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STUDY OF FLUID FLOW AND SOLIDIFICATION IN BILLET CASTER CONTINUOUS CASTING MOLD

WITH ELECTROMAGNETIC STIRRING

Electromagnetic stirrer generates swirling fluid flow, boosts the mixing of molten steel near the solidification front and enhances
the quality of the continuously cast products. In the present investigation, attention is paid towards studying the effect of in-mold
electromagnetic stirring on fluid flow and solidification. A three-dimensional coupled mathematical model of solidification and
magnetohydrodynamics has been established for billet caster mold. The alternating magnetic field is applied to the solidification
model where fluid flow, heat transfer, and electromagnetic equations are solved simultaneously. It has been found that an increase in
field frequency decreases the length of stirring and the liquid fraction of the steel at the center of the mold exit. Tangential velocity
near the solidification front increases with the magnetic field frequency or flux density, due to which, a break in solidified shell
near stirrer position is predicted whose width increases accordingly.
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List of symbols

Magnetic flux density
Electric flux density
Electric field strength
Magnetic field strength
Electric current density
Electric charge density
Fluid velocity

Electric permittivity
Electrical conductivity
Magnetic permeability
Lorentz force

External magnetic flux density
Induced magnetic flux density
Heat transfer coefficient
Specific heat

Wall heat flux

Wall temperature
Ambient temperature
Enthalpy of steel
Density of steel
Effective conductivity
Source term

Latent heat

Liquid fraction

— Pull velocity

Tiotiaus — Solidus temperature
Tyigiaus — Liquidus temperature

Lefy — Effective viscosity

g — Acceleration due to gravity
S — Momentum sink term
Apush  — Mushy zone constant

k — Turbulent kinetic energy

€ — Dissipation rate

1. Introduction

During solidification in the continuous casting mold, den-
dritic grains grow towards the mold center and liquid metal get
trapped in the primary inter-dendritic arm spacing. These regions
typically characterize a mushy zone where both liquid and solid
phases co-exist. The principle use of in-mold electromagnetic
stirring (M-EMS) is to continuously stir the liquid zone and the
mushy zone within the mold. Stirring about mold axis moves
the high-temperature molten metal towards the mushy zone and
attempts to transform mush to liquid by re-melting the solidified
grains. This liquid flow usually breaks the dendrites formed at
the solid front and induces grain manipulation [1].

Opver the last few decades, intense attention has been paid on
M-EMS continuous casting steel industries due to its metallurgi-
cal usefulness in controlling the quality of steel [2,3]. Controlled
stirring of molten steel within the mold effectively reduces inclu-
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sions, minimizes the central shrinkage porosity and centerline
segregation and enhances the proportion of equiaxed grains and
fine dendritic structure [1]. M-EMS is reported to improve the
homogeneity [4] in initial solidification and suppresses oscillation
marks [5]. It rapidly reduces the degree of superheat of the molten
metal which promotes equiaxed grain formation [6]. It has been
reported that current intensity and frequency of the stirrer have
a significant impact on the columnar and equiaxed grain structure
[7] of the metal cast. Toh et al. [8] predicted that using low-
frequency electromagnetic field at mold top, increase in magnetic
field density resulted into decrease in surface roughness and depth
of oscillation marks on cast metal surface. Sahoo et al. [9] found
asignificant increase in the length of the equiaxed zone and reduc-
tion in central shrinkage and central cracks with increase in EMS
current up to 280 A, going beyond which mold powder entrapment
at the surface of billet and increase in erosion of submerged entry
nozzle was found. Using macro/micro model, Govindaraju and
Li[10] have shown the pronounced effect of EMS on the nuclea-
tion and grain growth by microstructure analysis. Wang et al.
[11] have reported 10% increase in central equiaxed crystal ratio
by the use of M-EMS at 300 A current intensity, the Wang et al.
[12] further predicted 30% increase in the central equiaxed zone
with 310 A EMS current intensity in 40CrMo4 steel grade billet.

Several mathematical models [8,13] have been developed
by researchers related to the application of EMS, investigating
the flow behavior of molten metal in the mold (M-EMS), sec-
ondary solidification (S-EMS), and final solidification (F-EMS)
zone. Liu et al. [14] numerically predicted that increase in stir-
ring current and decrease in frequency increases the magnitude
of magnetic flux generated by electromagnetic stirrer while
the stirring current was reported to be linearly proportional to
tangential velocity [15] of fluid flow.

