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Abstract: A 3D mathematical model was developed to simulate the electromagnetic field in ®600 mm
round bloom continuous casting with final electromagnetic stirring (F-EMS), and the model was
verified using measured data for the magnetic flux density in the stirrer centre. The distribution
of electromagnetic force and the influence of current intensity and frequency were investigated.
The results show that the Joule heat generated by F-EMS is very small and its influence on secondary
cooling heat transfer in the stirring zone can be ignored. With an increase in current frequency,
the electromagnetic force density at R/2 and R/3 of the $600 mm round bloom first increases and
then decreases, reaching a maximum at 10 Hz.

Keywords: numerical simulation; round bloom; continuous casting; final electromagnetic stirring;
electromagnetic field

1. Introduction

Continuous casting is a process generally used in steel production to make the molten steel
solidified into a semi-finished billet, bloom, or slab for subsequent rolling in the finishing mills.
Electromagnetic stirring (EMS) technology is widely used in the continuous casting production of steel.
This technology utilises electromagnetic induction to provide a non-contact electromagnetic force to
enhance the molten steel flow, heat transfer, and mass transfer and to promote columnar to equiaxed
transition, thereby rectifying internal defects such as central segregation and shrinkage cavities [1].
According to different installation positions, three types of EMS exist in continuous casting steel. One is
situated at the caster mould, referred to as mould electromagnetic stirring (M-EMS); another is situated
along the strand in the secondary cooling zone, called a strand electromagnetic stirring (S-EMS);
the last one is situated near the solidification end of the strand, known as final electromagnetic stirring
(F-EMS) [2]. M-EMS is used in almost all billet/bloom casters. However, for high-carbon steel or
large-section strands, the use of M-EMS cannot completely improve the internal quality of the strand,
and F-EMS is generally required [3], which can more effectively improve the central porosity and
V-shaped segregation of the strand [4,5]. Therefore, detailed analysis of the electromagnetic field,
fluid flow, and solidification behaviour of the strand is very important for evaluating the impact of
F-EMS on various metallurgical operations in the continuous casting process, and the electromagnetic
field is the primary problem.
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In 1986, Spitzer et al. deduced the analytical formula for the 2D electromagnetic force in an
infinitely long stirring system [6]. Recently, Vynnycky [7] derived another form of analytical solution
for the same issue with Ref. [6] when the tangential magnetic flux density was employed as the
boundary condition. Trindade et al. [8], Yu et al. [9], and Liu et al. [10] studied the electromagnetic
field of M-EMS, highlighting the obvious shielding effect of mould copper on the electromagnetic
field, while that of F-EMS is different. Jiang et al. [11] and Sun et al. [3] focused mainly on fluid flow,
solidification, and mass transfer of the continuous casting strand with F-EMS and rarely discussed the
electromagnetic field. Therefore, this study aims to investigate the electromagnetic field in $600 mm
round bloom continuous casting with F-EMS by numerical simulation, as well as examining the
distribution features of the electromagnetic force and the influence of current intensity and frequency.

2. Mathematical Model

The continuous caster studied in this paper is produced by a domestic steel mill (Sunan Heavy
Industry, Suzhou, China). Figure 1 is a structural diagram of the continuously cast round bloom with
F-EMS. The origin of the coordinate is at the centre of the stirrer. The round bloom has a diameter of
600 mm and the stirrer core has a height of 300 mm.

Figure 1. Schematic illustration of final electromagnetic stirring (F-EMS) for round bloom continuous
casting. The air cylinder is not shown.

2.1. Basic Assumption

The fluid flow in a continuous casting round bloom with F-EMS can be described by Maxwell’s
equations and the Navier-Stokes equations, which are coupled by the electromagnetic force
density and the flow velocity of the molten steel. In view of the complexity of the F-EMS process,
several assumptions must be made in order to simplify the calculations.

1.  Inthe F-EMS process, the magnetic Reynolds number (about 0.1) is far less than the shielding
parameter (about 10) [10,12] and the angular frequency of the current intensity is much larger
than the angular velocity of the molten steel; thus, the influence of the molten steel flow on
the electromagnetic field is negligible [13]. Therefore, this problem can be decomposed into an
electromagnetic problem and a fluid flow problem to be solved separately. In the present paper,
only the electromagnetic field was calculated without regard to the flow field and solidification.
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2. Since the current frequency of F-EMS is generally in the range of 4 Hz to 10 Hz, which belongs to
the magnetic quasi-static field, the displacement current is ignored [8].

