reynolds number k—¢ turbulence
model by Launder and Sharma.'®

2. Theory

In a commercial continuous caster, the melt is fed
through a submerged nozzle from tundish into a vibrating,
water-cooled mold. The jet-flow of melt is suppressed by an
electromagnetic force due to the EMBr system applied to
the mold. The melt from which sufficient heat is extracted
by the mold, forms a solidified shell, and moves down into
secondary cooling zones by water spray. This study is inter-
ested in the vertical part only of the continuous caster, com-
posed of the vertical and curved parts. A schematic dia-
gram of slab caster with EMBr system is shown in Fig.
1(a). The computational domain shown in Fig. 1(b) is cho-
sen based on the symmetry of caster shape displayed in Fig.
1(a). A circular shape of nozzle is assumed to be the rectan-
gular cross-sectional flow-area with an equivalent hydraulic
diameter.

2.1. Mathematical Model

In a commercial scale of CC process, the melt-flow fed
into the caster through a bifurcated SEN has the character-
istics of turbulent flow. Standard k—& model of turbulence is
especially applicable to the flow regions with high turbulent
Reynolds number Re,= pk?/ue and cannot be applied near
the solid walls, where the viscous effects become dominant.
Therefore, the use of either wall function approach or some
form of damping factor is essential to consider the laminar
sublayer. In the CC process, solidification profile is un-
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Schematic of a typical caster with EMBr and its computational domain. (a) Casting mold (b) Computational do-

known a priori and has to be determined as a part of solu-
tion. Thus, it is very difficult to employ the wall functions.
In this study, a revised version of low-Reynolds number k—¢&
turbulence model by Launder and Sharma,'® adopted by a
few previous studies,'*'” is used to consider the turbulent
characteristics. A treatment for the release of latent heat in
a mushy zone depends on a single-domain-based enthalpy
method. The separation approach to a total enthalpy into
the sensible enthalpy (%) and latent heat (AH) is adopted for
energy conservation equation. The following assumptions
are introduced in this study;

1. The CC process is at steady state, and the melt fed
into the caster behaves as an incompressible Newtonian
fluid.

2. The free-surface covered with mold powder and slag
is thermally insulated, and is maintained at a constant level.

3. The density and thermophysical properties for the
solid and liquid metals are invariant and equal.

4. The liquid fraction in mushy region varies linearly
with temperature variation.

5. The velocity of solid phase is equal to the casting
speed.

6. The electromagnetic characteristics of melt are uni-
form and isotropic.

Depending on the above postulations, time-averaged gov-
erning equations considered in this study take the following
form :

Continuity equation

oU,
D=0 e 1
i (1
Momentum equation
a(pU,U;) oP 0o 0 ou, 0
67‘:_7"‘7[(]#"‘%) O
x ; Ox, Ox; g ox; {
+6|:| ou,0 2 ak5+F—IJ(U—U)
Ox; Hlt ox, EF 3 P ox, ™ K, b
......................... 2)
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Energy equation
a(pUjh):iUDy +&D oh g_ 0(pU ; AH )
Ox; Ox; %Pr o, de i B Ox;

......................... 3)
Turbulent kinetic energy equation
o(pU : k o W 0ok U
ARYK) _ 0 B K e p e D )
Ox; Ox; O, Eaxj E
Dissipation rate of turbulent kinetic energy
apU . o M 0 ge O
ApU,E) _ 0 A,
Ox; Ox; o.00x;
£ & 5)
+C£1ﬁPt ?_ngfsz_FEg .............
where k2
utzcyfyp? .......................... (6a)
pe DOU,.+ ou, 0av, 6
t 'UlH axj aXi Haxj .............. (6b)
by 0k 9k 60
S22 e C
emoH Ox; Ox;
2 0’U;, 0%,
E,= HH, ’ e (6d)
p  0x;0x; Ox0x;
Foi =B B; i (6e)
k2
Re, = L (61)
ue
ﬁ,=exp(—3.4/(1+Ret/50)2), fi=1,
f=1-03exp(—Re}), C,=144, C,=1.92,
¢,=0.09, o0,=1.0, o0,=13, 0,=09....(6g)

