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Numerical simulation of the electromagnetic 
field in the secondary cooling zone of arc-
shaped slabs
by B. Yang1,2 and Y. Ren2

Synopsis
The magnetic field characteristics due to electromagnetic stirring in the secondary cooling zone 
of an extra-thick slab during continuous casting are numerically determined using Maxwell's 
equations, with particular emphasis on the distribution of magnetic induction intensity and 
electromagnetic force, as well as the influence of process parameters on the magnetic field.  
The orientation of the electromagnetic force is the same when the electromagnetic stirrers at the 
30° and 60° posistions of  the arc-shaped slab are powered in the same direction; otherwise, the 
orientation is opposite. The magnetic induction at the centre of the section of the stirrer's central 
axis at the 30° positio, as well as the current, frequency, and fitting formulae, are as follows:  
B = {0.075I.(1/A)-0.3} mT and B = {-1.75f.(1/Hz)+22} mT. The electromagnetic force and current 
fitting formula at the central point of the B-B section is F = {0.03168I2.(1/A2)-03.762I.(1/A)+326.7} 
N/m3, and the fitting formula of electromagnetic force and frequency at the centre point is divided 
into two segments. The  first takes the form of a parabola: = {-21((f-4.3).(1/Hz)2)+970} N/m3, and 
the second segment is negative linear: F = {-1.65f.(1/Hz)+51.5} N/m3.
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Introduction
Industrial experience demonstrates that the appropriate use of electromagnetic stirring in the continuous 
casting process can effectively improve the internal structure and surface quality of the slab (Trindade et al., 
2011; Kiu, 2010). Extensive research has been carried out on electromagnetic stirring (An et al., 2019; Wang 
et al., 2022; Trindade et al., 2017), and various types of electromagnetic stirring devices have been widely 
used in industry. Practical research shows (Lei et al., 2018; Sivesson, Hallen, and Widell, 1998; Javurek et al., 
2008) that electromagnetic stirring can change the growth direction of columnar crystals and even break 
them down, allowing the microstructure to be transformed into equiaxed crystals, thus achieving grain 
refinement, increasing equiaxed crystal ratio, and reducing slab centre segregation Jiang and Zhu, 2015; 
Limoges, and Beitelman, 1997; Beitelman, 1990.

During continuous casting, wide and thick slabs are prone to difficulties such as problematic pouring, 
cracking, segregation, breakout, and looseness. Because the primary shell is liquid, it is prone to bonding 
defects between the primary shell and the crystallizer wall. Therefore, understanding the molten steel flow, 
heat transmission, and slab shell expansion is critical.

The majority of numerical simulations of electromagnetic stirring in the secondary cooling zone of 
continuous casting focus on the production process of conventional slabs (260–320 mm), with few reports 
in the literature on extra-thick slabs (above 360 mm). As a result, electromagnetic stirring technology 
research and development in the secondary cooling zone of extra-thick continuous-cast is slabs in its early 
stages. Electromagnetic stirring is utilized in the secondary cooling zone of continuous cast extra-thick slab 
to control the flow, heat transfer, mass transfer, and solidification of the molten steel. Mechanism difficulties 
require further investigation. In the light of this, this study proposes cutting-edge basic research on steel 
for time engineering applications (extra-thick slabs) and includes in-depth research on the electromagnetic 
characteristics of the secondary cooling zone, based on existing work.

This work employs ANSYS CFX software (Version 11.0, ANSYS, Pittsburgh, PA, USA, 2008) (Lei et al., 
2018; Zhang et al., 2018) to perform numerical simulation on the secondary cooling zone, and focuses on 
the electromagnetic field in the extra-thick slab in detail. The changes in magnetic induction intensity and 
electromagnetic force under different current intensities and frequencies, as well as different energization 
processes, are investigated, providing vital reference for actual steel mill operation.
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Magnetic field model

Geometry and mesh model
Figure 1 depicts the slab's dimensions and mesh model. The slab 
dimensions are 360 mm (thickness) × 2050 mm (width), and the 
inner arc diameter is 10 m, the iron core diameter is 240 mm, and 
the length is 2050 mm. The electromagnetic stirring mechanisms 
are situated at 30° and 60° with respect to the slab.