3. Both the outer shell and the cooling water jacket of the stirrer are approximated as an air zone for
the benefit of the calculations.

4. The curve of the strand is negligible.

2.2. Control Equations

At low current frequencies, the time-varying electromagnetic field is assumed to be a magnetic
quasi-static field, and Maxwell’s equations can be simplified as follows [8]:

V-B=0 1)
V X B = pirpo] ()
9B
VxE=—% 3)
J=0E 4)

where B is the magnetic flux density, J is the induced current density in the strand, y is the vacuum
permeability, i, is the relative permeability, E is the electric field intensity, o is the electrical conductivity,
and ¢ is the time.
The electromagnetic force density at each element is calculated by harmonic analysis using
Equation (5) [8]:
Fiime =] X B ®)

The expression for the Joule heat power density generated by the induced current is calculated
from Equation (6) [14]:
Pime = |]|2/‘7 (6)

The time in Equations (5) and (6) refers to the real and imaginary parts of the variable at 0° and
90°, respectively.

Since F-EMS uses a sinusoidal current to generate a harmonic electromagnetic field, the magnetic
flux density, electromagnetic force density and Joule heat power density change with time. However,
at low current frequencies, both the shielding parameter and the interaction parameter are small, and it
is feasible to use the time-averaged electromagnetic force density and Joule heat power density [15].
Hence, the time-averaged values of the two variables are calculated from Equations (7) and (8) in the
post-processing to investigate the distribution characteristics [8]:

Fen = (Fo + Foo)/2 (7)

Pave:(P0+P9O)/2 (8)

Because the time-averaged value of the magnetic flux density is 0, the time-averaged value of its
modulus is transiently calculated by using Equation (9):

to+1/f
Bmag = f / |B|dt )

fo

where f is the current frequency.
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2.3. Boundary Conditions

An air cylinder with a radius of 0.9 m and a height of 2.2 m was established around the whole
stirring system to calculate the electromagnetic field. The tangential magnetic condition (d®/dn) =0
was applied at the outer surface of the air cylinder, where & is the reduced scalar potential and # is
the normal unit vector to the surface [8,10]. The three-phase coil excitation was applied with source
current intensity (I) and frequency.

2.4. Physical Properties

Before the ®600 mm round bloom is completely solidified, its temperature is above 1173 K [16],
which is greater than the Curie point of the steel (about 1023 K) [17]. Therefore, the strand is a
paramagnetic material. In the calculation, it is considered that both the strand and the iron core of the
stirrer are isotropic materials and that their relative permeability is constant. The relevant physical
properties are as follows: the vacuum permeability is 1.257 x 107° H-m ™!, the relative permeability of
the strand and air is 1.0, the relative permeability of the iron core is 1000, and the electrical conductivity
of the strand is 7.14 x 10° S-m~ 1.

2.5. Solution

When calculating the electromagnetic field, the length of the strand is 1.8 m. ANSYS Emag
software (ANSYS 14.0, ANSYS Inc., Canonsburg, PA, USA) was used to solve Maxwell’s equations
by the finite element method (FEM). We employed three different meshes to verify the independence
of the grid, which included 220,000, 270,000, and 350,000 elements, respectively. The comparison
between simulation results and experimental data indicated that the errors of the three meshes are
7.2%, 4.6%, and 4.0%, respectively. Hence, a mesh of 270,000 elements was selected to obtain the
mesh-independent results. The distribution of the electromagnetic field in the strand was obtained
and the time-averaged electromagnetic force density was extracted. Except for the transient analysis of
Bmag, other variables were calculated using harmonic analysis.