In-appropriate use of EMS has produced adverse effects
like formation of white band and loss of resources. Thus, it is
important to use stirrer of requisite capacity to induce optimum
stirring effects. It is better to understand the metal flow behavior
and its consequences on the solidification behaviour and related
metallurgical effects on the cast metal. Numerical simulation is
an effective way to study the electromagnetic stirring technol-
ogy as it reduces the cost of resources on experiments, material
and manpower. A large number of previously reported literature
were focused towards the generation of electromagnetic field
and its effect on the fluid flow by varying the process parameter
of magnetic field generation. Many researchers [16] studied the
effect of EMS using finite element method (FEM) and fluid flow
using either FEM or by coupling it with finite volume method. In
reality, a solution using FEM needs large computational resource
requirement and simulation time as well. Several researcher
[4,17,18] have advocated to use simplified coupling method
where, a constant and homogeneous magnetic flux density hav-
ing rotary nature is being used instead of stray magnetic field.
The suggested magnetic field commendably forecast the role of
EMS in the continuous casting mold.

In the present work, numerical investigation of fluid flow
in the mold with the application of electromagnetic stirrer and
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its effect on solidification by applying heat transfer conditions in
the model has been carried out. Electromagnetic field equations
have been discretised and solved simultaneously with fluid flow,
heat transfer and solidification equations using finite volume
method. A constant and homogeneous magnetic flux density
having rotary nature has been considered. The parameters such
as magnitude of magnetic flux density and frequency have been
varied to investigate its effect on solidification characteristics
inside the mold.

2. Mathematical formulation

During the continuous casting of steel, electromagnetic stir-
rer generates an alternating magnetic field that passes through
the molten steel. As molten steel is a conductor of electricity, an
eddy current is induced in it, which generates electromagnetic
force called Lorentz force. The generated Lorentz force is rotary
in nature and guide the fluid to rotate accordingly. In the present
study, the Maxwell’s equations are solved to find the electro-
magnetic forces through applied magnetic field. These forces are
added to the momentum conservation equations in Navier-Stokes
equation as a source term. The three-dimensional coupled model
of fluid flow, heat transfer, solidification and electromagnetic
field is solved and analysed to study the solidification behaviour
inside the mold.

2.1. Electromagnetic equations

The basic concept behind the EMS model is coupling
between the fluid flow and Lorentz force generated due to the
interaction of induced eddy current and applied magnetic field.
The Maxwell’s equations describing the electromagnetic field
are given as:

V.B=0 (1
vxE=-28 )
ot
VD =gq 3)
— oD
VxH = j+— 4
I+ 4)

where, H and E are magnetic and electric field intensities respec-
tively. B and D are flux densities for magnetic and electric field
respectively. q is electric charge density while/ is electric current
density vector. H and D can be written in the following form:
H=L5
U

)
D=cE (6)

where, 1 and € are magnetic permeability and electric permit-
tivity of the liquid metal.
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Ohm’s law was defined for current density in the media

having electrical conductivity o as:
j=0E (M

In a magnetic field B and fluid velocity field U, Ohm’s
law is redefined as:

®)

Now, the induction equation derived from the above Ohm’s
law and Maxwell’s equation is in the form:

j-o(E+UxB)

@+(U.V)§ 1 vg, (E.V)U

ot HO 2

The total magnetic field B in the fluid will be B, +b . Since
in the present study, magnetic field B, is imposed externally
which is independent of flow velocity while, induced magnetic
field b is caused by the impact of flow velocity and is required
to be solved. Thus, Eq. (9) can be simplified for external mag-
netic field as:

(10)

The induced magnetic field[19] can be calculated inserting
Eq. (10) in Eq. (9):
%+(U.V)E vy
ot HO
+[(E+5).VJ(7—(UV)E (1)
The Lorentz force is generated by the total magnetic field
in the fluid which is further added in the momentum equation
—Eq. (19),

f:fxgzjx(ﬁ(;+5) (12)

2.2. Solidification equations

Energy conservation equation for solidification is defined as

paa—l;[+pV.(UHo)=V.(k€ﬂ-VT)+QL (13)
where, Q; is source term and H,, is the total enthalpy of the mate-
rial which can be computed as the sum of sensible heat (#) and
latent heat content (AH,), k. is effective conductivity.