Magnetic field model parameters
The construction of the electromagnetic stirrer is critical. It has a 
direct impact on the working efficiency of electromagnetic stirring 
and is even related to the question of whether molten steel can 
be stirred at all. As a result, an explanation of the structure of the 
electromagnetic stirrer is essential.

The essential simulation parameters of the magnetic field can 
be determined using mathematical modelling-- and the structural 
properties of the electromagnetic stirrer, as indicated in Table I. 

A three-phase travelling wave magnetic field is used in this 
paper. Figure 2 depicts the method of feeding current to the 
electromagnetic stirrer coil using two different power supply modes 
A and B.

Mathematical model

Assumptions
When researching magnetic field laws, it is critical to develop 
acceptable assumptions. The following assumptions can be made for 
the purpose of modelling the magnetic field in ANSYS.
➤  Molten steel is a conducting liquid that is incompressible.
➤  All the physical properties of molten steel are scalar constants.
➤  The slow flow of molten steel has little effect on the 

electromagnetic field. The wavelength of low-frequency 
electromagnetic waves at 10 Hz is extremely long (about  
30 000 km, or roughly the diameter of the Earth). Therefore, 
in everyday practical applications (such as interior 

environments, within electrical equipment, etc.), such 
electromagnetic waves can be considered quasi-static -fields 
(Yang et al., 2019).

Magnetic field governing equations
Based on the above assumptions, the governing equations of the slab 
magnetic field are (Yang et al., 2019).

[1]

[2]

[3]

[4]

The time-averaged- electromagnetic force is calculated by:

[5]

where H is the magnetic field intensity (A/m), E is the electric field 
intensity (V/m), B is the magnetic flux density (T); s is the electrical 
conductivity (S/m), D is the electric flux density (C/m), t is the time 
(s),and Re is the real part .

Boundary conditions and numerical solution
The slab area is placed within the air domain, which has a spherical 
shape and can effectively surround the magnetic field lines created 
by the coil in the air domain. The slab is grid-based on a uniform 
hexahedral mesh, the coil and iron core are grid-based on a 
nonuniform hexahedral mesh, and the air domain is grid-based on 
a nonuniform tetrahedral/hexahedral mesh. The calculating domain 
contains 390 000 elements in total according to the traditional 
calculation of the number of elements (Yang et al., 2022).

  Table  I

  Magnetic field simulation parameter
  Parameter Relative Electrical resistivity,  
 permeability (Ω.m)

  Slab 1.0 1.4 x 10-6

  Iron core. 1000 –
  Coil. 1.0 1.6 x 10-8

  Air 1.01 –
  Magnetic shielding ring 1.0 1.7 x 10-8

Figure 1—Geometric model and mesh model

Figure 2—Current supply modes to the electromagnetic stirrer coil 
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The magnetic induction intensity in the calculation domain 
is initially zero, the electromagnetic induction intensity is zero at 
infinity, the magnetic field is concentrated near the electromagnetic 
stirrer, and the phase angle difference between adjacent coils is 120°. 
Outside the air domain, the magnetic field line-parallel boundary 
condition is utilized since the magnetic field lines are closed. 

The ANSYS Emag software package solves Maxwell's equations 
to perform a harmonic calculation of the 3D distribution of the 
electromagnetic field in the calculation domain. 

Results and analysis
Figure 3 depicts views of the magnetic field geometric model to help 
clarify the problem. The A-A section represents the slab's centre 
symmetry plane in the y-axis direction; the B-B and C-C sections 
are sections of the electromagnetic stirrer's central axis at the 30° 
and 60° positions, respectively.

Magnetic field model validation
Figure 4 indicates that the simulated magnetic induction values 
correlate well with the measured values. The magnetic induction 
intensity on the centreline shows two peaks, the highest at 1.65 m 
and 41.6 mT, and the other at 0.36 m and 40.4 mT. The difference 
between the measured and simulated values at 0.62 m is 8.1 mT, 
whereas the difference between the other observed and simulated 
values is less than 3.5 mT. Because the calculation error is within the 
acceptable range, the numerical simulation results are trustworthy. 
The errors in numerical calculations and experimental values 
are primarily due to the experimental environment, numerical 
assumptions and model restrictions, experimental operating 
abilities, and calculation methods.

