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The application of magnetohydrodynamics in the continuous casting of steel enables improved control of the quality of the
strand. The most common applications are electromagnetic braking (EMBR) and electromagnetic stirring (EMS). The former
slows the flow by applying a static magnetic field and thus improves the steel flow pattern, reduces the velocity and the turbu-
lence of the flow, increases the cleanliness of the material, improves the surface quality and reduces the number of inclusions,
whereas the latter stirs the flow by applying an alternating magnetic field and thus improves the quality of the strand, reduces
the surface and subsurface defects, enhances the solidification and reduces the number of breakouts.

In this contribution EMBR in a continuous-casting process is considered. The local radial basis function collocation method
(LRBFCM) is used for the solution of coupled mass, energy, turbulent fluid flow, species and magnetic field equations. The
explicit Euler time-stepping scheme and the collocation with multiquadrics radial basis functions on the five-noded overlapping
influence domains are used to obtain the solution of the partial differential equations. The Abe-Kondoh-Nagano low Reynolds
turbulence model is used to describe the turbulent fluid flow, whereas the fractional step method is used to solve the pressure-
velocity coupling. The method has been thoroughly tested in several test cases. In the present article the influence of the
application of electromagnetic braking on the macro-segregation in the continuous-casting process for carbon steel is presented.

Keywords: LRBFCM, continuous casting of steel, turbulent flow, magnetic field, macro-segregation

Uporaba magnetohidrodinamike pri kontinuiranem ulivanju jekla omogoca izboljSano kontrolo kakovosti Zile. Najpogostejsi
aplikaciji sta elektromagnetno zaviranje (EMBR) in elektromagnetno meSanje (EMS). Prva zavira tok z uporabo statiCnega
magnetnega polja in tako izboljSa tokovni vzorec jekla, zmanjSa hitrost in turbulenco toka, poveca Cistost materiala, izboljSa
kvaliteto povrSine in zmanjsa Stevilo vklju¢kov, medtem ko druga mesa tok z uporabo izmeni¢nega magnetnega polja in tako
izboljsa kvaliteto zile, zmanj$a nepravilnosti na povr$ini in pod njo, pospesi strjevanje in zmanj$a Stevilo prodorov.

V tem prispevku je obravnavano EMBR pri kontinuiranem ulivanju jekla. Lokalna kolokacijska metoda z radialnimi baznimi
funkcijami (LRBFCM) je uporabljena za reSevanje sklopljenih enacb za maso, energijo, turbulenten tok tekocine, koncentracijo
sestavin in magnetno polje. Eksplicitna Euler-jeva ¢asovna shema in kolokacija z multikvadri¢nimi radialnimi baznimi funk-
cijami na pettockovnih prekrivajo¢ih se poddomenah sta uporabljeni za reSitev parcialnih diferencialnih enacb. Abe-Kondoh-
Naganov turbuletni model za nizka Reynolds-ova Stevila je uporabljen za opis turbulentnega toka, medtem ko je metoda delnih
korakov uporabljena za reSitev tla¢no-hitrostne sklopitve. Metoda je bila izdatno preizkuSena na vec preizkusnih primerih.
V tem ¢lanku je predstavljen vpliv elektromagnetnega zaviranja na makroizcejanje pri kontinuiranem ulivanju oglji¢nega jekla.

Kljuéne besede: LRBFCM, kontinuirano ulivanje jekla, turbulentni tok, magnetno polje, makroizcejanje

bubbles in the material can be significantly reduced. In
the present contribution, the application of an EMBR
system and its effects on velocity, temperature and

1 INTRODUCTION

In the manufacturing of steel,! which has in recent

years greatly expanded, continuous casting is one of the
most common processes in steel production.? The de-
mand for cast steel of high quality fuels the need to
further improve the casting process. One way to do that
is to introduce either a static or an alternating electro-
magnetic (EM) field. In general, EM devices in the con-
tinuous casting of steel are divided into electromagnetic
brakers (EMBR), which use a direct current to produce a
static EM field, and into electromagnetic stirrers, which
use an alternating current to produce an alternating
magnetic field. The EM force, which is a result of the
applied magnetic field in both cases, affects the velocity,
temperature and concentration fields. By adjusting the
magnetic field, the amount of defects, inclusions and air
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concentration fields are presented.

