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Electromagnetic stirring uses an electromagnetic force during the casting process. This enables contact-free
modification, control of the electromagnetic formation for liquid metal materials, and improvement of the
metallurgical quality of continuous-casting billets. In this paper, the finite difference method is used to discretize
the flow-control equation differentially for the numerical simulation of the molten metal material subjected to
electromagnetic force. Both velocity and force of the liquid flow in the molten metal material of the billet are
analyzed using an electromagnetic field. The continuity difference equation of the electromagnetic fluid motion is
derived by discretizing the governing equations of the incompressible electromagnetic fluid mechanics. A
staggered grid model is selected to mesh the flow field of the molten metal material for electromagnetic casting,
and a flow-difference calculation program is compiled. The numerical calculation is done by the program, and the
effect of different excitation-currents and frequencies on the melt-flow is discussed. The results show that the
electromagnetic field can control the flow of the molten metal material very well. Different electromagnetic
parameters have different effects on the flow of the electromagnetic fluid. Furthermore, there is an optimal
moment to suppress the flow of the liquid. Our results confirm that the electromagnetic field can control the
formation and solidification process of the molten metal material well, which provides a basis to find realistic
casting-process parameters.

Published by Y.X.Union. All rights reserved.

1. Introduction

Vertnik et al[8] used a meshless method to analyze the
three-dimensional turbulent molten steel flow and solidification
using electromagnetic stirring(EMS). The group also studied the

Recent progress in modern science and technology has quickly
increased the requirements of material properties. Electromagnetic
stirring, the use of an electromagnetic field and electromagnetic
fluid mechanics theory, has attracted the attention of
material-science researchers around the world[1-3].
Electromagnetic forming enables electromagnetic  braking,
electromagnetic heating, electromagnetic = stirring, and other
processes. The idea is to apply an electromagnetic force during the
casting process to achieve contact-free effects, control liquid-metal
forming and solidification, and eliminate physical defects such as
segregation and hot cracks in ingots. In addition, it can refine grains,
improve the solidified structure, and enhance the metallurgical
quality of a continuous-casting billet. All of these outcomes would
be difficult to achieve by other means. Hence, many scholars are
active in this relatively new research field [4-7].

Electromagnetic stirring has many applications, for example,
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effect of the EMS parameters on the calculated temperature and
velocity fields.Yang et al[9] analyzed the magnetic heat-transfer and
flow phenomenon during a continuous-casting process using mold
electromagnetic stirring. This was done using a 3-D electromagnetic
mathematical model and a flow-solidification model. Ren et al[10]
developed a 3D mathematical model to simulate the
electromagnetic field in a round continuous-casting bloom with
electromagnetic stirring (F-EMS). They also investigated the
distribution of the electromagnetic force and the effect of current
intensity and frequency. An et al. [11] used an electromagnetic
torque device to accurately determine the optimum frequency using
billet and bloom continuous casting with in-mold electromagnetic
stirring. The group also investigated the magnetic characteristics
using M-EMS. Trindade et al. [12] studied a fully coupled flow of
molten steel, heat transfer, and solidification in a round
continuous-casting billet via mold electromagnetic stirring


mailto:weiwei@hebeu.edu.cn
http://www.ijamce.com/
http://lixue.hebeu.edu.cn/
https://www.sciencedirect.com/topics/engineering/molten-steel
https://www.sciencedirect.com/topics/engineering/solidification
https://www.sciencedirect.com/topics/engineering/electromagnetic-stirring
https://www.sciencedirect.com/topics/engineering/velocity-field

J. Liang et al. / JAMCE 3 (2020) 156-163

(M-EMS). They simulated the electromagnetic stirrer and calculated
the Lorenz-force distribution using a finite-element model. Fang et
al[13] analyzed the melt flow, level fluctuation, temperature field,
and solidification properties during electromagnetic stirring in the
continuous-casting mold region of a steel bloom using ANSYS
FLUENT. Zhang et al[14] suggested experimental investigations of
the impact of a pulsed electric-current and a travelling
magnetic-field on the solidification of unalloyed aluminum for
different purity-grades via electromagnetic melt stirring. Wang et
al[15] performed a coupled three-dimensional numerical simulation
field and flow field with mold
electromagnetic stirrers to study the effects of current, frequency,

