ORIGINAL RESEARCH ARTICLE

Numerical Simulation of Melt Flow, Heat Transfer
and Solidification in CSP Continuous Casting Mold
With Vertical-Combined Electromagnetic Braking

LIN XU, CHRISTIAN KARCHER, and ENGANG WANG

During continuous casting, electromagnetic braking (EMBr) is a widely used technology to
improve the quality of steel product. The EMBr technology takes benefit of the generation of
Lorentz forces that are induced by the interactions of melt flow with externally applied magnetic
fields. In the present paper we propose and investigate a new type of EMBr, named
vertical-combined electromagnetic braking (VC-EMBr) in application to the Compact Strip
Production (CSP) thin slab continuous casting mold. The unique characteristic of the VC-EMBr
lies in the fact that two new pairs of vertical magnetic poles (VMPs) are located adjacent to the
mold narrow faces on the basis of Ruler-EMBr. To determine the braking effect of the VC-EMBr,
the influence of the installation position of the VMPs on the flow, heat transfer and solidification
behaviors of ultra-low carbon steel in a 1500 x 70 mm CSP funnel-type mold is numerically
solved. The fluid-flow-related phenomena of three casting cases in the CSP mold, i.e., No-EMBr,
Ruler-EMBr, and VC-EMBEr, are further investigated numerically to evaluate the metallurgical
capability of the VC-EMBr, including the quantitative evaluation of level fluctuation, heat
transfer, and shell growth at a casting speed of 4.5 m/min. The parametric study shows that for the
CSP mold with width of 1500 mm, the optimal braking effect of the VC-EMBr can be obtained
when the VMPs are located at 50 mm from the narrow face of the mold. With this adjustment, the
magnitude of the maximum surface velocity is reduced by 70 pct when compared to the case of
p1 = 0 mm. This reduction can decrease the heat loss in the upper recirculation region of the CSP
mold and promote the homogeneity of the temperature field therein. In addition, the evaluation
results show that the newly proposed VC-EMBr provides more obvious technological advantages
than the traditional Ruler-EMBr in application to the CSP mold with a bifurcated nozzle. For the
VC-EMBr, the horizontal magnetic poles (HMPs) keep the same advantage as the Ruler-EMBr in
providing a good protection against excessive downward impact of the molten steel. On the other
hand, the VMPs overcome the disadvantage that the Ruler-EMBr cannot well suppress the
upward backflow in the CSP mold. For instance, by applying a magnetic flux density of 0.3 T, the
VC-EMBr has a better capability to reduce the maximum amplitude of the level fluctuation by
83.8 pct and increase the average surface temperature of the molten steel from 1803.6 K to
1804.5 K when compared to the case of Ruler-EMBr. This variation can well prevent surface
defects related to the level fluctuation, such as slag entrapment and mold powder freezing. On this
basis, it can be seen that the industrial application of the VC-EMBr in the CSP mold can benefit
from these findings.
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RECENTLY, thin slab casting technique has been
rapidly developed and extensively adopted in metallur-
gical production due to its advantages of high efficiency,
low investment, low energy consumption, and near-net-
shape.l' ) However, in the process of thin slab contin-
uous casting, if melt flow in mold cannot be controlled
within optimal ranges for a given thin slab caster, there
are still some defects such as inclusions re-entrainment,
surface cracks, and oscillation marks.* ®! Therefore, to
improve thin slab continuous casting process, it is
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indispensable to optimize the process parameters related
to the melt flow in the mold.”! Cukierski er al'
indicated that an applied magnetic field has great
potential in improving the ability to control the melt
flow in the mold. Nevertheless, the premise is to
combine the operation parameters such as SEN (sub-
merged entry nozzle) geometry, SEN depth, mold size
and casting speed, etc. Therefore, together with the
optimized parameters, the application of electromag-
netic braking (EMBr) provides an innovative and
efficient tool for controlling the melt flow in the mold,
thus reducing the occurrence of surface defects on the
thin slab.' The principle of EMBr is the interaction
between a static magnetic field and a moving, electrically
conductive fluid, thus producing a braking force (i.e.,
Lorenz force) in the opposite direction of the melt
velocity.[”’14 However, the size, the number, the shape,
and the position of magnetic poles are crucial for the
braking efficiency of EMBr.">"!”! By that, to maintain
quality and increase production for the thin slab given
caster, it is of great significance to optimize the
configuration and electromagnetism parameters of
EMBr.

Generally, two types of EMBr configurations have
been implemented into industrial slab casters, including
Ruler-EMBr and Double-Ruler-EMBr.' 24 The
Ruler-EMBr consists of only one pair of horizontal
magnetic poles (HMPs), which are arranged below the
SEN and positioned flush with the entire wide sides of
the mold. However, the Ruler-EMBr has a serious
limitation in the application of thin slab continuous
casting. The Lorentz force produced by the Ruler-EMBr
cannot well control molten steel flow in the meniscus
region, resulting in random fluctuations in surface shape
and excessive magnitudes of surface velocity. This
drawback can increase the risk of mold flux entrainment
into the molten pool, especially for high-sFeed contin-
uous casting of thin slab.s!'** Singh er a/.** indicated
that the HMPs placed below the SEN can induce
unsteady flows in the mold. Chaudhary er al*® also
demonstrated a similar effect on transient turbulent flow
in steel continuous casting with the Ruler-EMBr. For
this reason, the Double-EMBr on the basis of the
Ruler-EMBr adds another pair of HMPs at the position
of mold top surface, with the aim to better strengthen
the stabilization of meniscus fluctuation. However, the
Lorentz force generated by the Double-EMBr can
excessively suppress the molten steel flow in the menis-
cus region, which can increase the possibility of menis-
cus freezing.”” A related study based on a large eddg/
simulation (LES) model was performed by Cho et al.,”*"
who found that the application of Double-Ruler-EMBr
in a typical commercial caster can excessively prevent
deformation of the surface profile.