3. Results and Discussion

In order to validate the mathematical model of the electromagnetic field, the magnetic flux density
in the stirrer was measured along the axial direction without the strand and compared with the
numerical simulation results, as shown in Figure 2. The measurement of the magnetic flux density was
carried out in a $600 mm round bloom continuous caster at a domestic steel mill by using a portable
Gauss meter (Bell, FW5180). The calculated values agree well with the measured data, which supports
the correctness of the mathematical model and the solution method for the electromagnetic field.
Figure 2 also demonstrates that the magnetic flux density in the stirrer with the strand is significantly
lower than that without the strand, and the maximum value decreases from 55.4 mT calculated without
the strand to 51.1 mT with the strand. This is mainly due to the ‘skin effect’: the strand can shield the
electromagnetic field, resulting in a decrease in magnetic flux density.
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Figure 2. Profile of the magnetic flux density along the axial direction for I = 350 A and f = 4 Hz.
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Figure 3 shows the distribution of the magnetic flux density in both the cross-section and the
longitudinal section of the ®600 mm round bloom at 400 A and 4 Hz. The magnetic flux density in the
cross-section is roughly circularly symmetrical, and it is greatest at the edge and gradually attenuates
towards the centre, as shown in Figure 3a. In the longitudinal section, the maximum value of the
magnetic flux density appears in the middle of the stirrer and gradually weakens towards both ends,
as shown in Figure 3b.

o
©
|

Distance from the centre of the stirrer, m

-0.9 —

Figure 3. Contour plot of the magnetic flux density in the (a) cross-section and (b) longitudinal section
for | =400 A and f =4 Hz.

Figure 4 displays the distribution of the time-averaged Joule heat power density in both
the cross-section and the longitudinal section of the 600 mm round bloom at 400 A and 4 Hz.
The characteristic of the Joule heat power density distribution is very similar to that of the magnetic
flux density. It can also be seen from Figure 4a that the distribution of Joule heat power density has
a hexagonal symmetry at the edge of the strand. This is because the iron core of the stirrer has six
protruding tooth parts (see Figure 1), and the Joule heat power density at the edge of the strand near
to them is large. Through the integral calculation, it is found that the Joule heat generated by F-EMS in
the strand is 5.3 kW, and the quantity of the secondary cooling heat transfer (P) in this region is about
201 kW, which can be approximately calculated using Equation (10) [18]. Therefore, the Joule heat is
small and negligible compared with the secondary cooling heat transfer in the stirring zone.

p= sé(Tg’j - T{;) CH /1000 (10)

where ¢ is the emissivity of the steel (0.85 in the present study), J is the Stefan-Boltzmann constant
(5.67 x 1078 W-m—2.K—%), T is the surface temperature of the round bloom (about 1223 K), T is the
environmental temperature (about 373 K), C is the circumference of the round bloom, and H is the
height of the stirring zone, which is 1 m.
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Figure 4. Contour plot of the time-averaged Joule heat power density in the (a) cross-section and
(b) longitudinal section for I =400 A and f = 4 Hz.

Figure 5a demonstrates the vector distribution of the time-averaged electromagnetic force density
in the cross-section of the ®600 mm round bloom. The electromagnetic force density is generally
distributed circumferentially, thereby causing the rotation of the molten steel. It is greatest at the edge
and decreases significantly towards the centre. Figure 5b shows the contour plot of the electromagnetic
force density in the longitudinal section, which has a distribution similar to the magnetic flux density
as well.
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Figure 5. Distribution of the time-averaged electromagnetic force density in the (a) cross-section and
(b) longitudinal section for I =400 A and f =4 Hz.

Figure 6 compares the electromagnetic force density calculated by FEM with that obtained from
the analytical formula of the infinite-length stirring system deduced by Spitzer et al. [6]. Among the
three components of the electromagnetic force density, the tangential electromagnetic force density
is the largest, which is also the driving force of molten steel rotation. The tangential electromagnetic
force density calculated by FEM is greater than that calculated by the analytical formula, especially at
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the edge of the strand. However, in the effective area of F-EMS on the strand (r < R/2), the difference
between the two results is not large. In addition, the difference between the radial electromagnetic
force densities calculated by FEM and by the analytical formula is also not large. Finally, the axial
electromagnetic force density calculated by FEM is close to zero and negligible. In short, since the
electromagnetic force generated by F-EMS usually acts in a region smaller than R/2 in a round bloom,
it can be approximately calculated by the above analytical formula for the $600 mm round bloom.