The quality of the final product depends on the
magnitudes of velocity, temperature, concentration and
magnetic fields. In the continuous-casting process the
velocity, temperature, concentration and magnetic fields
are difficult, if not impossible, to measure. The nume-
rical models are therefore applied in order to help us
better understand and further improve the process. The
problem under consideration has already been con-
sidered with several different numerical models, among
which are the Finite Volume Method (FVM),3-8 the Fini-
te Element Method (FEM),’ and some more advanced
meshless methods, like the Local Radial Basis Function
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Collocation Method (LRBFCM),'° which is used in the
present case as well. The purpose of this article is to
present the results obtained for the application of EMBR
in the CC process for carbon steel. The results are pre-
sented with and without magnetic field for the velocity,
temperature and concentration fields.

2 GOVERNING EQUATIONS

The system of governing equations that describes the
heat transfer, turbulent fluid flow, species concentration,
and magnetic field in the continuous casting of steel, is
based on the Reynolds time-averaging approach for
modeling the turbulent flow!'' and mixture continuum
formulation, first introduced by Bennon and Incropera.'?
Our model consists of six time-averaged equations:

V-v=0 (1)
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Where v is the velocity of the mixture, p = ps = py is
the density (assumed to be constant and equal in both
phases). ¢ stands for time and p for pressure. g is the
turbulent viscosity and p is the dynamic viscosity, k
represents the turbulent kinetic energy and Kj is the
permeability constant. vs, B, Bc, 8 T, Trwr, C, and Ci
represent the velocity of the solid phase, the thermal
expansion coefficient, the solute expansion coefficient,
the gravitational acceleration, the temperature, the refe-
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rence temperature, the species concentration and the
reference species concentration, respectively. jxB stands
for the Lorentz force, h for the enthalpy, and A for the
thermal conductivity. fs, fi, hs, and hp, represent the solid
volume fraction, the liquid volume fraction, the enthalpy
of the solid phase and the enthalpy of the liquid phase, v,
is the turbulent kinematic viscosity and o is the electrical
conductivity. Ds, and D, are diffusion coefficients for the
solid and liquid phases, respectively. ¢ stands for the
dissipation rate, 0y, Oc, Ok, O, Cie, f1, C2e and f; are closure
coefficients. Py, Gy, Dx., and Ey. are the shear pro-
duction of turbulent kinetic energy, the generation of
turbulence due to the buoyancy force, the source term in
the k equation and the source term in the & equation, res-
pectively. In this contribution, only the porous zone is
considered and is modelled using Darcy’s law and the
Kozeny-Carman relation. The closure relations, defined
by Abe-Kondoh-Nagano,'? are used to set the turbulence
closures. A detailed description of the closure coeffi-
cients, source terms and damping functions are given in
the paper of Sarler et al.'* The Lorentz force is defined
as:

F, = jxB (N

where j and B are the current density and the magnetic
flux density. The Maxwell’s equations are used to calcu-
late the current density:

j =0(-Vg+vxB) ()
where ¢ is the fluid’s electric potential. The assumption
of a low magnetic Reynold’s number (Ren, << 1) is
made.

2.1 Boundary and initial conditions
The governing equations for velocity, species concen-

tration and temperature in the continuous-casting process
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Figure 1: Simplified 2D model for continuous casting of steel
Slika 1: Poenostavljen 2D-model za kontiunirano ulivanje jekla
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Figure 2: Computational domain scheme
Slika 2: Shema rac¢unske domene

are strongly coupled. Although the coupling between the
magnetic field and the rest of the governing equations is
weak, it is still very important for the solution to the
problem of how the initial and boundary conditions are
chosen. In present case, five different boundaries are
chosen: inlet, free surface, wall, outlet and symmetry.
The model of the domain is presented in Figure 1, the
computational domain is depicted in Figure 2, and the
initial and boundary conditions are given in Figure 3.