Magnetic flux density distribution
The difference in energization method directly determines the 
difference in magnetic field distribution. The magnetic field 
distributions of the B-B section and the C-C section are the same if 
the electrification mode of two pairs of stirring rollers is mode A or 
mode B (Figure 2); if the two pairs of stirring rollers are electrified 
in opposing ways , the distributions of the B-B and C-C section are 
opposite, as seen in Figures 5 and 6.

Figures 5 and 6 demonstrate that the maximum magnetic 
induction strength in the two sections is 20 mT, and the profile 
for each section is trimodal, with the peak at the horizontal centre 
being higher than the peaks at the left and right ends. As a result, 
the magnetic field on the strand's surface is stronger than that in the 
centre because the strand's surface is closer to the electromagnetic 
stirrer.   

Figure 7 depicts the electromagnetic force distribution in the 
B-B section and C-C sections when the linear coil of the stirring roll 
is electrified at the 30° and 60° positions of the slab. The two sets of 
electromagnetic stirrers are in mode 1. The electromagnetic force is 
axisymmetrically distributed, with each section's electromagnetic 
force obliquely pointing to the central axis, and aligned along the 
same direction from left to right, with a value of roughly 1000 N/m3.

Figure 8 shows slab distribution of electromagnetic force at 
the electromagnetic stirring device, where the electromagnetic 
stirring device is located at 30° and 60° of the slab. The 
electromagnetic forces of the B-B section and the C-C section 
are both axisymmetrically distributed, and the directions of the 
electromagnetic forces of the respective sections point obliquely. 
The central axis and orientation of the two portions are opposed, 
and the value is approximately 1000 N/m3. In general, when the Figure 3—Views of the magnetic field geometry model 

Figure 4—The measured values and numerical simulation results for the 
electromagnetic field in the second cold zone (Zhang et al., 2018)

Figure 5—Magnetic field distribution when the coils are energized in the same 
direction

Figure 6—Magnetic field distribution when the coils are energized in 
opposing directions
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amplitude of the current is the same but the method of energizing 
the coils differs, the magnitude of the electromagnetic force is the 
same but the direction is reversed.

The electromagnetic force distribution of the two pairs of 
stirring rollers when not in operation is depicted in Figure 9. The 
electromagnetic force directions are the same when the same 
energization method is employed; when opposiing energization 
methods are utilized, the electromagnetic force directions of the two 
pairs of stirring rollers are opposed. The electromagnetic force has a 
maximum value of 1000 N/m3, which will not affect the stability of 
the cast.

The influence of frequency and current on the magnetic field
Figure 10 depicts the magnetic flux density distribution along 
the centreline of the B-B section. The magnetic flix density has a 
trimodal distribution across the breadth of the slab, with the middle 
peak the highest. The magnetic flux density gradually increases 
with increasing current, but the magnetic field distribution remains 
constant. The left peak appears at 0.1 m, the centre peak at 1.0 m, 
and the right peak at 1.8 m.  

Figure 11 depicts the effect of current on the magnetic flux 
density at the centre point of the B-B section. An increase in the 
current from 150 A to 250 A causes the magnetic flux density to 
increases from 10.9 mT to 18.4 mT. In other words, for every 1 A 
increase in current, the magnetic flux density rises by 0.075 mT. 

The relationship is described by Equation [6]:
                                           

[6]

Figure 12 depicts the effect of current frequency - on the flux 
density distribution along the B-B section centreline. In contrast to 
the effect of current, the distribution curve varies with frequency. 
With increasing frequency, the two minima in the distribution shift 
to the left, with the minimum value on the right undergoing a larger 
shift.