12000 | —®— Tangential, by FEM-calculated
—>— Tangential, by Spitzer et al. [6]
—O— Radial, by FEM-calculated
8000 —® Radial, by Spitzer et al. [6]
—O— Axial, by FEM-calculated

-4000 -

0.00 005 010 015 020 0.25 0.30
r,m

Figure 6. Comparison of FEM-calculated electromagnetic force density with that of the analytical

solution by Spitzer et al. [6] in the middle plane of the stirrer for I =400 A and f =4 Hz.

Figure 7 illustrates the variation in the electromagnetic force density in the radial direction at
different current frequencies. It can be observed that when the frequency is small, the electromagnetic
force density has an approximately linear relationship with the radius, which is consistent with the
analytical formula [6]. However, when the frequency is greater than 8 Hz, the electromagnetic force
density is no longer linear with the radius due to the ‘skin effect’.

5000
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e 3000 |
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0.00 0.05 0.10 0.15 0.20 0.25 0.30
r, m

Figure 7. Electromagnetic force density profile as a function of radial distance at the middle plane of
the stirrer for various current frequencies and I = 200 A.

Figure 8 shows the effect of the current frequency on the magnetic flux density and induced
current density. It is found that different variations appear at different positions of the 600 mm round
bloom. At the edge of the strand ( = R), the frequency has little effect on the magnetic flux density,
while the induced current density increases significantly with increasing frequency. At r = R/2 of
the strand, an increase in frequency leads to a decrease in magnetic flux density, and the induced
current density first increases and then decreases, and the maximum value appears at 14 Hz. Since the
electromagnetic force density is the cross-product of the magnetic flux density and the induced current
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density, it can be inferred from Figure 8 that there is a peak in the electromagnetic force density as a
function of the current frequency.

50 600
w0l 4500
4400
= 30} o
S -
- 1300 <
£ R
o 20 | -
4200
10 4100
0 0

Figure 8. Effect of current frequency on the magnetic flux density and the induced current density at
the middle plane of the stirrer for I = 200 A.

Figure 9 reveals the relationship between the electromagnetic force density and the current
frequency at different radii of the ®600 mm round bloom. At the same current intensity,
the electromagnetic force density at the edge of the strand (r = R) gradually increases with increasing
frequency and remains basically constant until the frequency is greater than 16 Hz. However,
the electromagnetic force density at r = R/2 and R/3 of the strand reaches a maximum at a frequency
of 10 Hz and then gradually decreases. Since the radius of the melt core is generally less than R/2 at
the position where the strand is installed with F-EMS, the F-EMS of the 600 mm round bloom has the
highest stirring efficiency at a frequency of 10 Hz.

5000

4000 -

“c 3000 |
pd

[
W’ 2000

1000
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Figure 9. Effect of current frequency on the electromagnetic force density at different radii for I = 200 A.

Figure 10 shows the effect of current intensity on the magnetic flux density and the electromagnetic
force density. The former increases linearly with an increase in current intensity, while the latter has
a quadratic relationship with the current intensity, which is consistent with the analytical formula
deduced by Spitzer et al. [6].
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Figure 10. Effect of current intensity on the magnetic flux density and the electromagnetic force density
at the middle plane of the stirrer for f = 4 Hz.

4. Conclusions

The three-dimensional electromagnetic field in a continuous casting round bloom with F-EMS
was studied numerically, and the influence of current intensity and frequency on the electromagnetic
field was discussed. The following conclusions were obtained:

1.  The Joule heat generated by F-EMS in a continuous casting strand is very small, and its influence
on the secondary cooling heat transfer in the stirring zone can be ignored.

2. Since the electromagnetic force generated by F-EMS usually provides stirring action in a region
less than R/2 of a round bloom, it is feasible to calculate it approximately using the analytical
formula for the infinite-length stirring system.

3. With increase in current frequency, the electromagnetic force density at R/2 and R/3 of the
strand first increases and then decreases, and it reaches a maximum at 10 Hz. The results of the
calculations show that the optimal current frequency of F-EMS is 10 Hz in continuous casting of
a $600 mm round bloom.

4. The magnetic flux density increases linearly with current intensity, while the electromagnetic
force density has a quadratic relationship with current intensity.
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