of the electromagnetic

and the nozzle insertion depth on the flow field. Poole et al[16]
developed a model to predict solidification and solute segregation of
binary alloys during electromagnetic stirring. They also investigated
the effect of final grain size and frequency on segregation. Song et
al[17] used a three-dimensional unsteady coupled mathematical
model to show that EMS can effectively suppress the central
shrinkage cavity as well as center C segregation. Yu and Li[18]
investigated the effect of an alternative low-frequency
electromagnetic field on ZK60 alloys during the solidification
process, which revealed that electromagnetic stirring can facilitate
crystallization melting and dendritic crystal breaking. Liu et al[19]
found that the distribution of magnetic flux density and
electromagnetic force magnitude are nonuniform in a
three-dimensional EMS configuration using a low-frequency
in-mold rotary electromagnetic-stirrer. Xiong et al[20] showed that
electromagnetic stirring can refine the microstructure substantially,
which leads to oxides and impurities being melted or broken away
from the surface. Chen et al[21] developed a two-dimensional
computational model that couples macroscopic heat and fluid flow
to show the dynamic evolution of transport phenomena during
electromagnetic stirring. They investigated the effect of both
intensity and frequency of the current on the magnetic induction
intensity by simulating the electromagnetic fields and flow fields
using ANSYS software [22-23]. Yoshikawa and Morita [24] used
the alternating electromagnetic field generated in an induction
furnace to segregate the primary silicon in a hypereutectic Al-Si
alloy to yield higher-purity silicon. Oh et al[25] investigated the
microstructure and cooling curves of molten alloy in billets, which
were fabricated with different electromagnetic stirring parameters.
They determined both the formation time and stirring time needed
to produce the optimum structure. Li et al[26] applied a strong
magnetic field to refine eutectic spacing and find the cause for
eutectic degradation. They made the Bi-Mn rod coarser, the rod
spacing larger, during the directional solidification of Al-Cu eutectic
alloy and the slab-shaped Bi-Mn eutectic alloy, respectively[27].

All of the above studies use electromagnetic stirring. In addition,
the metal melt motion in an electromagnetic field is an important
research subject. Both distribution and variation of the melt velocity
field have important research implications, and the theoretical
solution to this question is difficult to find. In addition, no published
studies exist, to the best of our knowledge, to analyze the flow
phenomena in electromagnetic stirring using the difference
equations of electromagnetic fluid mechanics.

In this paper, a mathematical model for the melt flow in a billet
with a DC current is developed for the metal melt that interacts with
both a time-varying electromagnetic field and the gravitational field.
Using the known initial velocity-field, the difference-calculation
method was used to analyze the velocity variation of the flow field

for the metal melt controlled by the electromagnetic field. This
approach produced some valuable information about the combined
effect of an electromagnetic field and a gravitational field on the
control of metal-melt flow.

2. Basic equations

Using the incompressible-fluid continuity equation of fluid
mechanics, and the N-S equation of an incompressible fluid with
intrinsic viscosity, in conjunction with the Ohm equation and the
Lorentz-force formula of electromagnetic theory, the governing
equation for the two-dimensional incompressible electromagnetic
fluid, treated using the artificial compressible method [28-29], can
be expressed as
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Here, a(u,v) s b(u,v) are the convection terms; v is the kinematic
viscosity; u,v are flow velocity components; p is the fluid density;
p is the pressure; Fbx, Fvy are volumetric force components per unit
volume fluid; ¢? is a free parameter that can be determined by the
stable convergence condition of the difference equation.

The convective terms of the non-conservative form can be
expressed as
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Using the staggered-grid technique[30-31], in connection with
the finite difference method, Eq. (1) can be discretized into the
following form:
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It should be noted that the volume force term Fix, Foy only
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represents electromagnetic forces. The vector formulais F=1,xB,
where |, is the current-density introduced into the melt, and B is

the magnetic induction intensity acting on the melt.

The non-conservative difference formulas for the convection term

are
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3. Calculation model and parameter determination

In this model, based on the stable convergence condition of the
difference equation, using the staggered-grid method, Eq. (1) can be
expressed as follows:
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As shown in Fig. 1, the calculation model is a rectangular billet
with a volume of 1.135mx1x1.7m. The application of a DC current
I1 is shown in Fig. 1, and the alternating magnetic field B occurs
along the y-axis, generated by the electromagnet coil.

