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Abstract: This paper aims to present a mathematical model and numerical
technique to study the three-dimensional fluid flow and heat transfer in the
electromagnetic steel casting process. The effect of source current density on
the electromagnetic force as well as on the flow and temperature fields is in-
vestigated. The numerical results indicate that the source current density of
different magnitudes have a considerable effect on the flow field of molten steel
and a higher source current generates a lower speed of molten steel near the
mould wall. Consequently, the recirculation zone moves further away from the
mould wall, and the speed of molten steel decreases while the heat transfer rate
increases significantly.
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1. Introduction

The quality of continuous steel casting products depends mainly on the con-
trol of molten steel flow and its temperature distribution. Understanding these
phenomena is of great importance for improving the quality and overall pro-
ductivity of the final products. Over the last two decades the electromagnetic
continuous casting process has become one of the prominent and efficient meth-
ods of production of steel and has been increasingly used to improve steel surface
quality [3], [16], [18] and inner quality [21], reduce the depth of oscillation marks
and control breakout of molten steel at the end of the mould. To optimize the
process, it is very important to understand the influence of electromagnetic
force on the fluid flow and heat transfer of molten steel in the liquid pool.

In the electromagnetic continuous casting process, molten steel is continu-
ously poured from a tundish through a submerged entry nozzle into a water-
cooled mould surrounded by an electromagnetic coil, where intensive cooling
results in a thin solidified steel shell to form around the edge of the mould.
An electromagnetic field, generated from the source current through the coil,
is imposed on the system. The magnetic field induces electric currents in the
molten steel and consequently generates a body force, namely the “electromag-
netic force” or “Lorentz force.” This body force acts on the flow of molten
steel and therefore influences the flow pattern and temperature distribution as
well as the solidification of the steel [7], [8], [9], [12], [13], [14], [15], [17], [23],
[25], [27]. The solidified steel shell continuously grows in thickness to become
a solid slab, billet or bloom supported by a set of rollers and is continuously
withdrawn at a uniform casting speed.

Because of the fundamental importance of steel, the electromagnetic casting
technology has been attracting increasing attention in recent years. The contin-
uous steel casting process with an applied electromagnetic field involves many
different interacting phenomena that are not completely understood. These in-
volve techniques required for using electromagnetic fields to control the liquid
metal containment, the transport of turbulence flow, the heat transfer and ini-
tial solidification of steel in the mould and the formation of oscillation marks,
etc. This has resulted in the development of sophisticated mathematical mod-
els, numerical algorithms and commercial software packages for investigating
the casting process. Due to the inherent features of the system geometry, the
casting process is essentially a 3D problem. Although various 2D studies have
been carried out to model various aspects of the process, only a few attempts
have been made [5], [6], [11], [22], [27] to study the problems in 3D models of
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electromagnetic continuous casting process. Takatani et al [22] proposed the
3D analysis of heat transfer and fluid flow in the continuous casting mold with
electromagnetic brake. Cha et al [5] proposed a 3D mathematical model for
fluid flow in the mold of the soft contact electromagnetic casting. However,
details of the current density, magnetic flux density, and electromagnetic force
were not given. Thus, their models and numerical results did not give complete
understanding of the coupled phenomena of fluid flow, heat transfer and electro-
magnetic. Wu and Wiwatanapataphee [27] proposed a mathematical model of
turbulent flow and multi-phase heat transfer under electromagnetic force in the
continuous casting process. They investigated the influence of the electromag-
netic field on the coupled turbulent flow and steel solidification in the 2D case.
This work provides basic understanding of the complex phenomena occurring
in the process. To apply the work to the real process, a 3D case study is nec-
essary to contribute to understanding and solving the complex problems that
affect the real process. This work was then extended by Wiwatanapataphee et
al [25] to study the 3D case for the coupling of fluid flow with electromagnetic
forces ignoring the heat transfer with solidification process. It was found that
the electromagnetic field applied to the system suppresses the melt flow and
results in reduction of velocity in the mould region and leads to more uniform
melt flow below the mould.