3 SOLUTION PROCEDURE

The explicit Euler time stepping and LRBFCM are
used to solve the governing equations of the EMBR in
the continuous-casting process. The pressure-velocity
coupling is solved with the Fractional Step Method
(FSM).15

The first step in the solution procedure is the calcu-
lation of the initial Lorentz force (Equation (7)). The
procedure begins by solving the Poisson’s equation for
electric potential:

V’¢ = vxB )

the solution of which is then inserted into Equation (7).
The Lorentz force is inserted into the equation for the
intermediate velocity v*, which is calculated from the
momentum equation by omitting the pressure-gradient
term. The pressure is then calculated from the Poisson’s
equation by solving the pressure sparse matrix.!4 The
calculated pressure gradient is then used to correct the
intermediate velocities of the final velocity field. After
the solution of the velocity field, the equations for tur-
bulent kinetic energy and dissipation rate are solved.
This is followed by the solution of the enthalpy and
species concentration equations. The enthalpy-tempe-
rature!# constitutive relation is used to calculate the
temperature from the enthalpy. Finally, the turbulent
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viscosity, velocity, temperature, species concentration,
turbulent kinetic energy and dissipation rate are updated
and the solution is ready for the next step.

The spatial discretization is solved using LRBFCM
by constructing the approximation function 6, that is re-
presented on each of the subdomains as a linear combi-
nation of the radial basis functions (RBFs) as:

M

0(,P,,)=z WGPy,

i=l1

(10)

where M, ;a;, and pp; represent a number of shape func-
tions, an expansion coefficient, and RBF shape func-
tions, centred at points ;p,, respectively. The most
commonly used RBFs are Multiquadric RBF!®17:

WP =y 1P+’ QY

where ¢ stands for a dimensionless shape parameter,
which is in our case set to 32, and:

X—X ’ y—y ’
()= “|
: [l'ximax ) (lyimax )

is scaled by /Ximax, and ;yimax, the scaling parameters in
the subdomains in the x and y directions, respectively
(Figure 3).

A subdomain consists of the ;M — 1 nodes nearest to
the node ;p, and is formed around each of the calculation
points. In this contribution, five-nodded overlapping sub-
domains are used. A linear system of equations is
obtained by considering the collocation condition:

0 (p,) = 01’(1,7:) (13)

To construct the Partial Differential Equation (PDE)
derivatives, originating from the governing equations, the
first and the second derivatives of the function 6(p) have
to be calculated:

(12)

J M J

d
o(p)=),

axj ! i=l axj !

where the index j is used to denote the order of the
derivative and ¥ = x, y. A detailed explanation of the
solution procedure is given in.!3:19 The discretization
scheme is shown in Figure 3.

v,(p),; (14)

4 RESULTS

The numerical procedure has so far been tested on
the following benchmark test cases: lid driven cavity,
natural convection in a cavity with a magnetic field, and
a backward facing step with a transverse magnetic field
and a test case for a simplified magnetic field in the
continuous-casting process. As the results in all of the
test cases are in good agreement with the reference
results, both those calculated with the commercial code
and those obtained from the literature, the method is now
applied to the electromagnetic braking problem for the
continuous casting of steel. The results of the EMBR
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Figure 3: a) Boundary and initial conditions for velocity, pressure,
turbulent kinetic energy and dissipation rate, b) boundary and initial
conditions for temperature, magnetic field and species concentration
Slika 3: a) Robni in zacetni pogoji za hitrost, tlak, turbulentno kine-
tino energijo in hitrost disipacije, b) robni in zacetni pogoji za
temperaturo, magnetno polje in koncentracijo
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problem with continuous casting have been published in
several articles.!*2!

4.1 EM field calculations

The magnetic field for the EMBR is calculated
analytically. The EMBR device consists of two coils, as
shown in Figure 4. The magnetic fields in these coils
can either face one another or point in a parallel direc-
tion, as shown in Figures 5 and 6. The magnetic field of
both coil configurations is shown in Figures 7 and 8.
The parallel coil configuration is chosen, as this is the
default configuration for EMBR. As the coils in the
EMBR device have iron cores, the magnetic field is

Figure 4: Scheme of EMBR
Slika 4: Shema EMBR
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Figure 5: Scheme of the magnetic field for the coils facing each other
Slika 5: Shema magnetnega polja tuljav, obrnjenih druga proti drugi

Figure 6: Scheme of the magnetic fields facing in the same direction
Slika 6: Shema magnetnega polja tuljav, obrnjenih v enako smer

enhanced due to the magnetization, as shown in Figure
9.