h

Fig. 1. Schematic of the model.
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Table 1. Calculation parameters used in the model.
Model parameters Symbol Value
Density p 7850kg/m3
Kinematic viscosity v 4.81x10-7 m2/s
Magnetic
= n 1x10-5 H/m
permeability
Externally applied
v app I 1A
current
Coil current b 20A
Angular velocity ® 2rad/s
Number of turns of
. w 400
the coil
Model length 1.135m
Model width b Im
Model high h 1.7m
Length of magnetic
€ o € ! 10m
circuit
Time Step At Is
Step size on the
. . Ax 0.1135m
horizontal axis
Step size on the
Ay 0.17m

vertical axis

It is assumed that the steel melt is injected into the square billet
from the top surface. As a result, the calculation can be performed
in the xz plane. Selecting the time, when the melt is injected into the
square billet as the initial moment, the initial velocity distribution in
the xz plane is assumed to be represented as shown in Fig. 2[32].
Fig. 3 depicts the difference meshing of the model, and the relevant
parameters are shown in Table. 1.
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Fig. 2. Schematic map of the initial fluid-velocity field.
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Fig. 3. Sketch map of the difference meshing.
4. Calculation results and analysis

Using the discretized equations, the calculation program was
compiled with the computer language C. Taking the unit time as the
step size, the effect of the electromagnetic force on the motion of
the conductive melt in the square billet can be analyzed using the
initial velocity-field.

4.1 Effect of the electromagnetic field on the flow velocity of the
conductive melt

(a) t=8s (b) t=15s (c) t=23s

Fig. 4. Velocity field under an alternating magnetic field for different times.

Fig. 4(a)-(c) show the velocity distribution of the flow field for
three typical points in time, when the conductive melt was subjected
to an alternating magnetic field at a temperature of 700°C. After
running the program, it becomes clear that the velocity of each point
is greatly reduced at t=23s — more than at the initial time.

The calculated data indicate that the flow direction and velocity
of the conductive melt have significant time-varying properties. At
t=1-23s, the velocity of the point gradually decreases from the
central portion to the outside. The velocity of each point at t=23s is
less than for t=0s, while the melt flow in the whole square billet
tends to be static. This indicates that the electromagnetic field can
significantly inhibit the flow of the conductive melt. As the
calculation continues, it is found that the flow of the melt in the
square billet changes gradually with time, which results in a new
change process. It also shows that t=23s is an optimum time to
suppress the liquid flow in this example. At this time, the velocity of
each point of the outermost liquid flow is greater than of the inner
point, and the velocity near the center of the flow field is smallest.

4.2 Comparison of flow for different magnetic fields
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Fig. 5. Velocity comparison with three different magnetic fields (7=700°C,

t=23s).

To investigate the effect of different magnetic fields on the melt
flow in the square billet, the DC and CB sides were chosen as
research targets. Fig. 5 shows the velocity analysis of the DC and
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CB sides at t=23s for three different magnetic fields and a
conductive melt with a temperature of 700°C. The calculation was
carried out under three different conditions: alternating magnetic
field, steady magnetic field, and no magnetic field, which
correspond to curves 2, 3, and 4, respectively. Curve 1 is the initial
state at t=0s.

The velocity of the point is the smallest under the alternating
electromagnetic field. This means that the velocity of the liquid
flow can be reduced in a short time, and the effect of suppressing
the liquid flow is optimized. When a steady magnetic field and no
magnetic field were applied, there was no effect on the inhibition of
liquid flow, and the velocity of the corresponding point was greater
than for the alternating magnetic field.

4.3 Effect of excitation current and frequency on the flow velocity

We found that the effect of the electromagnetic field on the melt
in the outer region is stronger than for in the inner region. Therefore,
the two paths DC and CB were selected to discuss the effect of the
excitation current on the flow velocity.

The velocity curves of the DC and CB sides, with different
excitation currents, are shown in Fig. 6. The curves 1, 2, and 3
denote [:=20A, 30A, and 40A, respectively. Furthermore, the origin
of the coordinates is located at the lower left corner of the billet.

0.22

——20(A)
——30(A)
—a—40(A)

0.20

0.18+

0.16

Flow velocity(m/s)

00 02 04 06 08 10 12

Side length(m)

(a) DC side

1.8
16+ —=—20(A)
1.4} — 30(A)
19l ——40(A)
1.0}
0.8F
0.6
0.4+
0.2F

Height(m)

0.0 : : : : :
0.10 0.12 014 0.16 0.18 0.20 0.22
Flow velocity(m/s)

(b) CB side
Fig. 6. Velocity comparison for the DC and CB sides(t=23s).

When the excitation current increases gradually by 20A, 30A,

and 40A, the velocity of the point at the DC and CB sides also
increases uniformly. In other words, as the excitation current
increases, the Lorentz force of the melt increases too. This means,
the flow velocity of the conductive melt is proportional to the
excitation current, and the direction of flow can be determined by
adjusting the action of the electromagnetic force.