The local latent heat AH in Eq. (3) is a function of liquid
fraction, and can be expressed as in Eq. (7):

AHy, T>T 0
AH = Ef]AHf, 7;01<T<Tn£ ................ (7)
B‘)7 T<Tsol E

where f| represents the local liquid fraction. 7 and T}, are
the solidus and liquidus temperatures, respectively. AH; is
the latent heat of fusion. The last term of right hand side in
momentum Eq. (2) is added as the damping source term
due to Darcy law for a porous media, depending on an en-
thalpy-porosity relation, to consider the velocity suppres-
sion for a mushy region.'” Here, a permeability K, can be
expressed, in the form of a function of local liquid fraction,
depending on Kozeny—Carman equation.

_ fite
! Do(l_fl)2

where D, is a constant, related to the morphology of porous
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Fig. 2. Magnetic flux density used for simulation.

media.'” The value of D, is estimated from the expression
D,=180/d?, which was employed by some previous litera-
ture.'*'¥ The value of d is of the order of 1X10~*m. The
constant D, is assumed to be 1.8X10' in this study. The
constant ¢, introduced to avoid the division by zero, is set at
0.001. Similar source terms are introduced for £ and &
equations, to force the values of £ and € in solid zone be
ZEeTo.

2.2.

During electrically conducting melt motion under static
magnetic field perpendicular to the direction of melt
stream, the braking force is induced, which acts in the op-
posite direction to the melt stream, resulting in suppression
of the melt flow. The braking force per unit volume of melt,
is calculated by Eq. (9).

Fuo=T XBooeooeeoeeeeoeeeeeen. )

Induced Braking Force

where F, represents the induced braking force, J is the in-
duced current density, and B is the magnetic flux density.
When the current density is known for an externally applied
static magnetic field, the braking force can be estimated.
The magnetic flux density distribution used in this study,
based on Ref. 5), is shown Fig. 2, assuming that the static
magnetic field has maximum value in the center of magnet-
ic field (y=0.44m, z=—0.41 m), and decreases with dis-
tance from the center. The current density is calculated by
Maxwell equations'® under the assumption that the induced
magnetic field is negligible in comparison with an external-
ly applied magnetic field.

VT =0, (10)
J=CE+TIXB) oo, (11)
E==VQ oo, (12)

where 7, represents the liquid velocity, o is the electrical
conductivity, and E is the electric field intensity. From the
above Egs. (10)—(12), The following Poisson equation of
the electrical potential ¢ is obtained:

V-(oVP)=V-O(ViXB) oo, (13)
Once ¢ is estimated by Eq. (13), the braking force is calcu-
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lated by Egs. (9) and (11).

2.3. Boundary Conditions

For the computational domain of caster shown in Fig.
1(b), boundary conditions used for this numerical simula-
tion are as follows.

Nozzle-Inlet: The values of the dependent variables,
except for the current density, are assumed to be constant at
the nozzle-inlet, and the normal gradient of current density
vanishes. The values of k and € are based on the following
semi-empirical expressions suggested by Lai et al.,'”” and
used in subsequent literature'®:
h=nh, %

n 0z

€=Ck"5/0.05D .coovrrrrrre (14a)

U=V=0, w=Ww,

in>

=0,

k=0.01W?

n >

where W, is the inlet velocity, and D is the hydraulic diam-
eter of nozzle-inlet.