In view of the deficiency of two EMBrs mentioned
above, a new type of EMBr named Vertical-Combined
Electromagnetic Braking (VC-EMBr) is proposed by the
current authors (Figure 1).*) The VC-EMBr is
designed to have two pairs of vertical magnetic poles
(VMPs) near the narrow sides of mold and one pair of
HMPs below the SEN. The HMPs are parallel to the
wide sides of mold, and their configurations are similar
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to those of the Ruler-EMBr. With the VC-EMBr, the
generated distribution of Lorentz forces contributes to
both a suppression of the impact of upward backflow on
the meniscus and a control of the molten steel flow in the
recirculation region of mold. As a result, the VC-EMBr
makes it possible to control the molten steel flow in the
mold within proper ranges.

Considering the limitation of physical modeling and
the harsh environment of continuous casting, in the
present study mathematical modeling is chosen to
quantify the effect of VC-EMBr on the thin slab
continuous casting. As an effective and convenient tool,
mathematical modeling has been widely utilized to
simulate fluid flow, heat transfer, and solidification in
continuous casting mold.®” For example, Harada
et al"™® compared the braking effect of Local-EMBr
and Ruler-EMBr on the fluid flow in the mold. Singh
et al® performed an extensive simulation study to
elaborate turbulent fluctuations in a typical commercial
caster with Double-Ruler. Vakhrushev ez al.lYl employed
an enthalpy-based mixture solidification model to study
the interaction between turbulent flow and solidified
dendritic mushy zone in a thin slab continuous casting
mold. Aboutalebi et al.®" applied a computational fluid
flow model to investigate turbulent flow, solidification,
and evolution of macroscopic segregation in a contin-
uous billet caster.

In view of the universality of mathematical modeling,
the authors utilized the numerical simulation method to
investigate three-dimensional (3-D) electromagnetic field
distribution and multiphase transport behaviors, includ-
ing the molten steel flow, heat transfer, and solidification
in the CSP thin slab continuous casting mold with the
VC-EMBr. In addition, to evaluate the metallurgical
capability of the VC-EMBr equipment, the simulation
results of multiple phenomena between the Ruler-EMBr
and VC-EMBr in the CSP mold were compared and
analyzed in this article. The layout of this article is
organized as follows. Details of the Ruler-EMBr and
VC-EMBr configurations are given in Section II. Math-
ematical formulas and casting conditions are presented
in Section III. The current study is conducted for the
following casting conditions: a SEN depth of 255 mm, a
SEN port angle of — 50 deg, a casting speed of 4.5 m/
min, and a magnetic flux density of 0.3 T. The compu-
tational model is validated in Section IV and the results
of the multiple phenomena between the Ruler-EMBr
and VC-EMBr in the CSP mold are discussed in
Section V. Finally, the output of this study is concluded
in Section VI.

II. VC-EMBR AND RULER-EMBR
CONFIGURATIONS

Figures 1 and 2 show two types of EMBr equipment,
i.e., the Ruler-EMBr and VC-EMBr, respectively. As
shown in Figure 1, the Ruler-EMBr has a pair of
HMPs, which cover the entire wide sides of CSP mold.
The HMPs with two sets of electrified coils are installed
horizontally below the SEN, with the aim to control the
molten steel flow in the lower recirculation region of
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Fig. 1-—Schematic of the Ruler-EMBr equipment installed on the CSP mold: () geometric model of the Ruler-EMBr and (b) dimensions of the

Ruler-EMBr.
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Fig. 2—Schematic of the VC-EMBr equipment installed on the CSP mold: (a) geometric model of the VC-EMBr and (b) dimensions of the

VC-EMBr.

CSP mold. Besides, the upper surface of HMPs is
positioned at 550 mm below the top surface of mold,
and the height of HMPsis 200 mm. As shown in Figure 2,
the configuration of VC-EMBr is characterized by a
U-shaped. On the basis of the Ruler-EMBr, the
VC-EMBr has additional two pairs of VMPs along the
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height direction of the CSP mold, which are connected
with the upper edge of HMPs. The VMPs are installed
vertically near the narrow sides of CSP mold, with the aim
to stabilize meniscus fluctuation and prevent mold flux
entrapment. In addition, the width and height of the
VMPs are 160 and 550 mm, respectively.
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III. MATHEMATIC FORMULATION AND COM-
PUTATIONAL CONDITIONS

A. Basic Assumptions

During thin slab continuous casting, the metallurgical
process of molten steel flow, heat transfer and solidifi-
cation in the mold is extremely complicated. In order to
facilitate the establishment of a 3-D multi-physical field
coupling mathematical model, the following assump-
tions are made for the steady-state solidification process
of thin slab continuous casting.

(a) The molten steel in the mold is considered as a
homogeneous incompressible Newtonian fluid with
constant thermo-physical properties.*>¥

(b) The effects of phase transformation, solidification
shrinkage, and crystal morphology at solidification
front on the molten steel flow in the mold are not
considered™.

(c) The effect of oscﬂlatlon and negative taper of the
mold is ignored®>

(d) The electromagnetlc characteristics of molten steel
are homogeneous and isotropic®*.

B. Mathematic Models

In the current research, the Reynolds-averaged
Navier-Stokes k—e¢ turbulence model, solidification
model together with magnetohydrodynamic (MHD)
model are performed to couple calculation on the flow
field, temperature field, solidification field, and electro-
magnetic field in the CSP mold.t""**3%" 3] The related
equations of mathematical models are solved using
ANSYS® Fluent software, which is based on the finite
volume method.