0.5
—=—100(HZ)
04 |——300(HZ)
Q —a—500(HZ)
E o3}
>
< 0.2}
>
g
o 0.1F /

o
o
o
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Fig. 7. Effect of different frequencies and currents on the flow velocity at point

B(t=23s).

Fig.7 shows the effect of different currents on the flow velocity at
point B at t=23s, for different frequencies. It can be seen that, for
the same frequency, as the current I2 in the coil of the electromagnet
increases, the velocity at B point also increases continuously. When
the frequency increases gradually for the same current, the velocity
of the point decreases continuously. Upon increasing the same
frequency, the decreasing magnitude of the flow velocity becomes
smaller. In addition, when the current is small, the velocity
reduction is relatively small. As the current increases, the velocity
reduction increases, which is in good agreement with published
results[32]. In summary, when the frequency and current increase
simultaneously, the flow velocity of the outermost liquid flow in the
melt decreases gradually. However, the magnitude of the change is
not constant.

4.4 Analysis of the relationship between electromagnetic force and

flow
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Fig. 8. Flow velocity analysis on the DC side(t=0,12,23s).

Fig. 8(a) shows the velocity of the liquid on the DC side at t=0s.
Due to its initial downward direction, the velocity of the points C,
Ci, ", Cs, who are subjected to a downward net force,must
increase significantly at t=12s - see Fig. 8(b). In addition, because
of its initial upward direction and downward net force, from t=0s to
t=12s, the velocity of points C7 and D changes to downward at
t=12s. For t=13-23s, the velocity of the points C, Ci, ***, C¢ must
be reduced continuously due to the upward net force, compared to
t=12s. At this time, the velocity of points C7 and D also decreases,
which represents the final scene - see t=23s in Fig. 8(c).
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Fig. 9. Flow velocity analysis for the AB side(t=0,12,23s).

Fig. 9(a) shows the velocity of the liquid flow on AB side at t =
0s. Due to its initial upward direction, the velocity of the points A,
A1, which are subjected to a downward net-force, must decrease,
and the direction changes to downward for t=12s - see Fig. 9(b).
Because of its initial downward directions, the velocity of points Aa,
A3, """, B must be increased continuously, and subject to a
downward net-force. In the period of t=13-23s, due to the upward
net-force, the movement of the points A, A becomes upward again.
However, the value is smaller than the corresponding value at t=0s
in Fig. 9(c). Simultaneously, the velocity of the points A2, A3,”"", B
with the downward velocity must be continuously reduced, when
subjected to the upward net-force.

In summary, considering the two cases in Fig. 8 and Fig. 9, and a
period t=1-23s, because the points on the DC or AB sides are
subjected to two different net forces in different directions, the
velocity is reduced compared to the initial time. This effectively
suppresses the liquid flow. After verification, similar results can be
obtained by analyzing the flow velocity for other sides.

The calculation results reveal that the direction of the
electromagnetic force of the melt in the billet changes, up and
down, due to the pulsating characteristics of the alternating
electromagnetic field. In addition, the force of the melt in different
liquid layers is also different. As the liquid layer decreases, the
pressure of the liquid flow increases, which indicates that the size
of the net force inside the melt also changes. When the direction of
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the electromagnetic force is downward, and the pressure is
downward too, the direction of the net force is downward. This
facilitates the melt flow. When the direction of the electromagnetic
force is upward and combined with the downward pressure, the
forces act on each other, which inhibit the melt flow.

5. Conclusions

In this paper, a metal-melt flow-field with a DC current was used
to numerically study the effect of different electromagnetic
parameters on the melt in an electromagnetic field using the N-S
equation for electromagnetic fluid motion, which was discretized
via the finite difference method. The calculated results reveal that
the alternating-current magnetic field can suppress the liquid-flow
when the conductive molten metal is subjected to the alternating
steady
non-magnetic-field. The velocity of each point in the flow field is

magnetic-field, the magnetic-field, and the
smaller than at the beginning.

Therefore, a careful selection of the electromagnetic parameters
and time history can control the flow of the conductive metal-melt
that is injected into the square billet. This enables some control of
the metal-solidification process and morphology. In addition,
electromagnetic parameters, metal parameters, initial velocity,
temperature, and history can have a significant effect on the motion
of the melt. Therefore, when applying this technology under
specific working conditions, a detailed analysis and calculation
should be performed that takes into account the actual conditions.
Given the different control requirements such as melt flow rate,
flow direction, and area, the electromagnetic force can be used to
control the molding and solidification process, improve the quality
and defects of the slab. Our results provide a good approach to
determine suitable casting parameters.
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