In this work, we extend our previous work [25] to the 3D case for the
coupling of fluid flow-heat transfer with solidification under the electromagnetic
forces in the continuous steel casting process. The rest of the paper is organized
as follows. In Section 2, a complete set of field equations is presented. Section
3 represents a brief description of the solution method. Sections 4 and 5 give
a numerical study to demonstrate the influence of electromagnetic field on the
flow of molten steel in the central liquid pool and the temperature distribution
of steel. The conclusions gained from our present research are presented in
Section 6.

2. Mathematical Model

In the continuous steel casting process, three different computation regions are
involved, namely the solidified steel region near the edge of the casting, the
molten steel region in center and the mushy region in between. The governing
equations for the fluid flow are the continuity equation and the Navier-Stokes
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Figure 1: Computational domain Ω and boundary conditions

(a) J (A/m2) (b) B (tesla) (c)Fem (N/m3)

Figure 2: Simulated solutions for: (a) the current density, J (A/m2), in
the coil, mould and liquid pool; (b) the magnetic flux density, B (tesla),
in the liquid pool; (c) the electromagnetic force, Fem (N/m3), in the
liquid pool

equations given by

∂ui

∂xi

= 0, (1)
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(a) J (A/m2) (b) B (tesla) (c)Fem (N/m3)

Figure 3: Simulated solutions on the vertical cross sectional plane (zx-
plane) for: (a) the current density, J (A/m2), in the coil, mould and
liquid pool; (b) the magnetic flux density, B (tesla), in the liquid pool;
(c) the electromagnetic force, Fem (N/m3), in the liquid pool

(a) J (A/m2) (b) B (tesla) (c)Fem (N/m3)

Figure 4: Simulated solutions on the horizontal plane (xy-plane) at the
coil top level for: (a) the current density, J (A/m2), in the coil, mould
and liquid pool; (b) the magnetic flux density, B (tesla), in the liquid
pool; (c) the electromagnetic force, Fem (N/m3), in the liquid pool

ρ

(
∂ui

∂t
+ uj

∂ui

∂xj

)
− ∂

∂xj

[
−pδij + µf

(
∂ui

∂xj

+
∂uj

∂xi

)]
= ρgi + Fi + Femi

, (2)

where µf represents the effective viscosity of the fluid, p is the pressure, gi and
Femi

denote respectively the components of the gravity force vector and the
electromagnetic force in the xi direction.

The forcing function F(u,x, t) is proportional to the velocity of the liquid
relative to the porous media (mushy region) and is given by

F(u,x, t) =
µ

ρκ
(u− Ucast), (3)

where Ucast = (0, 0, Ucast) with Ucast representing the constant downward cast-



378 T. Mookum, B. Wiwatanapataphee, Y.H. Wu

Figure 5: The effect of source current density on the magnitude of
magnetic vector potential at the coil level at y = 0.05 m along the
horizontal line from x = 1.0 m towards the liquid pool

Figure 6: The effect of source current density on the magnitude of
magnetic flux density along the mould wall from the coil level towards
the bottom of the mould at x = 0.099 m and y = 0.05 m

ing speed and κ denotes the permeability of steel defined by Aboutalebi et al
[1] and Reddy and Reddy [20],

κ =
f(T )3

C(1 − f(T ))2
. (4)

The liquid fraction f(T ) is zero in the solidified region, one in the liquid
region and can be approximated as a linear function of temperature in the
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Figure 7: The effect of source current density on the magnitude of
electromagnetic force at the coil level at y = 0.05 m along the horizontal
line from x = 1.0 m towards the liquid pool

(a) (b)

Figure 8: Vector plot of the velocity field in molten steel in the liquid
pool: (a) 3-D plot; (b) 2-D plot on the vertical plane at y = 0.035 m
from the symmetric plane

mushy region, namely

f(T ) =





0 if T < TS ,
T−TS

TL−TS
if TS ≤ T ≤ TL ,

1 if T > TL ,

(5)

in which TL and TS are respectively the melting temperature and the solidifi-
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(a) (b)

Figure 9: Streamline plot of the velocity field in molten steel in the
liquid pool: (a) 3-D plot; (b) 2-D plot on the vertical plane at y =
0.035 m from the symmetric plane

cation temperature of steel.