Sensible enthalpy and latent heat content at reference tem-
perature “T,,/” with reference enthalpy “4,./” and latent heat of
material “L” are defined as,

T
h=hy+ [e,dT

Lo

(14)

AH, =L (15)

where, f is liquid fraction at temperature “77’.
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The source term Q; has two terms in it: explicit latent
heat term which describes the liquid/solid transformation and
convective term which consider the pulling of solidified shell at
a constant casting velocity “Hpu””. In a single phase solidification
model, Q; can be expressed as:

0, = pL%ﬂoLﬁpuﬂ.V(l—ﬂ) (16)

In Eq. (16), latent heat (L) has been used because the source
term is associated with the phase change and describes the rate
of latent heat evolution during the phase change or liquid/solid
transformation. The region having solid fraction value of one
will move along the casting direction with the casting speed. It
is to be noted that the term (1 — f) shows the solid fraction of the
material. The liquid fraction can be calculated by determining
the temperature [20,21] as:

0if7< Tvolidus
T-T,
_ solidus :
ﬂ - T T if T;alidus <T< T}iqidus (17)
liquidus — 4 solidus

Lif 7> Tliqidus

2.3. Fluid flow equations

The continuity equation and transient momentum conserva-
tion Navier-Stokes equation can be expressed respectively as:

V.U =0 (18)
%(pﬁ)-l—pV.(ﬁﬁ)z—VP-ﬁ-
+V.{y¢ﬁ<vﬁ)}+p§+S+F (19)

Effective viscosity “u.;” is the sum of dynamic viscosity
“u;” and turbulent viscosity “x,”. For solidification, enthalpy-
porosity technique is being used where the mushy zone is treated
as pseudo porous medium and the porosity of each cell will be
the liquid fraction in that cell. The porosity of porous medium
indicates the liquid content in solid or liquid dispered in solid
dendrites. When the porosity of the cell equals to zero, the cell
will be treated as completely solidified and velocity in that zone
extinguishes as there is no liquid. To move the solidified zone in
the casting direction, the momentum sink term “S” is added to
the right-hand side of the Navier-Stokes equation (Eq. 19). This
moves the newly solidified material at a constant pull velocity
which is set equals to the casting velocity. The momentum sink
term [20] can be expressed as:

2
§= MAM;, (U ~U pun )

(#+4)

A very small positive constant ¢ is provided in the de-
nominator of Eq. (20) to avoid zero in the denominator. 4, is
a mushy zone constant and is influenced by the grain morphol-

(20)
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ogy [22] at the solidification front. So, care must be taken while
assigning a value to it. In the present model, the value of mushy
zone constant is taken as 10°. In the momentum sink term, the
relative velocity between the molten liquid and the solid is used
rather than the absolute velocity of the liquid.

Turbulence in the mold has been calculated using realizable
k-¢ turbulence model as it avoids the singularity at a low value
of turbulence [23,24], which are found in the mushy zone. Shih
et al. [25] have reported the realizable k-¢ turbulence model as
most suitable for solidification model. The two partial differential
equations for turbulent kinetic energy (k) and dissipation rate
(¢) are given by

p%+v.(pkﬁ) = V.[(y, +aky,)Vk]+

+G—-pe+S, 21
oe —
p§+v.(ng):V.[(,ul+ag,ut)V£]+
2
£ &
+C,—G-C, . p——+S 22
lsk 2e:pk+\/g & ( )

where, respectively. o, and a, are the inverse effective Prandtl
numbers, C;, = 1.44 and C5, = 1.92 [26,27] are the model pa-
rameters, G is the generation of the turbulence kinetic energy
due to mean velocity gradients.

In Eq. (22), it can be seen that denominator of realizable
k- model never vanishes even if & is zero, which is not the case
with the standard k-¢ model. Sinks S, and S, are added to the
turbulence kinetic and dissipation equations respectively, in
the mushy and solidified zones to account for the presence of
solid matter.

2.4. Computational details

Figure 1(a) shows the 3-dimensional geometrical model of
the billet caster mold, along with its physical dimensions. The
diameter of the mold inlet is 46 mm. At the inlet and outlet of the
mold, velocity of the steel entering and leaving the mold respec-
tively are constant and their values are calculated by balancing
mass flow rate in the mold at casting speed of 1.8 m/min. The
steel entering the mold is also kept at constant temperature with
8 K of superheat over liquidus temperature. It is assumed that
heat transfer from the meniscus is negligible as compared to the
mold wall. For heat ejection from the mold wall a constant heat
transfer coefficient (4,, = 1.2 MW/m’K) is provided [28]. The
mold wall heat flux (g,,) can be expressed as:

qw:th(Tw_Ta) (23)