In general, steel is ferromagnetic, and thus the pos-
sibility of the influence of magnetization needs to be
checked. The operating temperature in the strand is well
above the Curie temperature, where steel is paramag-
netic. The magnetic field in the molten steel in the strand
is therefore not further influenced by the external mag-
netic field. The temperature dependence of the perme-
ability of molten steel is shown in Figure 10.

The computational domain presents half of the
longitudinal section of the billet, which is 1.8 m long and
14 cm wide. The SEN diameter is 3.5 cm, the mold
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Figure 7: Magnetic field of coils facing each other
Slika 7: Magnetno polje tuljav, obrnjenih druga proti drugi

Materiali in tehnologije / Materials and technology 49 (2015) 6, 961-967



K. MRAMOR et al.: A MESHLESS MODEL OF ELECTROMAGNETIC BRAKING FOR THE CONTINUOUS CASTING ...

y [m]
log(B [T])

-1 -0.5 0
X [m]

0.5 1

Figure 8: Magnetic field of coils facing in the same direction
Slika 8: Magnetno polje tuljav, obrnjenih v enako smer
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Figure 9: Magnetic field of parallel coils configuration (coils facing
in the same direction) with an iron core

Slika 9: Magnetno polje paralelne postavitve tuljav (tuljave obrnjene v
enako smer) z Zeleznim jedrom
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Figure 10: Temperature dependence of permeability for steel
Slika 10: Temperaturna odvisnost permeabilnosti jekla

Materiali in tehnologije / Materials and technology 49 (2015) 6, 961-967

height is 0.8 m and the coil height is 10 cm. The mag-
netic field is calculated for a coil configuration with 11
windings in the y direction and 25 windings in the x
direction for coils placed 0.05 m away from the strand.
The coils are placed just below the mold. A direct
current with an amplitude of 50 A runs through the coils.
Normally, the material properties of steel are temperature
dependent. However, for the purpose of this simplified
model, constant values are used for each of the phases.
The values are given in Table 1.

Table 1: Material properties of steel
Tabela 1: Snovne lastnosti jekla

property value
P 7200 kg/m?
% 30 W/(m K)
p 700 J/(kg K)
Ts 1680 K
T 1760 K
i 250000 J/kg
M 0.006 Pa s
Br 1-10% 1/K
Be 41073 1/%
Ko 6.25-10° m-"!
Cref 0008
Ds 1.610-" m¥/s
Dy 1.0-10°° m%/s
g 0.59-10/(Q m)
0.0 0.045 LI o T T T T
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Figure 11: Magnetic field of parallel coils configuration with iron
core: a) contour plot, b) top: vertical cross-section of the magnetic
field at 0.07 m, 0.125 m and 0.14 m, b) bottom: horizontal cross-sec-
tions at —=0.7 m, —0.8 m, —0.85 m, —=1.0 m, —=1.4 m and —-1.8 m

Slika 11: Magnetno polje paralelne postavitve tuljav z Zeleznim
jedrom: a) konture magnetnega polja, b) zgoraj: navpicni prerez
magnetnega polja pri 0,07 m, 0,125 m in 0,14 m, b) spodaj: vodoravni
prerez magnetnega polja pri —0,7 m, -0,8 m, -0,85 m, -1,0 m, -1,4 m
in-1,8 m
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4.2 EMBR for the continuous casting of steel

First the magnetic field in the strand for a default coil
configuration with 25 windings in the x direction, 11
windings in the y direction, an electric current of 50 A,
and a span distance of 0.05 m is calculated. The results
are shown in Figure 11. The effect of this magnetic field
is then investigated for the velocity, temperature and con-
centration fields. To better present the effect of the
magnetic field the results are compared to the example
without a magnetic field, as can be seen in Figures 12 to
14.