(a) Continuity equation
V- (pv) =0, (1]

where p is the molten steel density (kg m—>) and v dd
vector (m s~ ).
(b) Momentum equation

Vo lpr@v)] =V [ug(Vv+ V)] = Vp+F+f
+ S, 2]

where {zeg is the effective viscosity of molten steel
(kg m™ b, J is pressure (Pa), F is Lorentz force
dens1ty (N/rn) f is thermal buoyancy force density
(N/m?), and S, is momentum source term.
(¢c) Turbulence model
The Reynolds-averaged Navier—Stokes (RANS)
k—e¢ turbulence model is one of the most extensive
turbulence models to meet the requirements in
englneerlng 431 In comparison  with  other
two-equation turbulence models, the RANS k—¢
turbulence model considers a laminar sub-layer to
calculdte turbulent levels in liquid—solid mushy re-
gion.P!: ! Based on this, to better predict the
solidification process of continuous casting slabs, the
RANS k—¢ turbulence model is employed for
describing the comprehensive metallurgical behavior
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of molten steel in the CSP mold. The governing
equations for the turbulence kinetic energy and the
turbulence dissipation rate have been prol?osed by
Launder and Sharma and write as follows:!”

V- (pvk) =V - [(;H—%)Vk} + Gy — pe + pD + S,
k
3]

V. (pve) =V - [(,u—i— )Vs}—l—CLflepk
- szzp—ps + pE + S, 4]

where y, is turbulent VlSCOSlty (kg m~' s, kis turbu-
lent kinetic energy (m” s 2), ¢ is turbulent d1551pat10n
rate (m2 s7%), S and S, are turbulence source terms in
turbulence kinetic energy equation and dissipation rate
equation, respectively. In addition, the coefficients and
other additional terms in the turbulence equations can
be found in several literatures.*7-27-31:33733

During solidification, the loss of momentum and
turbulent kinetic energy is added to the momentum
equation and turbulent equation in the form of source
terms. The expressions of source terms in the momen-
tum and turbulence equations are expressed as

Sk(e) = ((/3 f/))

Amushk(e), [5]

(1—f)°
#+9

where A.uh 1S mushy region constant, and the con-

stant ¢ = 0.001 is used to prevent division by zero.

(d) Solidification model

In the present study, an enthalpy-porous medium

method is employed to investigate the solidification
behavior of molten steel in the CSP mold. Different
from the effective heat capacity method, this method
treats the liquid—solid mushy region as a porous
zone and utilizes the energy equation to solve the
enthalgy value of nodes in computational do-
main.*>"! The energy equation is given as follows:

V. (va) =V (keffVT) -V (pﬁvAHf) -V
: [Pfs(" - vC)AHf]a

where H is the total specific enthalpy of mushy region
(kJ kg~ ) AHyis the specific latent heat of molten steel
(kJ kg™, ke is the effectlve thermal conductivity of
molten steel (W m~! K™"), 7; is liquid fraction, and f,
is solid fraction.

Here, the effective thermal conductivity ks and the
liquid fraction f; are given by the following equations.

_ Moo
keff—lirPrt Cp- (1 -£5), (8]

Sm = Amush ( vc) s [6]
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0 T<T,
fi=l—fi={T-T, '<T<T, [9]
1 T> T

where k; is laminar thermal conductivity (W m~' K™"),
Pr, is turbulent Prandtl number, 7) is liquid tempera-
ture (K), and T is solid temperature (K).
(e) MHD model
The magnetic induction method is employed to
calculate the induced current and Lorentz force,
both of which are derived from Ohm’s law and
Maxwell’s equations.®® The induced current density
J is deduced from the following equation.

J = lV x B, [10]
u
where B is the total magnetic field, which consists of
the applied magnetic field By and the induced magnetic
field . The magnetic field b is induced when the mol-
ten steel passes through the applied magnetic field B,.

(V-V)-b:%V2b+(B~V)~v—(v-V)-BO [11]

The Lorentz force as additional force in the momen-
tum equation is given I}y: Jx B 2]

C. Computational Domain and Mesh

In the simulation, the investigated object is a fun-
nel-shaped CSP mold with an enlarged opening area in
the upper region. One-half volume of the CSP mold is
considered due to the geometric symmetry. Melt flow in
the mold domain, including a bifurcated SEN (Fig-
ure 3), a continuous casting mold, and a part of the
secondary cooling zone, is calculated. The

(a)

computational domain and the mesh system of CSP
mold is shown in Figure 4. A local mesh refinement
method is used close to the mold wall and free surface.
The whole computational domain is approximately
divided into 430,000 hexahedral cells. This value is
validated through a grid independence test to guarantee
the computational accuracy. The test is carried out
through three hexahedral cells as listed in Table I. As
can be seen, the test results indicate that even the
number of hexahedral cells in the mesh AM; (430,000) is
increased to about 2.2 times, the relative error of
computed shell thickness at the mold exit is much less
than 5 pct.’" Therefore, considering the balance
between computational accuracy and cost, M; is
selected for the present computation.

D. Computational Conditions

On the premise of making the simulation results
reasonable, the computational conditions in the whole
computational domain can be classified as below.