Symmetry Faces: The velocity and current density
components normal to the symmetry faces are zero, and
there is no existence of the normal gradients of other de-
pendent variables. Hence :

oV ow oh 0k O¢

Ox ox Ox Ox Ox *
......................... (14b)

oUu ow oh 0k Oe

—=—=—=—=—=)V=J =0 at y=0

dy dy Oy dy Oy i
......................... (14¢)

Free-Surface: The same boundary conditions as those
used for the symmetry faces are utilized at the free-surface.
The surface tension effect is not taken into account on the

basis of the previous literature.'>!¥:
GU_GV_ah_ak_as_W_J 0
0z 0z 0z 0z Oz g at z=0
......................... (14d)
Outlet: The outlet is selected at the position of 3m

apart from the free-surface. The fully developed flow condi-
tions are considered at the outlet. All of the dependent vari-
ables and the current density have the zero axial gradients :

Moving Wall: The solidified shell, moving with casting
speed, is cooled down in sequence, by the mold and water
spray. The heat removal by the mold and water spray is
treated using the average heat transfer coefficient (y) be-
tween the solid surface and the surrounding. Hence :

W=W,, U=V=k=e=0, J.=J,=0,

Oh  0h y

=== — (A=) e, (14f)
Ox Oy K

where W, is the casting speed. K is the thermal conductivity
of the melt, A, and s, and correspond to the solid surface
and surrounding enthalpies, respectively. The values of av-
erage heat transfer coefficients chosen for this numerical
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study, are 1500 W/m?°C and 750 W/m?/°C, respectively,
for the mold and water spray cooling regions.'¥

2.4. Numerical Analysis

The governing Egs. (1)—(5) and (10) were discretized
using a control-volume-based finite difference approach.
The discretization of convective terms depended on the hy-
brid scheme, and SIMPLER algorithm of Patankar®” was
used as the numerical solution technique.

The solutions to the discretization equations with the pre-
scribed boundary conditions, are obtained iteratively em-
ploying the line-by-line TDMA solver. The following con-
vergence criteria was adopted in the present simulation:

Ri}?l

where superscripts m+1 and m represent iterative computa-
tion steps, and subscript 7 is nodal point at which the values
of dependent variables are calculated. R is residual and the
constant £ is set at 10~°. The under-relaxation factors dur-
ing computation were set to be 0.4 and 0.25 for velocity
and scalar quantities, respectively. The non-uniform grid
system of 18X27X31, based on the previous work,'¥ was
adopted in the computation. The numerical procedure can
be summarized as follows :

(1) The braking force is calculated by equations related
to electromagnetic field.

(2) Velocity and pressure are obtained by SIMPLER al-
gorithm.

(3) Temperature is predicted by energy equation.

(4) The procedures (1)—(3) are repeated until the con-
verged solutions are obtained.

Ieim+1 _le

3. Results and Discussion

The investigation of the coupled turbulent flow and solid-
ification in the upper vertical part of slab continuous caster
with EMBr system, was carried out in the present study.
The inlet velocity for casting speed of —0.015 m/s, was cal-
culated by using the mass balance between the inlet and
outlet. The superheat of melt is 26°C. The thermophysical
properties are listed in Table 1. The details for the enlarged
nozzle shape shown in Fig. 1(b) are as follows; N,=
0.0336m, N;=0.029m, Ny=0.098m, N,;=0.29m, and
N,p,=0.1m.

The rough features of the flow pattern and temperature
distribution in a slab CC process without an EMBr system
are shown in Figs. 3 and 4. Figure 3(a) represents velocity
vectors, and Fig. 3(b) shows the solidus- and liquidus lines.
As can be observed in Fig. 3(a), the jet flow of melt leaving
from nozzle-exit impinges on the narrow side of mold, and
is divided into two oppositely directed flows, resulting in
the formation of the strongly recirculating flows in the
upper and lower regions, respectively. Figure 3(b) shows
that the mushy zone forms around the vertical centrally
symmetric face parallel to the narrow face in the outlet re-
gion. This results from the thickness-directional cooling
effect in the slab CC process.