T,, and T7,= 300 K are the mold wall temperature and ambient
temperature respectively [29]. At the mold wall, viscous no slip
boundary condition is being used and solidified shell formed due
to the application of solidification model near the mold walls
is set to move with casting speed. During electromagnetic field
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calculation, to avoid the passing of induced electric current from
the mold wall, a perfect electrically insulating wall is being used.
The model was divided into 111335 cells while the concern has
been made at the vicinity of the wall with the fine grid (Fig. 1b)
as EMS and solidification both has significant consequences [30]
over that region. Figure 1(b) also shows the average shell thick-
ness at the mold wall for the case without EMS. The alternating
magnetic field with constant homogenous magnetic flux density
is applied at the stirrer region of 100 mm wide, placed 350 mm
below the meniscus as shown in Figure 1(a).

All the governing equations were discretized and solved
using finite volume method based CFD tool Ansys Fluent. The
second order implicit scheme was used to provide a higher order
of accuracy. The magnetic field in x-y direction has been applied
using the Fluent Magnetohydrodynamic (MHD) addon module.
The solution was executed in a transient state with an initial time
step of 0.0001 seconds and further after getting convergence, it
is gradually increased to 0.01 seconds. The solution convergence
has been achieved with momentum residuals <10* and energy
residuals <10~". Computation time of each simulation was ap-
proximately 20 days on a workstation of §GB RAM and six-core
AMD Opteron(tm) processor.

Inlet

220 mm

L 220mm

350 mm

Electromagnetic
v Stirrer
r

Average Shell
Thickness

550 mm

L,

Fig. 1. (a) Model Geometry of billet caster mold (b) Computational
grid at mold wall

(a) “(b)

h 4

In order to simplify the model, assumptions were made
while solving governing equations. Liquid steel was considered
as Newtonian incompressible fluid while its density, specific
heat, and magnetic permeability are considered invariant. Mold
oscillation, effect of segregation, shrinkage due to solidification,
etc. has been ignored. Joule heating due to the induced eddy
currents has been ignored. For electromagnetic equations, the
boundary condition for induced magnetic field is assumed to be
tangential to the wall, so that induced fields are closed inside the
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mold and do not cross the boundary. Other boundary conditions
and material properties used are listed in Table 1.

TABLE 1

Boundary conditions and material properties [31] used
in present work

Boundary conditions/Material properties Value
Casting speed (m/min) 1.8
Inlet temperature (K) 1813
Liquidus temperature (K) 1805
Solidus temperature (K) 1792
Density of molten steel (Kg/m®) 7200
Viscosity of molten steel (Kg/ms) 0.0067
Specific heat (J/KgK) 750
Thermal conductivity (W/mK) 41
Latent heat (J/Kg) 272000
Electrical conductivity (1/Qm) 7.14 x 10°
Magnetic permeability (H/m) 1.257 x 10°®

3. Model validation

To ensure the correctness of the results obtained using
numerical investigation, both solidification and electromagnetic
field MHD models have been validated separately. For valida-
tion of both the models, separate geometries have been prepared
according to details reported in the previous works of Nakato
et al. [32] and Im et al. [18] for solidification and EMS, respec-
tively. Nakato et al. have experimentally measured the solid shell
thickness profile on the center of narrow wall of a slab caster
mold along the casting direction. The shell thickness at the nar-
row wall predicted by the present solidification model is shown
in Figure 2(a), which closely matches with the shell thickness
measured by Nakato et al. A three-dimensional numerical inves-
tigation of the square billet by placing the stirrer of 0.4 m width
in the middle of the computational domain of length 1.6 m has
been performed by Im et al. They have predicted the turbulence
kinetic energy in the z-direction and advocated that turbulent
kinetic energy efficiently measures the stirring efficiency and

104 Predicted

—_ = Nakato et al
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Distance from meniscus (mm)

Fig. 2. Validation of (a) Solidification model (b) EMS model
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strength of shear at the solid wall. The EMS model has been
discretely validated by calculating the turbulence kinetic energy
at two different positions on the reported model and boundary
conditions by Im et al. It can be seen in Figure 2(b) that both
the reported and present predicted curves of turbulent kinetic
energy closely matches with each other, which defines the trust
worthiness of the present EMS model.