(a) Boundary conditions

During initialization, the inlet temperature was set
as 1828 K with the superheat of 298 K, and the inlet
velocity is calculated based on casting speed. The
top surface of mold is set as a free surface with a
free-slip condition, and adiabatic boundary condi-
tion is employed in the heat transfer calculation
process. The center of mold wide face is defined as a
symmetry plane, in which velocity components
perpendicular to the symmetry plane and normal
gradients of other variables are set to zero. Walls of
the mold and the SEN are provided as electrically
insulating walls with non-slip conditions.”* The
velocity components perpendicular to all the walls
and the normal gradients of other variables are ta-
ken as zero. In addition, heat flux condition is
considered for the cooling condition of the mold
walls, and convection heat exchange is adopted as a
boundary condition of the mold walls in the sec-
ondary cooling zone.”*® The bottom of computa-

Unit: mm

255

Fig. 3—Schematic of the SEN in the CSP mold: (¢) geometric model of the SEN and (b) dimensions of the SEN.
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Fig. 4—Schematic and mesh to be based on the geometry: (a)
schematic of the CSP mold and (») mesh of the CSP mold.

Table 1. Error Statistics for Hexahedral Cells

Mesh M| Mz M3

Cell number 430,000 650,000 940,000
Ty, /mm 12.43 12.26 12.22
57‘ = |TM, — TM| |/TM| 0 1.37 pct 1.69 pct

Ty, : Computed shell thickness is positioned at the centerline on the
mold narrow face.

tional domain is set as an outlet, which is defined as
an outflow condition. The melt flow at the outlet is
assumed as a fully developed flow, and the normal
gradients of all variables are equal to zero.
(b) Pull velocity conditions

Due to the complex geometric structure of funnel
surface in the CSP mold, deformation such as
extrusion or stretching is easy to occur during
solidification. Therefore, to ensure the formed
solidified shell move smoothly along the casting
direction, the pull velocity of solidified shell in fun-
nel-sha]ped region satisfies the following relation-
shipt!"?.

— (m, — ) - my
— (n, —ng) -y’

[13]

n;
Vsurfacej = |vc|
|n,
where, Vyyrface; 15 the moving speed of solidified shell

along the j direction of funnel-curved surface, |v.| is
the casting speed, m. and n, are unit vectors: n.
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represents a vector in the direction of casting, n, repre-
sents a normal vector to the funnel-curved surface.
The calculated pull velocity on the funnel-curved sur-
face of CSP mold is shown in Figure 5, which presents
the continuously converged movement of strand shell
on the shape variation of funnel.

E. Physical Properties and Casting Conditions

The cast steel used in this model is ultra-low carbon
steel, which is widely used in engineering structures. The
physical properties of the steel and the casting condi-
tions related to the present calculation are listed in
Table II.

IV. MODEL VALIDATION
A. Electromagnetic Field Model

The electromagnetic field calculation method used in
this study has been verified by the author’s research
group on the VC-EMBr slab mold. The results of
electromagnetic field measurement and numerical sim-
ulation in the VC-EMBr slab mold are shown in
Figure 6. As can be seen, with the use of identical
geometry and parameters, the numerical results solved
by the author are in good agreement with the measured
results. In this article, the same mathematical model and
solution method are used to solve the distribution of
electromagnetic field in the VC-EMBr CSP mold.
Therefore, it can be speculated that the numerical model
adopted in this study has a reasonable accuracy.

B. Fluid Flow and Level Fluctuation Models

In our research group, physical experiments with low
melting point alloy (Pb—Sn—Bi) as the medium were used
to verify the accuracy of the molten steel flow and level
fluctuation in the slab mold.*”! The cross-sectional
dimension of the slab mold is shown in Figure 6. The
experimental and numerical results of level fluctuation
heights in the slab mold are shown in Figure 7. In the
experiment, the Froude number and Stuart number are
adopted as a similarity rule, and the scale of the
experiment to the simulation is 0.2. Based on this, the
casting conditions are performed with a SEN port angle
of —15 deg, a SEN depth of 45 mm (actual: 225 mm), a
casting speed of 0.8 m/min (actual: 1.8 m/min), and a
magnetic flux density of 0.41 T (actual: 0.3 T). Further-
more, the wave amplitude A is based on Reference [40].
As shown in Figure 7, the numerical results of wave
amplitudes in the slab mold are in good overall
agreement with the experimental results. In this study,
the same solution method is used to solve the molten
steel flow and level fluctuation in the CSP mold under
the effect of the VC-EMBr. Therefore, it can be
considered that the solution method adopted in the
current simulation research has relatively reasonable
accuracy.
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Fig. 5—Components of pull velocity on the wide face of mold: (a) X-velocity and (b) Y-velocity.

Table II. Continuous Casting Process Parameters

Casting conditions (Mold profile, SEN profile, and process parameters)

Mold size/mm 1500 x 70 Mold length/mm
Maximum thickness/mm 180 Computational domain/mm 1100
4000
Angle of nozzle port/ deg — 50 Depth of SEN/mm 255
Casting speed/(m min~") 4.5 Magnetic flux density/T 0.3
Molten steel properties
Density/(kg m™) 70200 3% Specific heat/J kg™' K~ 20
Viscosity/(kg m~!' s71) 0.0062 Solidification latent heat/kJ kg™ 7212 33]
Liquidus temperature/K 1803 Thermal expansion coefficient/K ™! 0.00012%
Solidus temperature/K 176312 Magnetic permeability/H m -1 1.257 x 107°
Electric conductivity/S m™! 7.14 x 10°" Thermal conductivity/W m~! K™! 27
VC-EMBr
Dimensionless numbers Ruler-EMBr Horizontal pole Vertical pole
Reynolds number (Re = pUd/n) 103,000 103,000 103,000
Reynolds number (Re = pUL/p) 1,140,000 1,140,000 304,000
Hartmann number (Ha = BOL(a/u)l/z) 2400 2400 640
Stuart number (N = By*L/pU) 5.1 5.1 1.3

(1) Depth of SEN is the distance from the bottom of nozzle to the top surface of mold.

(2) Characteristic velocity U is the mean velocity at the inlet.

(3) Characteristic length d is the nozzle hydraulic diameter.

(4) Characteristic length L is the magnetic pole width.

