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Abstract

With sixty years progress, continuous casting technology is now
developing to the orientation of high withdrawal velocity and near net
shape of few-defect products, accompanied by a series of relative
technologies concerning tundish, mold and second cooling zone
aiming at high efficiency, high quality and diversity products.

Having functions of purification, solidification, heat exchange
and chemical reaction, continuous casting mold is the important chain
of strand quality control and the key part influencing on molten steel
flow, heat transfer and solidification.

Electromagnetic stirring (EMS) has been widely applied in
continuous casting process for its advantages of high energy density,
non-contact and easy control. The mechanism that mold EMS
improves strand quality is intensive fluid flow and heat/mass transfer
of solidification process by means of electromagnetic force. The
distribution of magnetic field and electromagnetic force is the
foundation of analysis fluid flow and heat transfer. Although some
physical experiments and mathematical modeling of EMS have been
reported, the researches on theoretic analytic modeling of EMS and
the distribution character of electromagnetic field used in continuous
casting are still imperfect for its complication. These problems are just
the difficult points of EMS investigation and the obstacles of EMS
developing.

The present subject is part of a research project submitted by
Baoshan Iron and Steel Corporation named Study on Manufacture
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Technology of Round Billet with High Withdrawal Velocity and
Non-Defection. The project demanded to prove up factors that
influenced strand quality with mold EMS in round billet

continuous casting. With this purpose, electromagnetic stirring was
investigated in aspects of theoretic analysis, mathematical
modeling, computer simulation, experimental measure and process
optimization.

During the theoretical analysis of electromagnetic stirring
process of continuous casting of round billet, the effect of several
elementary dimensionless numbers including Reynolds number (Re),
magnetic Reynolds number (Re,), Hartmann number (Ha) and
magnetic 1interaction parameter (N) on electromagnetic stirring
procedure were analyzed. The quasi-static magnetic field equations of
EMS in continuous casting mold and electromagnetic force equations
were deduced at right angle and column coordinate system based on
magneto-hydrodynamics equations. According to the physical
meaning of dimensionless numbers, the influence of liquid steel flow
on electromagnetic field could be neglected during the analysis of
EMS process in continuous casting so that its analysis and calculation
could be simplified. Moreover, the models of magnetic field and
electromagnetic force of arbitrary empty loaded windings were
illustrated by mathematical analytic method. Based on above work,
the distribution modeling of 2-D and/or 3-D electromagnetic field,
electromagnetic force for traveling wave and rotating magnetic field
in continuous casting mold were obtained respectively, which
provided theoretic foundation for the analysis of EMS process. It
shows that the distribution of magnetic field and electromagnetic force
are related to current strength, frequency, the pole pair number of the
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stirrer, spatial position and media parameters.

According to general equation of fluid flow and heat transfer,
2-D and/or 3-D mathematical modeling of fluid flow and heat
transfer with/without EMS in continuous casting mold were
presented at right angle and column coordinate system. The
mathematical modeling of electromagnetic field of EMS in
continuous casting was described by means of the combination of
magnetic vector potential and electric scalar potential. Furthermore,
the mathematical modeling of meniscus shape of molten metal in
continuous casting mold was deduced and analyzed under
conditions of static state and electromagnetic field. Comparing
their calculated modeling, the difference is that electromagnetic
force changes liquid steel flow consequently to influence meniscus
shape with EMS action. It provided the theoretic basis for
establishing finite element modeling (FEM) and numerical
simulation.

ANSYS finite element analysis software was chosen as
simulation tool due to its analysis functions of heat transfer, fluid
flow and electromagnetic field. The calculation modeling of
temperature field, flow field and electromagnetic field and their
coupled field were established base on the finite element theory.
Corresponding programs of mold EMS process in continuous
casting were written by ANSYS parameter design language
(APDL). The distribution of electromagnetic field and the behavior
of fluid flow, solidification and heat transfer of continuous casting
process were simulated respectively. The measure data that mold is
Empty load may be regarded as a good estimation of the mold
filled with liquid steel. This result has direction meaning for
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practical operation of continuous casting.

To verify the numerically simulated results, a set of experimental
device was designed based on similarity theory. A new method for
magnetic flux measurement was proposed. The magnetic flux
distribution, electromagnetic force and meniscus shape were measured
in the laboratory. For the further explore of the characteristic of
electromagnetic stirrer configuration and magnetic flux distribution
and to optimize EMS parameters, the magnetic flux of rotating
magnetic field in square/round billet mold were measured in
workshop.

The measured results indicated that the spatial distribution of
magnetic flux was affected by EMS parameters, such as the electric
current  strength, frequency, the pole pairs number of
electromagnetic stirrer and the cross section of mold. Magnetic flux
increased with the enhancement of current strength, and decreased
with reduce of frequency. On the same depth of mold, the magnetic
flux gradually increased from the center to the wall of mold,
however, its amplitude had little difference. The values of magnetic
flux reached its maximum in the middle plane of the stirrer and
became smaller towards the end plane of the mold. The industrial
trials on the effect of EMS on the quality of round billet were carried
out and the corresponding trial data have been collected and
extracted. The influence of EMS parameters (such as electric current
strength and frequency) and other casting parameters (such as
casting speed, superheat and specific water quantity of second
cooling section) on the quality of round billet was investigated with
the pattern recognize method. Besides, the reasonable ranges of
casting speed and superheat were found out, and the optimal values
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of electric current strength and frequency were suggested. These
results could be used to monitor the strand quality. From contrast
experiments, the influence of these processing parameters on strand
quality was certified.

On the basis of the comparison of the computation results and the
measured ones, the several special questions of EMS, such as the
installation position of the stirrer in mold, the thickness of the
solidification shell and the equipment configuration parameters, were
discussed combining theoretic analysis. The calculated results of .
current strength, frequency and the solidification shell thickness in
mold exit were agreement with the experimental ones. The simulated
magnetic flux and the measured one had same distribution rule, but -
the position of the magnetic flux amplitude by calculation moved a -
little upward. It is not in the middle of the stirrer height. That shows
the installation position of the stirrer in mold is reasonable. The
research results provide the theory basis for the parameter optimum of
the EMS operation of continuous casting. Based on the results
obtained from theory modeling, computer simulation, physical
experiments and industrial trial, the following parameters range have
been suggested in continuous casting of round billet in Baoshan Iron
& Steel Co.. That is, the proposed range of the withdrawal velocity
from 2.3 to 2.5m/min and the superheat from 15 to 30°C. The casting
nozzle is suggested to adopt immersion entry nozzle of side-hole type
with a inclination angle of 15° downward, the immersion depth of
nozzle under the meniscus about 100mm, the optimized value of
electric current strength and frequency about 200A and 5Hz

respectively. The electromagnetic stirrer was proposed to arrange near
the bottom of mold.
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Fipally, the research results of EMS process in continuous
casting mold were summarized. Meanwhile, the research direction and

object were also pointed out. With the development of calculation
technique in the future, electromagnetic field, flow field, temperature
field and concentration field should be completely coupled. So the
EMS mechanism in continuous casting would be intensively
comprehended.

Key words round billet, continuous casting mold, electromagnetic stirring,
numerical simulation, ANSYS software, pattern recognize, strand

quality