4. Results and discussion

Three-dimensional fluid flow analysis with coupled solidi-
fication and EMS in a billet caster mold has been carried out.
Effect of electromagnetic stirring on solidification has been
studied by varying the frequency of magnetic field and mag-
netic flux density. The computational model was also analyzed
by individually applying solidification and EMS model in the
mold. Figure 3(a) shows the velocity vector at a lateral plane in
the middle of stirrer position, where the velocity vectors can be
seen in the form of dots when only solidification model has been
applied. This is due to fluid flow predominantly in the z-direction
and nearly negligible velocity components in x and y-direction.
On the other hand, after applying only EMS model with magnetic
flux density and frequency of 0.1 T and 10 Hz respectively, the
effect of electromagnetic stirring in the form of rotary motion
of the fluid in x-y direction can be seen in Figure 3(b). The
fluid has high velocity in x and y-direction at the outer side and
gradually decreases toward the center. This high-velocity flow
near the solidification front is expected to break down the coarse
columnar dendritic solidification structure to produce a finer
structure. However, in Figure 3(c) the predicted vector distribu-
tion of Lorentz force at a lateral plane in the middle of stirrer has
been shown. It can be seen that the Lorentz forces are maximum
at one diagonal corner and minimum along the other diagonal.
These diagonal forces will set a rotary motion in the liquid steel.
Further, on finding the Lorentz force distribution at a different
time step, it is found that though the direction of Lorentz forces
changes with time because of the alternating behavior of the
magnetic field, the direction of rotation remains the same. The

0.010
Prdicted

---1Imetal

(b)
0.008-

0.006
0.004 4
0.002

0.000+

Turbulent Kinetic Energy (m?/s?)

08 -06 04 02 00 02 04 06 08

Z-Direction Position (m)
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(a)

(b)

(c)

Fig. 3. Velocity vector for fluid flow (a) with solidification (b) with electromagnetic field, and (c) Vector distribution of Lorentz force under

elctromagnetic field

position of maximum forces moves along the periphery of the
mold while at the center, the magnitude is minimum.

To investigate the effect of EMS on solidification, a
coupled simulation of solidification and EMS model has been
compared with the solidification model without EMS. It can
be seen from Figure 4(a) that without EMS, the smooth solid
shell has been formed near the mold wall while in Figure 4(b),
a break in solid shell formation or increase in liquid fraction
near the stirrer has been found after application of EMS. This
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(a) (b)
Fig. 4. Liquid fraction at mold wall (a) Without EMS (b) With EMS

break in solid shell formation is due to the centrifugal force
generated because of rotary motion of fluid which moves the
overheated liquid steel from the core of mold towards the mold
wall leading to increase in temperature near the mold wall. In
Figure 5(a), liquid steel core can clearly be seen at the mold
axial central plane when EMS has not been applied, however
in Figure 5(b), a mushy zone can be seen at the center of the
mold when EMS model has been used. It shows the mixing
of liquid core (at high-temperature) with the low-temperature
mushy region near the wall. Thus, there is forced convection

Solid shell
line

/

Fig. 5. Liquid fraction at mold center plane (a) Without EMS (b) With
EMS

(@) (b)
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flow within the mold due to EMS and finally some reduction in
the temperature gradient near the solidification front. It has been
stated by Kurz et al. [33] that low-temperature gradient generally
promotes the formation of equiaxed grains, as grain morpholo-
gies are directly influenced by the temperature gradient. So, by
the use of EMS, temperature gradient near solidification front
is reduced to some extent and in turn, expected to promote the
equiaxed grain formation.

4.1. Effect of electromagnetic frequency

Investigation of the effect of electromagnetic frequency
has been carried out by simulating the coupled solidification
and EMS model at four different frequencies i.e. 2 Hz, 5 Hz,
10 Hz and 20 Hz with a magnetic flux density of 0.1 Tesla.
The four frequencies were selected to study from low to high
electromagnetic stirring frequencies. The results have also been
compared with the results of individual solidification model and
EMS model. Figure 6(a) shows fluid flow pathlines in the mold
on applying solidification model without EMS and Figure 6(b)
shows the pathlines of fluid flow after applying EMS model
without solidification. Figure 6(c-f) shows the pathlines on ap-
plying EMS along with solidification for different frequencies.
Without the use of EMS, pathlines are shown to be in a vertically
downward direction (Fig. 6a) while the use of EMS is seen to

L (a)

(b)
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alter the pattern of these pathlines. It is seen that use of EMS
induces a circular motion starting from the region where EMS
is applied. On applying EMS without solidification, circular
motion of fluid are found till the bottom of the mold, as shown
in Figure 6(b) whereas in Figure 6(c-f), circular motion of fluid
are found to gradually diminishes while moving below the stir-
rer position when solidification model is activated. This is due
to the formation of the mushy zone formed during solidifica-
tion. From Figure 6(c-f), it is also observed that axial length of
stirring below the stirrer position decreases as the frequency of
magnetic field increases. As axial length of stirring reduces the
segregation [6] low-frequency magnetic field provides better
segregation reduction as compared to that by the high-frequency
magnetic field in EMS.