(5) Imposed magnetic field By is 0.3 T.

(6) Liquidus and solidus temperatures depend on the composition of ultra-low carbon steel in thin slab casting.[”)
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Fig. 7—Level fluctuation heights in the mold: (a) experiment results of level fluctuation heights and (b) experimental and numerical results of

wave amplitudes.
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V. RESULTS AND DISCUSSION

In the current research study, three conditions in the
CSP mold are simulated, i.e., (a) No-EMBr, (b)
Ruler-EMBr, and (¢) VC-EMBr, with all other param-
eters remain the same. For the Ruler-EMBr and
VC-EMBr, the maximal magnetic flux density in the
central plane is 0.3 T. The simulation results of the level
fluctuation, multiple fields (i.e., electromagnetic field,
flow field, temperature field), and solidification, are
presented in the following sections.

A. Characteristics of Electromagnetic Field in CSP Mold
with EM Brs

Figure 8 shows the distributions of the magnetic field,
induced current, and Lorenz force in one-half of the
CSP mold region with the Ruler-EMBr. Figure 8(a)
shows that the magnetic field in the direction of the
mold height decreases to both sides of the magnetic pole
edge with the Ruler-EMBr. Figures 8(b) and (c) show
that the induced current and the Lorentz force in the
impingement region of the jet flow are greater than those
in the upper recirculation region of the mold. Such
results imply that the magnetic field generated by the
Ruler-EMBr can well act on the impingement region of
the jet flow, which in turn leads to a higher-induced
current and Lorentz force therein.

Figure 9 shows the distributions of the magnetic field,
induced current, and Lorenz force in one-half of the
CSP mold region for different VMP positions of
VC-EMBr. As can be seen, the magnetic field formed
by the VC-EMBr is mainly concentrated in three key
regions: the jet impact region, upward backflow region
and meniscus region near the narrow face of the mold.
Combined with the flow characteristics of the molten
steel in the mold, the jet flow discharged from the nozzle
exit is firstly decelerated by the horizontal magnetic field
and forms an upward stream. Then, the upward stream
flows to the SEN and is braked again by the vertical

magnetic field (see Figure 11). This indicates that the
vertical magnetic field formed by the VC-EMBr is an
important factor to control the molten steel flow in the
upward backflow region.

As shown in Figure 9(a), the variation of the position
of the VMPs is crucial for the braking efficiency of the
VC-EMBr. For the fixed position of horizontal mag-
netic poles (HMPs), with the position of the VMPs
moving from p; to p,, the attenuation of the vertical
magnetic field moving towards the SEN is obviously
weakened. This means that the braking efficiency of the
VC-EMBr on the molten steel flow in the upward
backflow region can be obviously improved. Corre-
spondingly, the surface velocity can become remarkably
stable when the position of the VMPs moves from p; to
p> (see Figure 13). However, when the position of the
VMPs continues to move toward p;, the values of the
magnetic field as well as the induced current and
Lorentz force in the upward backflow region is no
longer increased significantly. This indicates that the
braking effect of the VC-EMBr on the upward backflow
close to the top surface of the mold can be changed
slightly when the position of the VMPs moves from p, to
p3 (see Figure 11). Accordingly, there can be no signif-
icant change in the magnitude of the surface velocity
(see Figure 13). Moreover, with the application of the
VC-EMBE, it also can be found that the magnetic field
based on the HMPs can be guided to the meniscus
region through the VMPs, which leads to the slow
attenuation of the magnetic field in the upper recircu-
lation region of the mold. For instance, in the case of a
VMP position of p; = 0 mm, the maximum magnetic
flux density in the meniscus region near the narrow face
of the mold reaches 0.28 T, while the respective value
with the Ruler-EMBr is only 0.01 T. As shown in
Figures 9(b) and (c), due to the arrangement of mag-
netic poles with special structure, the induced current
and the Lorentz force produced by the VC-EMBr are far
greater than those generated by the Ruler-EMBr in the
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Fig. 8—Distributions of (a) total magnetic field, (b) induced current density, and (¢) Lorentz force in the central plane with the Ruler-EMBr.
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Fig. 9—Distributions of («) total magnetic field, (b) induced current density, and (¢) Lorentz force in the central plane with the VC-EMBr.

upper recirculation of the mold, especially in the
impinging region of the jet flow covered by the VMPs.
The results above show that in the upper recirculation
region of the CSP mold the clectromagnetic perfor-
mance of the VC-EMBr is better than that of the
Ruler-EMBr.

METALLURGICAL AND MATERIALS TRANSACTIONS B

B. Effect of VMP Positions of VC-EMBr on Melt Flow,
Heat Transfer, and Solidification in CSP Mold

During continuous casting, the position of magnetic
poles is crucial for the efficiency of the EMBr equip-
ment. Any inappropriate position of magnetic poles
causes the occurrence of surface defects related to the
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level fluctuation, such as slag entrainment, inclusions
and bubbles entrainment, and meniscus freezing, ete.?Y
Therefore, to avoid surface defects and improve braking
efficiency, it is essential to seek an appropriate position
of magnetic poles. In the present section, to obtain the
optimal braking effect of the VC-EMBr, the effect of the
variation of the VMPs on the melt flow, heat transfer,
and solidification in the CSP mold is investigated.
Figure 10 shows the schematic diagram of the
VC-EMBr with three types of VMPs positions in the
CSP mold. For the VC-EMBr, on the premise of
keeping the position of HMPs unchanged, the position
of the VMPs is defined as below: (1) p; = 0 mm
(hereinafter, p;), (2) p» = 50 mm (hereinafter, p;), and
(3) p3 = 100 mm (hereinafter, p3). Here, p is the
distance from the outer edge of the VMPs to the narrow
sides of the mold.