The solidus and liquidus lines at various transverse
cross-sectional planes downstream from the top free-sur-
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Table 1. Thermophysical properties and parameters used for simulation.
Parameters Values Parameters Values
Cast sizeQWX2L) 1.32m X 02m Mold length 0.70 m
e coeffcient 1500 W/m?/C Viscosity 62%10° kg/m/s
Heat transfer coefficient in ;
water spray cooling rlegic;n 750 W/m*"'C Latent heat of fusion 270 kl/kg
Thermal conductivity 31.0 W/m/'C Liquidus temperature 1454°C
Specific heat 700 J/kg/'C Solidus temperature 1400°C
Density 7000 kg/m’ Electrical conductivity 7.14X10° /Q m
—1m/s
7;1400: ] ﬁ—
i
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Fig. 3. Three-dimensional surface plot for a casting speed of
—0.015m/s and superheat of 26°C. (a) velocity vectors
(b) liquidus and solidus isotherms. o >
y 8 8
\ 8
x |
face are displayed in Fig. 4. The thin solidified shell is seen
to form along the wide and narrow faces in the upper mold. 2=-0836m  z=1527m  z=-2.006m  z=-2.754m
The shell thickness as well as the mushy zone progressively Fig. 4. Contours of solidus and liquidus temperatures at various

increase during moving downstream, as more heat is ex-
tracted through the solidified shell by the water-cooled
mold. In the corner region appear the round shapes of the
shell layer and mushy zone, owing to the higher heat-ex-
traction rate by both sides of the mold. In the narrow face
around z=—0.381 m, the shell thickness remains nearly un-
changed, and the very thin mushy region forms, because the
melt supplied into the caster impinges on this region, and
forms the flow toward the wide face of mold. The mushy
region, observed in the center region of slab cross-sectional
plane at z=—2.096m, is due to the cooling effect at the
wide face.

Although not given as a figure in this study, the good
agreements, only except for some deviation in the mushy
zone shape near the nozzle-exit, were verified from the
comparison of Figs. 3 and 4 with the previous work'® that
investigated a three-dimensional turbulent flow and solidifi-
cation for Fig 1(b), In the work'? was not given the sup-
pression approach to the velocity, kinetic energy k, and dis-
sipation rate of kinetic energy € in the mushy region, which
strongly affects the mushy shape. The deviation from the
previous work'? is considered to originate mainly from the
uncertainty of suppression approach to the melt-flow and
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transverse cross-sectional planes (x—y planes).

turbulent effect in the mushy zone.

The influences of the variation of magnetic flux density
on the flow pattern are shown in Fig. 5. It is noted that no
back flow appears at the outlet boundary for the various
magnetic flux densities. As can be seen in Fig. 5(a), in case
of no EMBr system the velocity vectors in the upper region
of caster show strong flow stream. Figure 5(b) shows that
the EMBr system causes the effectual suppression of melt-
flow, and results in the reduction of velocity in the mold re-
gion and the more uniform melt-flow below the mold as
well. However, as observed in Fig. 5(c), the excessive mag-
netic flux density causes the melt-flow in the mold region,
not being suppressed sufficiently within the primary region
of magnetic field, to flow toward the top free-surface, and to
move down along the narrow face of mold.” Therefore, it
can be known that too large EMBr-strength gives rise to the
improper flow streams in the upper caster.

The temperature fields at the vertical centrally symmetric
plane (x=L) paralleled to the wide face and at the free-sur-
face, for various magnetic flux densities, are displayed in
Figs. 6 and 7, respectively. The suppression of jet melt-flow
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Fig. 6. Temperature fields at the vertical centrally symmetric
plane paralleled to the wide face for various magnetic
flux densities.

by EMBr system causes the reduction of advective heat
transfer to the narrow face. Thereby, the superheat is not re-
moved sufficiently at the narrow face of mold, and is trans-
ported to the free-surface and lower regions, resulting in the
increase of energy level in the overall liquid region, and the
increase in temperature gradients near the solidified shell.
And observing the isotherm lines in the lower region, the V-
shapes of isotherm lines appear by increasing the magnetic
flux density. Besides, in Figs. 6(b) and 6(c) diminishes the
mushy zone to form in the lower-left region, which can be
seen in Fig. 6(a).