Figure 7(a-e) shows the liquid fraction contours at the mold
exit for different cases with and without applying electromagnetic
stirring. The presence of liquid core at the center of the mold
can be seen in Figure 7(a) when EMS has not been applied.
After applying EMS with varying frequencies, the mushy zone
is found to replace the liquid core at the mold center, as shown
in Figure 7(b-e). Mushy zone at the mold center is formed be-
cause of forced convection in x-y direction caused by the circular
motion of the fluid. It is clearly seen from Figure 7(b-¢) that as
the frequency of magnetic field increases, the liquid fraction
of steel at the center of mold exit decreases. This can better be
understood by referring to Figure 8, which graphically depicts

T y- -| 3 !

Sl ! : ;

y

4, - e
.' i P - 9
R, )
N
| |I gl

L S| M L

(e)

(d) ()

Fig. 6. Fluid flow pathlines (a) solidification without EMS (b) EMS without solidification, and solidification with EMS at frequency (c) 2 Hz

(d) 5 Hz (e) 10 Hz (f) 20 Hz
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Fig. 7. Liquid fraction at mold outlet (a) without EMS, and with EMS at frequencies (b) 2 Hz (c) 5 Hz (d) 10 Hz (e) 20 Hz

the liquid fraction at the mold outlet for with and without EMS.
It is seen that without EMS, the liquid fraction values in the core
region i.e. the central portion of the x-axis domain is nearly 1 in-
dicating the temperature just below liquidus. As electromagnetic
stirring is applied with a frequency of 2 Hz, the temperature of
the central region falls because of mixing of the central region
liquid with solidified region near the mold wall. This results
in a decrease in liquid fraction value in the central region and
a small increase in temperature towards the region away from
the central core. In fact, the increase in the horizontal length of
the curve once electromagnetic stirring is applied indicates the
increase in uniformity in liquid fraction or temperature at the
central portion of the mold. As the frequency of the magnetic

1.0

084 foermEmmSimiememr T
o
0
S 067 — Without EMS
= ~-- EMS at 2Hz
.'g oad 4 - EMS at 5Hz
T -—--EMS at 10Hz
5

0l EMS at 20Hz

0.0

010  -0.05 0.00 0.05 0.10
Position at outlet symmetric line (m)

Fig. 8. Liquid fraction at mold outlet symmetric line

field is increased, the stirring effect is seen to make the tempera-
ture more and more uniform leading to a gradual decrease in the
liquid fraction values at the center of mold exit. An increase in
liquid fraction, though a very small amount, near the mold wall
decreases the thermal gradient in that region and prevents the
growth of grains towards the central core region. In other words,
an equiaxed type of grains is more favorably formed in place of
columnar grains. With the increase in magnetic field frequency,
it is observed that as the thermal gradient decreases, chances of
equiaxed grain formation increases.