The effect of magnetic field on temperature is shown
in Figure 12. The application of EMBR to the conti-
nuous casting of steels lowers the temperature through-
out the mold. The lowering of the temperatures is the
most apparent in the mold region.

In Figure 13 a contour plot of the velocity field is
shown together with several representative, both vertical
and horizontal, cross-sections. The calculations confirm
that the application of a magnetic field affects the velo-
city field. In the case of a parallel coil arrangement of the
EMBR, the magnetic field slows down the velocity and
diminishes the recirculation zones.

Finally, the effect of applying the EMBR to the con-
tinuous casting of steel is investigated for the con-
centration field. The results of the calculations are shown
in Figure 14, from which it can be confirmed that the
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Figure 13: a) The temperature contour plots for configuration without
(left) and with (right) magnetic field, b) top: comparison of vertical
cross-sections for temperatures with and without magnetic field at
0.07 m, 0.125 m and 0.14 m, b) bottom: comparison of horizontal
cross-sections for temperatures with and without magnetic field at 0.8
m, 0.9 mand 1.8 m

Slika 13: a) Konture temperaturnega polja za konfiguracijo z mag-
netnim poljem (levo) in brez njega (desno), b) zgoraj: primerjava
navpi¢nih prerezov temperature z magnetnim poljem in brez njega pri
0,07 m, 0,125 m in 0,14 m, b) spodaj: primerjava vodoravnih prerezov
temperature z magnetnim poljem in brez njega pri 0,8 m, 0,9 m in 1,8
m
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Figure 12: a) The velocity contour plots for configuration without
(left) and with (right) a magnetic field, b) top: comparison of vertical
cross-sections for velocities with and without magnetic field at 0.07
m, 0.125 m and 0.14 m, b) bottom: comparison of horizontal
cross-sections for velocities with and without magnetic field at 0.8 m,
09 mand 1.8 m

Slika 12: a) Konture hitrostnega polja za konfiguracijo z magnetnim
poljem (levo) in brez njega (desno), b) zgoraj: primerjava navpi¢nih
prerezov hitrosti z magnetnim poljem in brez njega pri 0,07 m, 0,125
m in 0,14 m, b) spodaj: primerjava vodoravnih prerezov hitrosti z
magnetnim poljem in brez njega pri 0,8 m, 0,9 m in 1,8 m
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Figure 14: a) The concentration contour plots for configuration
without (left) and with (right) magnetic field, b) top: comparison of
vertical cross-sections for concentration with and without magnetic
field at 0.07 m, 0.125 m and 0.14 m, b) bottom: comparison of
horizontal cross-sections for concentration with and without magnetic
field at 0.8 m, 0.9 m and 1.8 m

Slika 14: a) Konture koncentracijskega polja za konfiguracijo z
magnetnim poljem (levo) in brez njega (desno), b) zgoraj: primerjava
navpicnih prerezov koncentracije z magnetnim poljem in brez njega
pri 0,07 m, 0,125 m in 0,14 m, b) spodaj: primerjava vodoravnih
prerezov koncentracije z magnetnim poljem in brez njega pri 0,8 m,
09min 1,8 m
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magnetic field affects the concentration. In present case,
the binary mixture of carbon and iron is investigated for
the mass fraction 0.08 % of carbon. It is shown that the
magnetic field affects the pattern of the segregation in
such a way that the levels of carbon are slightly de-
creased in the outer layers of the strand and increased in
the middle of the strand.

5 CONCLUSIONS

In this paper, numerical calculations for electromag-
netic braking in the continuous casting of steel are pre-
sented. The results, calculated with LRBFCM method,
confirm that the application of a magnetic field affects
the velocity of the fluid flow, as well as the temperature
and species concentration. The present configuration of
the coils produces a magnetic field that effectively slows
down the velocity of the flow and decreases the
temperature. It also affects the pattern of segregation in
such a way that the concentration of carbon is decreased
in the middle of the strand. In the future, an alternating
magnetic field will be applied in order to calculate the
electromagnetic stirring.
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