From observing Fig. 7, the temperature rise at the overall
free-surface takes place with the increased magnetic flux
density. The free-surface zone should retain properly high
temperature to melt the mold powder for a stable lubrica-

675

454

7456

1456\\
7460\\

y 1458= \A9~—
© o |
~ ~
r T e
X
(@B, =00  (0)B,, =013 (¢)B,, =025

Fig. 7. Temperature fields at the free surface level for various
magnetic flux densities.
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Fig. 8.

tion during CC process. Thereby, in relation to the depen-
dence of free-surface temperature on the superheat, an in-
crease in free-surface temperature by applying EMBr sys-
tem, may help melt-superheat to be reduced, and to increase
the melting performance of mold powder, compared to that
for no EMBr system.

The effects of the EMBr on the surface temperature of
solidified shell are shown in Fig. 8. Figures 8(a) and 8(b)
show the temperature profiles along the wide and narrow
faces, respectively. As can be seen in Fig. 8, while an in-
crease in magnetic flux density causes the decrease in shell-
surface temperature at the narrow face, and hardly affects
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Fig. 9. Solidifying shell thicknesses at narrow face for various

magnetic flux densities.

the surface temperature at the wide face. The EMBTr system
leads mainly to a decrease in narrow face temperature. The
reheating effect at the wide face is larger by 40% than that
at the narrow face.

The influences of the melt-flow controlled by EMBr sys-
tem on the growth of solidifying shell are shown in Fig. 9.
Symbols represent the data calculated from the simulation,
and solid lines are curve-fitted to the corresponding values.
The shell growth scarcely appears around the distance
0.4 m downstream from the free-surface. This is due to the
fact that the impingement of the melt through a nozzle on
the narrow face limits the shell growth. In addition, it is
seen in Fig. 9 that an increase in magnetic flux density
causes the thicker solidified shell. The reason for this is
that, by increasing EMBr effect, the convective heat trans-
fer, which obstructs the shell growth, between the melt and
solidifying shell decreases, and the increased temperature
gradients near the solidifying shell increases the diffusion
heat flux to shell surface.

4. Conclusions

In the present study a three-dimensional analysis of the
coupled turbulent flow and solidification was performed in
the slab continuous casting process with EMBr system.
And based on the corresponding results, the velocity and
temperature distributions were investigated. The following
conclusions can be summarized :

(1) In case of no EMBr system, two strongly recirculat-
ing flows appear in the upper and lower regions of the cast-
er, respectively. And the mushy zone appears, due to the
cooling effect at the wide face, in the center region of slab
cross-sectional plane around the downstream caster.
However, the EMBr applied to the mold causes the effectu-
al suppression of melt-flow, and results in the reduction of
velocity in the mold region and the more uniform melt-flow
below the mold as well.

(2) The application of EMBr to the mold region results
in the decrease of the transfer of superheat to the narrow
face, the increase of temperature in the free-surface and
most liquid of submold regions, and the higher temperature
gradients near the solidifying shell.
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(3) In relation to the dependence of free-surface tem-
perature on the superheat, an increase in free-surface tem-
perature by applying EMBr system, may help melt-super-
heat to be reduced, and to increase the melting performance
of mold powder, compared to that for no EMBr system.
The V-shapes of isotherm lines appear in the lower region,
by increasing the magnetic flux density.

(4) While an increase in magnetic flux density causes a
decrease in shell-surface temperature at the narrow face,
and hardly affects the surface temperature at the wide face.
The reheating effect at the wide face is larger by 40% than
that at the narrow face.

(5) In the presence of EMBYr, there decreases the con-
vective heat transfer, which obstructs the shell growth, be-
tween the melt and solidifying shell, and the increased tem-
perature gradients near the solidifying shell increases the
diffusion heat flux to the shell surface, resulting in the
thicker solidified shell at the narrow face.
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