Figure 11 shows the distribution of the flow field in
the central plane of the CSP mold with three positions of
VMPs. As shown in Figure 11, with the position of the
VMPs moving from p; to ps3, the braking effect of the
VC-EMBr on the molten steel flow in the lower
recirculation region of the CSP mold is basically the
same due to the fixed position of HMPs. In contrast, the
braking effect on the backflow in the upper region is
apparent. In comparison with the condition of p,, due to
the variation of initial braking position, the upward
backflow is restricted to a smaller space with the
conditions of p, and p;. This restriction is conductive
to controlling the surface flow of the molten steel in the
center region of the slab.

Figure 12 shows the distribution of temperature field
in the central plane of the CSP mold with three positions
of VMPs. As shown in Figure 12, when the position of
the VMPs is located at p;, a relatively low-temperature
zone appears in the center of the upper recirculation
region of the CSP mold. However, when the position of
the VMPs moves to p,, the homogeneity of temperature
distribution in the upper region is effectively improved.
The main cause of such results is that the Lorentz force

o

generated by the VMPs located at p, can well suppress
the backflow in the upper region. Therefore, more heat
is transmitted to the central region of the backflow,
which leads to a more uniform temperature distribution.
However, when the position of the VMPs continues to
move toward p;, the homogeneity of temperature
distribution in the upper region does no longer persist.
Instead, the temperature of the molten steel adjacent to
the top surface of the mold decreases, which deteriorates
the fluidity of the slag. Based on the above analysis, it
can be concluded that the VC-EMBr applied to the CSP
mold has better performance with respect to tempera-
ture homogeneity when the VMPs are located at p».
To obtain the optimal braking effect of the
VC-EMBr, the effect of the variation of the VMPs
positions on the surface velocity of the molten steel is
further considered. Figure 13 shows the profiles of the
molten steel horizontal velocity on the free surface with
three positions of VMPs. Note that a negative value of
the surface velocity in the graph indicates a flow
direction for the molten steel toward the SEN. As
shown in Figure 13, when the position of the VMPs
moves from p; to p,, the surface velocity becomes
remarkably stable. The magnitude of the maximum
surface velocity decreases significantly from 0.20 to
0.06 m/s. However, when the position of the VMPs
continues to move toward p;, there is no significant
change in the magnitude of the surface velocity. As can
be seen, the magnitude of the maximum surface velocity
is only increased by 0.01 m/s when compared to the case
of p, = 50 mm. The reason can be obtained from
Figure 9, when the position of the VMPs moves from p,
to ps3, the value of the magnetic field in the upward
backflow region is changed slightly. This means that the
braking efficiency of the VC-EMBr on the molten steel
flow in the upward backflow region is virtually
unchanged. Therefore, the surface velocity deviation
between the cases of p, and p; is not significant.
Moreover, through the above results analysis, it can be
found that the optimal braking effect can be obtained

Vertical
pole

(a) (b) (c)

Fig. 10—Schematic diagram of three types of positions of VMP: («) p; = 0 mm; (b) p, = 50 mm; (¢) p3 = 100 mm.
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Fig. 12—Distribution of temperature field in the central plane with VC-EMBr: (a) p; = 0 mm, (b) p, = 50 mm, and (¢) p3 = 100 mm.

when the position of the VMPs is located at p,. In this
case, the generated Lorentz force can well suppress the
impact of the upward backflow on the meniscus, thus
controlling the surface flow and preventing the mold
flux entrapment.

METALLURGICAL AND MATERIALS TRANSACTIONS B

Figure 14 shows the effect of the VC-EMBTr positions
on the shell growth. The solid fraction f; of the predicted
shell thickness is set to 0.7.°7) With the position of the
VMPs moving from p; to p;, the generated braking
effect shows no evident influence on the growth trend of
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Fig. 13—Profile of surface velocity on the free surface with three
types of positions of VC-EMBr.

the solidified shell. At the mold exit along the width
direction, the maximum deviation of the shell thickness
in these three cases is only 0.38 mm, which appears at a
distance of 0.26 m from the center of the slab [Fig-
ure 14(a)]. At the mold exit along the height direction,
the shell thickness is 12.43, 12.41, and 12.40 mm, when
the position corresponding to the position of the VMPs
is located at p;, p,, and p; [Figure 14(b)]. The results
show that the variation of the VMPs positions is no
longer the main factor affecting the shell growth in the
CSP mold.

In summary, for the VC-EMBr applied to the CSP
mold, the optimal braking effect can be obtained when
the position of the VMPs are located at p,. With this
arrangement, the braking effect generated by the
VC-EMBr both suppresses the upward backflow and
improves the homogeneity of temperature distribution
in the CSP mold. For this reason, the braking effect
becomes more reasonable, as expected.
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Fig. 14—Thickness distribution of solidified shell in the CSP mold with three types of positions of EMBrs: (a) at the mold exit on the mold wide

face and (b) at the centerline on the mold narrow face.
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Based on the above analysis, to evaluate the metal-
lurgical capability of the VC-EMBr, the authors will
compare the comprehensive metallurgical behavior of
the molten steel in the CSP mold with three casting cases
in the later section of the current article, namely, the
No-EMBr, Ruler-EMBr, and VC-EMBr.

C. Characteristics of Level Fluctuation in CSP Mold
with the Application of EMBrs

In the simulation, the level fluctuation (Ah) is
obtained from the surface pressure and estimated from
the following equation.!'®

Ah = Plocal — Pmean ’ [14]
(p—pog

where pjoca 1 the pressure at the location (x, y) on the
top surface of mold (Pa), pmean 1S the mean pressure
across the entire top surface of mold (Pa), p is the steel
density (kg m ), p is the slag density (kg m ), and g
is the gravitational acceleration rate (m s °).