Previously reported literature have mentioned that mushy
zone having liquid fraction 0.0-0.5 behaves like solid [34] and
above this further change in grain structure due to solidification
is least possible. In the present study, for finding the solid shell
thickness near the mold wall, it is assumed that steel having a lig-
uid fraction of 0.3 is completely solidified. In Figure 9 (a-e), an
iso-surface of liquid fraction 0.3 has been plotted on the vertical
plane i.e. X-Z plane at the center of the mold. From Figure 9(a),
it is seen that in the absence of EMS, solidified shell formation
starts at a distance of ~300 mm down the meniscus. On apply-
ing EMS at 2 Hz magnetic frequency, nearly similar solid shell
thickness below meniscus can be observed in Figure 9(b), as
with the case without EMS. Except the fact that the solid shell
thickness in the stirred region is somewhat less though the shell
thickness at the exit of the mold seems to be same. On increasing
the stirrer magnetic frequency above 2 Hz, a change in the solid
shell is found below the EMS position, as shown in Figure 9(c-¢).
It is observed facts that increase in magnetic field frequency
confines the Lorentz force near the stirrer boundary layer and
has more penetration in the solid shell. Hence, decrease or break
in the solid shell is found on increasing the field frequency. In
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Figure 9(c), at 5 Hz frequency, a decrease in the solidified shell
is observed near 480 mm down the meniscus. This is because
of the dissolution of the solidified shell by mixing of the liquid
core of the central portion of the mold with the solidified shell at
the side, due to which the solidified shell remelts and transforms
to liquid and gets uniformly mixed. As the magnetic frequency
increases further to 10 Hz, the re-melting or the dissolution of
the solidified shell occurs early, i.e. at a distance of 410 mm
down the meniscus and onset of solidified shell formation for
the second time is seen to occur at a distance of 570 mm down
the meniscus. As the frequency is further increased to 10 Hz,
the trend remains nearly the same except there is a break in
solidified shell. This means that as the frequency is increased,
the solidified shell remelts early and more strongly. This may
be due to the increase in circular or tangential velocity of the
fluid by increasing the frequency, which results in an increase
in the magnitude of forced convection effects in molten steel.
The change in magnitude of tangential velocity can be seen by
referring to Figure 10 in which the tangential velocity is plot-
ted on a lateral axis 450 mm below the meniscus level i.e. just
below the position where stirrer is placed. It is seen that near
the solidification front, the fluid has high tangential velocity and
decreases gradually to zero at the central axis of mold. Increase
in tangential velocity near solidification front with the increase
in magnetic frequency is also observed. High tangential velocity
near the solidification front breaks the coarse dendritic grains
into fine grains. Maximum tangential velocity near the solidi-
fication front is found for EMS at 20 Hz magnetic frequency,
hence expected to give more fine grain structure. However,
as the temperature gradient after the gap (onset of the second
solidified shell formation) is likely to increase, an unfavorable
condition for equiaxed grains formation during solidification in
continuous casting process arises.

From Figure 9 (a-e), it is also observed that solid shell
thickness at the mold exit is nearly equal for all the cases. It so
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happens that as the liquid metal from the central portion comes
on the near the mold wall, the heat removal rate is increased
from the mold surface because of increase in mold surface tem-
perature. So the rate of formation of solidified shell increases
and immediately a thick solidified shell is formed in the cases
when EMS is applied. It would be more clear from Figure 11,
where the average mold wall heat flux for the case without
EMS is found to decrease gradually down the mold while, after
applying EMS, the wall heat flux below the stirrer position in-
creases relatively with the case without EMS. On applying EMS
the maximum increase in wall heat flux from the case without
EMS is found for the EMS with 20 Hz frequency as it also has
a maximum gap in the solidified shell. This increase in wall
heat flux is due to increase in mold surface temperature in the
stirred region. The increase in wall heat flux quickly decreases
the surface temperature of the mold and becomes equivalent to
the without EMS case. Hence, the final shell thickness does not
increase much in all the cases.
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Fig. 11. Average wall heat flux for different frequencies
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4.2. Effect of magnetic flux density

Magnetic flux density plays a vital role in the application
of EMS in continuous casting of steel though it has limitations
too. Hence, the optimum flux density should be applied during
electromagnetic stirring in continuous casting. Four different
magnetic flux densities have been applied to analyze its effect on
solidification in billet caster mold. The frequency of the magnetic
field has been kept constant to 10 Hz as it is a moderate frequency
in the range where significant changes have been observed in the
previous section. Figure 12(a-d) shows the fluid flow pathlines in
the mold at four different magnetic flux density values of 0.05,
0.1, 0.15 and 0.2 Tesla respectively. It is clearly observed that
with the increase in magnetic flux density, the intensity of stirring
of fluid increases in the zone of the stirrer and to some extent in
the downward vicinity of the stirrer. In Figure 12(a), when the
intensity of stirring is very low at 0.05 T, there seems to be an
insufficient electromagnetic force to stir the liquid steel because
the stirring effect is not seen reach near the wall of the mold.
As the flux density is increased, the vigorous rotation causes
the fluid from the center to be in intimate contact with the side
walls of the mold and further it rotates to touch the wall on the
other side of the mold. This process continues inside the stirrer
zone and ensures complete mixing of central core region full of
fluid with thin solidified skin on the mold walls.