Figure 13 depicts the effect of frequency on magnetic induction 
at the central point of the B-B section. The flux density drops from 

Figure 7—Electromagnetic force distribution when the coils are energized in 
the same direction

Figure 8—Electromagnetic force distribution when the coils are energized in 
opposing directions

Figure 9—Distribution of electromagnetic force

Figure 10—Influence of current on the magnetic flux density of the B-B 
section centreline

Figure 11—The effect of current on the magnetic flux density at the centre 
point of the B-B section
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18.5 mT to 11.5 mT as the current frequency increases from 2 Hz 
to 6 Hz. That is, the flux reduces by 1.75 mT for every 1 Hz rise in 
frequency.

The relationship is given by:

[7]

Figure 14 depicts the distribution of electromagnetic force 
along the B-B section centreline. The electromagnetic force steadily 
increases as the energizing current is increased, but the distribution 
law of the electromagnetic force remains the same; the closer to the 
centre, the greater the change in magnitude of the electromagnetic 
force.

The effect of current on electromagnetic force at the central 
point of the B-B section is depicted in Figure 15. As the current 
is increased from 150 A to 250 A, the electromagnetic force at 
the centre point increases from 480 N/m3 to 1380 N/m3. The 
electromagnetic force is proportional to the square of the current:

[8]

Figures 16 and 17 depict the variation of the electromagnetic 
force at the centre line and centre point of the B-B section with 
increasing frequency=. Figure 17 shows that the electromagnetic 
force at the cross-section's centre increases first and then 
diminishes. This is because the electromagnetic force is determined 
by both the induced current and the flux density. The current  
increases as the frequency increases, but the flux density drops. The 
figure shows that the electromagnetic force reaches its maximum at 
a current frequency of 4 Hz.

At the central point of the B-B section, the curve of 
electromagnetic force and frequency consists of two parts.

The first portion is a parabola (1 Hz to 5 Hz):
               [9]

Figure12—Variation of magnetic flux density on the B-B section centreline at 
different frequencies 

Figure 13—Variation of the magnetic flux density at the center point on the 
B-B section at different frequencies

Figure 14—The effect of current on the electromagnetic force along the 
centreline of the B-B section

Figure 15—The effect of current on the electromagnetic force at the centre 
point of the B-B section

Figure 16—The effect of frequency on the electromagnetic force of the 
centreline of the B-B section

Figure 17—The effect of frequency on the electromagnetic force at the centre 
point of the B-B section
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The second segment follows a linear expression (5 Hz to 7 Hz):

[10]

Conclusions
ANSYS simulations were used to model the magnetic field 
characteristics under electromagnetic stirring in the secondary 
cooling zone of a continuous caster, and the effects of changes 
in current and frequency in the magnetic flux intensity and 
electromagnetic force distribution studied. The main conclusions 
are as follows.
➤  The magnetic flux intensity in the B-B and C-C sections 

(sections of the stirrer's central axis at positions of 30° and 
60°, respectively) exhibits a trimodal distribution, with a 
large (20 mT) central peak and a smaller peak on each side. 
The electromagnetic forces in the B-B and C-C sections are 
axisymmetrically distributed, with a maximum value of  
1000 N/m3. 

➤  The direction of the electromagnetic force is the same at the 
30° and 60° positions of the arc-shaped slab when the power 
supply method is the same. When opposed energization 
methods are utilized, the electromagnetic forces generated 
have opposite polarities.

➤  As the energizing current increases, so does the magnetic 
induction. The magnetic induction at the centre point of the 
B-B section increases with increasing current frequency.

➤  The electromagnetic force increases with increasing current. 
Withincreasing frequency, the electromagnetic force at the 
centre point of the B-B section first increases, reaching a 
maximum at 4 Hz, and then declines.

➤  The relationships between magnetic flux density, current, and 
frequency at the centre of the B-B section are 

 B = {0.075I.(1/A)-0.3}mT 
 B = {-1.75f.(1/Hz)+22}mT.

➤  The electromagnetic force and current at the central point of 
the B-B section are related by:

 F = {0.03168I2.(1/A2)03.762I.(1/A)+326.7}N/m3. 
With increasing frequency the electromagnetic force at this 

point at first increases following a parabolic relationship: 
 F = {-21((f-4.3).(1/Hz)2)+970}N/m3

and then decreases in a linear fashion at frequencies above  
5 Hz:a

 F = {-1.65f.(1/Hz)+51.5}N/m3
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