Figure 15 shows the 3-D profiles of the level fluctu-
ation with the three casting cases. In comparison with
the No-EMBr, a high-level fluctuation still exists in the
meniscus region with the Ruler-EMBr, while the defor-
mation of the meniscus becomes remarkably steady with
the VC-EMBr. The results show that the braking effect
of the VC-EMBr is obviously superior to that of the
Ruler-EMBr in controlling the level fluctuation due to
the existence of the strong magnetic field in the meniscus
region (Figure 9).

The quantitative analysis of the level fluctuation along
the centerline on the free surface of CSP mold with the
three casting cases is shown in Figure 16. In the graph,
the maximum amplitude of the level fluctuation is
defined as the vertical distance between the maximum
and minimum fluctuation locations. As explained pre-
viously, the molten steel flow discharged from the nozzle
side penetrates deeply into the molten pool, which is not
conducive to the floating of inclusions and bubbles. For
this reason, the HMPs of the Ruler-EMBTr are generally
placed below the SEN, with the aim to depress the
downward penetration depth of the molten steel.
Although the braking effect of the Ruler-EMBr has
great potential to suppress the lower recirculation region
flow in the mold, the acting region of HMPs cannot
effectively cover the upper recirculation region due to
the absence of the magnetic field in the meniscus region
(Figure 8). This leads to insufficient Lorentz force to
suppress the upper recirculation region flow and control
the level fluctuation in the mold. As shown in Figure 16,
the maximum amplitude of the level fluctuation with the
Ruler-EMBr increases from 6.23 to 7.9 mm compared
to that with the No-EMBr. The results show that the
braking effect of the Ruler-EMBr on the backflow in the
upper region of the CSP mold is not remarkably. In
contrast, with the VC-EMBr, due to the existence of the
strong magnetic field in the upper recirculation region
(Figure 9), the critical point located in the vicinity of the
meniscus moves down obviously. Subsequently, the
maximum amplitude of the Ilevel fluctuation is
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significantly reduced to 1.28 mm, which is beneficial to
avoid the occurrence of slag entrainment. Such results
imply that the application of the VC-EMBr in the CSP
mold both well stabilizes the surface profile and main-
tains the advantage of the Ruler-EMBr to prevent
excessive downward shocks.

D. Characteristics of Melt Flow in CSP Mold
with the Application of EM Brs

The predicted velocity vectors of the central wide
plane in the CSP mold with the three casting cases are
compared in Figure 17. Because the bifurcated SEN of
the CSP mold has the characteristics of the large side
opening and large downward diversion angle, the
molten steel pouring from the SEN penetrates deeply
into the molten pool with the absence of the EMBr
[Figure 17(a)]. Unfortunately, this flow pattern can
make it difficult for the inclusions and bubbles to float
up from the depths of the molten pool, thus affecting the
final quality of thin slab caster. In contrast, with the
application of the Ruler-EMBr, placing the HMPs
below the SEN effectively decreases the downward
penetration depth of the molten steel, which is beneficial
to promote the floating of inclusions and bubbles.
However, the acting region of HMPs cannot fully cover
the upper recirculation region in the CSP mold, espe-
cially for the meniscus region (Figure 8). As a result, the
braking effect of the Ruler-EMBr beyond the acting
region of HMPs is insufficient to depress the backflow in
the upper region of the CSP mold, which leads to the
upward stream flowing towards the meniscus at a
high-speed. The enhanced upward stream rapidly flows
back to the center of the mold and then forms a large
anticlockwise vortex therein [Figure 17(b)]. In compar-
ison, the braking effect of the VC-EMBr on the upper
recirculation region flow in the CSP mold is obvious
superior to that of the Ruler-EMBr. The reason for this
is that the VC-EMBr adds two new pairs of VMPs
adjacent to the mold narrow face on the basis of the
Ruler-EMBr (Figure 1). As a result, the impact of the
upward backflow on the narrow face of the CSP mold is
greatly suppressed. The damped upward backflow
deflects towards the SEN ports and then forms a small
anticlockwise vortex. In addition, under the action of
HMPs, the downward penetration depth of the molten
steel pouring from the nozzle side is also decreased
[Figure 17(c)].

The horizontal surface velocity along the centerline on
the free surface with the three casting cases is presented
in Figure 18. In comparison with the No-EMBr, the
HMPs of the Ruler-EMBr induce an excessive surface
velocity. The magnitude of the maximum surface
velocity increases from 0.24 to 0.27 m/s, which can
increase the risk of mold flux entrapment. In contrast,
the additional VMPs of the VC-EMBr make the molten
steel flow on the free surface more stable. The magni-
tude of the maximum surface velocity is significantly
reduced to 0.06 m/s, which contributes to reduce the
surface deformation.
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From above, for the VC-EMBr applied to the CSP
mold, the HMPs maintain the same advantage as the
Ruler-EMBr to prevent excessive downward shocks.
More importantly, the VMPs make up for the disad-
vantage of the upward backflow enhancement caused by
the Ruler-EMBr.