Figure 13(a-e) shows the contours of the liquid fraction at
mold exit for without magnetic field and with different magnetic
flux densities. In the line of predicted fluid flow pathlines shown
in Figure 12 where EMS at 0.05 T of magnetic field shows very
less stirring intensity effect, can be seen in Figure 13(b) that

1.00e+00

L (@ ®) © (d)

Fig. 12. Fluid flow pathlines during solidification with EMS at magnetic
flux density (a) 0.05 T (b) 0.10 T (¢) 0.15T (d) 0.20 T

liquid core still exists after the application of magnetic field
because of very low flux density. Because of insufficient stir-
ring effect, a small portion is still in liquid state, similar to that
observed for without EMS case. However, a decrease in liquid
fraction or mushy zone can be seen at the center of mold exit,
as shown in Figure 13(c-e) when the magnetic flux density is
increased. The value of liquid fraction seems to be decreasing
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Fig. 13. Liquid fraction at mold outlet (a) Without EMS, and with EMS at magnetic flux density (b) 0.05 T (¢) 0.10 T (d) 0.15 T (¢) 0.20 T
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continuously with increase in magnetic flux density. The liquid 15
fraction of steel for different magnetic flux densities at the mold "é" "é ]
outlet symmetric line along the x-axis is shown graphically in g ©

Figure 14. It can be observed that there is not much change in & :g:
the graphs of the liquid fraction of without EMS and with EMS $ g ]
at 0.05 T magnetic flux density. Maximum change in liquid £ 154
fraction was observed as 0.3 for the EMS with 0.20 T, which E ‘g:
is very close to liquid fraction obtained from EMS at 0.1 Tand = ©

0.15 T magnetic flux density. The increase in magnetic flux E :g:
density of the stirrer decreases maximum liquid fraction and _'g E:
so the temperature gradient of steel near the solid front. As the =5 15
change in liquid fraction above 0.1 T is low, it is suggested not ¢ 103
to use high magnetic flux density. E:
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Fig. 14. Liquid fraction at mold outlet symmetric line

At different magnetic flux density of EMS, thickness of
solid shell formed at the center of mold wall while moving below
the meniscus is shown in Figure 15(a-e). Growth in solid shell
thickness for 0.05 T has been found to be similar as with the
without EMS case. A break in solid shell below the EMS posi-
tion has been observed when magnetic flux density is increased
above 0.10 T, as shown in Figure 15(c-e). It can be noticed that
the width of gap increases with the increase in magnetic flux
density. Formation of these gaps and increase in width with the
increase in magnetic flux density are due to increase in stirring
intensity and increase in tangential velocity of the fluid. Figure
16 shows tangential velocities for different magnetic flux den-
sities on a lateral axis at 0.45 m below the meniscus. It can be
observed that tangential velocity near the solidification front
increases with the increase in magnetic flux density. The increase
in tangential velocity increases forced convection in steel and
hence increases the temperature near solidification front due to
which gap in the solid shell is formed, as discussed in the previ-
ous section. It can also be predicted that high magnetic field EMS
is a favorable condition towards the fine dendritic grain structure
formation in a new solid shell formed after the re-melting due
to stirring, as it has high tangential velocity near the solidifi-
cation front.

0.0 04 02 03 04 05 06 07 08 08 1.0
Distance from meniscus (m)

Fig. 15. Solid shell formation at the mold wall, below the meniscus
for cases (a) Without EMS, and with EMS at magnetic flux density (b)
0.05T (¢) 0.10T (d) 0.15T (e) 0.20T
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Fig. 16. Tangential velocity for different magnetic flux densities

5. Conclusions

A 3-dimensional model of a billet caster mold has been
prepared to analyze the effect of electromagnetic stirring on the
solidification of steel within the mold. It involves the simultane-
ous solution of fluid flow, solidification, and electromagnetic
equations. From the results, the following conclusions can be
made.

The rotary motion of fluid made by EMS imparts high
velocity at the periphery and decreases gradually towards the
center. This high rotational flow near the solidification front
could break the coarse dendritic structure and may transform it to
a finer grain. Tangential velocity of the liquid steel increases with
the increase of magnetic frequency and magnetic flux density.

The liquid fraction at the center of mold and temperature
gradient near the solidification front decreases with increase in
magnetic flux density. Thus, high magnetic flux density may
promote to form equiaxed grain structure.
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From the pathlines of fluid flow, it may be inferred that
the length of stirring decreases with the increase in magnetic
frequency while, the intensity of stirring in the stirrer region
increases with the increase in magnetic flux density. As the length
of stirring reduces centerline segregation, low-frequency EMS
is preferred to reduce centerline segregation.

From the results obtained, the optimum characteristics of the
stirrer is preferred to have low or medium magnetic frequency
and high flux density for taking their combined effect on the
fluid flow and solidification in the mold.
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