E. Characteristics of Heat Transfer in CSP Mold
with the Application of EM Brs

Figure 19 shows the predicted temperature fields in
the central plane of the CSP mold with the three casting
cases. With the application of the No-EMBr, most of
the heat is propagated to the depths of the molten pool,

METALLURGICAL AND MATERIALS TRANSACTIONS B

resulting in a steep temperature gradient therein [Fig-
ure 19(a)]. However, this temperature distribution pat-
tern can lead to the failure of high-temperature molten
steel to transport heat to the upper recirculation region
in a timely and effective manner. This does not support
the uniformity of temperature distribution in the CSP
mold. In comparison, the HMPs of the Ruler-EMBr
suppresses the temperature drop rate of molten steel
pouring from the SEN, thus moving up the uniform
temperature distribution in the CSP mold [Fig-
ure 19(b)]. However, the application of the VC-EMBr
makes the temperature distribution in the CSP mold
more uniform than that of the Ruler-EMBTr, especially
in the upper recirculation region [Figure 19(c)]. The
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main reason is that the VC-EMBr adds two new pairs of
VMPs on the basis of the Ruler-EMBr. As described
previously, the Lorentz force generated by the VMPs
has great potential in suppressing the upward backflow
[Figure 17(c)]. This suppression reduces the heat loss in
the upper recirculation region of the CSP mold, thus
obviously promoting the homogeneity of the tempera-
ture field therein.

Figure 20 presents the temperature distribution on the
free surface of the CSP mold with the three casting
cases. In general, the application of the EMBr effectively
improves the homogeneity of the surface temperature
distribution. Without the EMBr, a low-temperature
zone appears near the meniscus region, which is not
conducive to the uniform melting of slag [Figure 20(a)].
With the Ruler-EMBr and VC-EMBr, the range of
high-temperature zone increases obviously [Fig-
ures 20(b) and (c)]. In comparison with the Ruler-
EMBTr, however, the braking effect of the VC-EMBr is
more beneficial to obtain the uniform temperature
distribution on the free surface of the CSP mold. The
average free surface temperature with the Ruler-EMBr
is 1803.6 K, while that with the VC-EMBr is up to
1804.5 K. It can be summarized from above that the
application of the VC-EMBr in the CSP mold has great
potential in promoting the melting of mold flux.

F. Solidification Features in CSP Mold
with the Application of EM Brs

To characterize the evolution of shell growth, the
profiles of shell thickness in two representative sections
in the CSP mold are presented in Figure 21. The
variation of solidified shell thickness along the width
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Fig. 19—Distribution of temperature field of CSP mold in the central plane: (a) with No-EMBr, (b) with Ruler-EMBr, and (¢) with VC-EMBTr.
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Fig. 20—Distribution of temperature field on the free surface of CSP
mold: (a) with No-EMBr, (b) with Ruler-EMBr, and (¢) with
VC-EMBtr.

direction at the mold exit with the three casting cases is
shown in Figure 21(a). In comparison with the
No-EMBr, the solidified shell thickness in the range of
x = 0.24 ~ 0.73 m progressively increases with the
applications of Ruler-EMBr and VC-EMBr, which
contributes to the uniform growth of solidified shell in
this interval. However, the HMPs of the two EMBrs can
enhance the transverse impact of molten steel pouring
from the SEN on the central area of the mold wide face,
resulting in a slight thinning of solidified shell in this
region. A comparison of the shell thickness in this region
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Fig. 21—Thickness distribution of solidified shell in the CSP mold with different types of EMBrs: (a) at the mold exit on the mold wide face and

(b) at the centerline on the mold narrow face.

shows that the thickness difference between the
No-EMBr and EMBr are most marked at the position
of x = 0.08 m, while the maximum difference in shell
thickness at this position is only 1.31 mm. Such result
indicates that the applications of the Ruler-EMBr and
VC-EMBr in the CSP mold have no obvious effect on
the shell thickness in the central area of mold wide face.

The distribution of shell thickness along the centerline
on the narrow face of the CSP mold with the three
casting cases is shown in Figure 21(b). The variation
trend of shell thickness with the No-EMBEr is consistent
with those of the Ruler-EMBr and VC-EMBr, which is
reflected in the gradual increase of shell thickness along
the casting direction. In comparison with the No-EMBr,
the shell thickness at the mold exit along the height
direction has increased by 0.06 mm and 0.08 mm with
the Ruler-EMBr and VC-EMBr, respectively. The
results show that the applications of the two EMBrs
induce a minor variation in the shell thickness at the
center narrow face of the CSP mold.
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VI. CONCLUSIONS

In the present study, the effects of newly designed
VC-EMBr and the conventional Ruler-EMBr on the
level fluctuation, melt flow, heat transfer, and shell
growth in the CSP mold were investigated through a
coupled 3-D mathematical model. The main conclusions
can be drawn as follows.

1. In the electromagnetic field simulation, the acting
region of VC-EMBr can well cover the upper recir-
culation region of CSP mold. In the meniscus region
the maximum magnetic flux density with the
VC-EMBr reaches 0.28 T, while the respective value
with the Ruler-EMBTr is only 0.01 T.

2. For the CSP mold with the width of 1500 mm, an
optimal braking effect of the VC-EMBr can be ob-
tained when the position of the VMPs is located at
50 mm from the narrow face of the mold. This
arrangement of VC-EMBr not only significantly
suppresses the disturbances of surface flow, but also
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provides a more homogenous temperature distribu-
tion in the CSP mold.

3. With the Ruler-EMBEr, the generated electromagnetic
force cannot well control the level fluctuation and
surface flow in the CSP mold. In comparison with the
No-EMBr, the maximum amplitude of level fluctua-
tion and the maximum surface velocity value with
Ruler-EMBr increases to 7.9 mm and 0.27 m/s,
respectively.

4. With the VC-EMBr, the VMPs make up for the
disadvantage of insufficient braking effect of the
Ruler-EMBEr. In the upper recirculation region of the
CSP mold, the sufficient braking effect of the
VC-EMBr is conductive to stabilizing the surface
deformation and improving the uniformity of the
temperature distribution in the CSP mold. In com-
parison with the Ruler-EMBr, the maximum ampli-
tude of the level fluctuation with the VC-EMBr
significantly decreases to 1.28 mm, and the average
surface temperature increases to 1804.5 K.
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