To solve equations (1) and (2), we need to couple the fluid flow problem with
the heat transfer problem. Using an enthalpy formulation, the temperature field
in Ω is governed by the following convection-diffusion equation

ρc

(
∂T

∂t
+ uj

∂T

∂xj

)
=

∂

∂xj

(
k

∂T

∂xj

)
− ρ

(
∂HL

∂t
+ uj

∂HL

∂xj

)
, (6)

where c and k are the specific heat of liquid steel and the thermal conductivity
of steel, respectively, T is temperature. HL is approximated by the linear
distributed function of temperature

HL =





0 if T < TS ,

L T−TS

TL−TS
if TS ≤ T ≤ TL ,

L if T > TL ,

(7)

where L is the latent heat of molten steel. The electromagnetic force Fem is
given [25] by

Fem = J× B, (8)

where J and B denote the total current density and the magnetic flux density,
respectively.

Since steel is a very good conductor, we assume that the field changes in
one part of the system spread out instantaneously to all other parts. Thus,
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(a) (b)

(c) (d)

Figure 10: The influence of source current density on the velocity field
on the horizontal plane at the coil top level (z = 0.95 m): (a) Fem = 0.0
(N/m3); (b) |Js| = 1.5 × 105 (A/m2); (c) |Js| = 2.0 × 105 (A/m2) (d)
|Js| = 2.4 × 105 (A/m2)

(a) (b)

Figure 11: Temperature distribution of steel strand on a vertical plane
at y = 0.05 m obtained from: (a) conventional continuous caster; (b)
electromagnetic continuous caster with an applied source current 2.0×
105 (A/m2)
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Figure 12: Effect of source current density on the temperature profile
on the horizontal plane at distance 0.05 m below the meniscus (i.e., at
the coil top level)

Figure 13: Effect of source current density on the temperature profile
on the horizontal plane at distance 0.4 m below the meniscus (i.e., at
the bottom of the mould)

the conduction current J will be large compared to the displacement current
D for most frequencies of interest. Furthermore, we assume that the steel is
electrically neutral and the influence of the flow induced current on the magnetic
field produced by the external current density is neglected [2]. Therefore, in a
conduction region the field equations can be expressed in terms of the magnetic
vector potential A and the electric scalar potential φ from Maxwell’s equations
as

∇×
(

1

µ
∇× A

)
= −σ

∂A

∂t
− σ∇φ, (9)
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where A is related to the magnetic flux density B and the total current density
J by

B = ∇× A, (10)

∇×
(

1

µ
∇× A

)
= J , (11)

respectively, and φ is related to the electric field E by

E = −∂A

∂t
−∇φ. (12)

Here σ and µ are the electric conductivity tensor and electric permittivity tensor
of the material, respectively. In the conduction region with a known source
current density Js, equation (9) can be written as

∇×
(

1

µ
∇× A

)
= −σ

∂A

∂t
+ Js. (13)

Since we are concerned with the construction of an appropriate three-dimensional
model, in rectangular coordinates system, Js and A respectively take the fol-
lowing forms:

Js = (Js
1 (x, t), Js

2 (x, t), Js
3 (x, t)),

A = (A1(x, t), A2(x, t), A3(x, t)),
(14)

where x = (x, y, z). For simplicity, we consider a special case in which the ap-
plied electromagnetic fields are generated by a single frequency, time-harmonic
excitation with a relatively constant amplitude [27]. In such a time-harmonic
case, the form of Js and A can be expressed as

Js = Js(x)eiωt,
A = A(x)eiωt,

(15)

where ω is the current frequency and i =
√
−1. Consequently, the time deriva-

tive of the magnetic vector potential can be replaced by iωA and hence equa-
tions (13) becomes

∇×
(

1

µ
∇× A

)
+ σiωA = Js. (16)

3. Method of Solution

Due to the negligible effect of the flow of molten steel on the total magnetic
flux density, the electromagnetic field problem is decoupled from the fluid flow-
heat transfer problem as shown in Section 2. Therefore, the electromagnetic
field problem governed by equations (16) with prescribed boundary conditions
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is solved first to obtain the electromagnetic force for the analysis of the coupled
fluid flow-heat transfer problem.

To obtain the finite element solution of the above boundary value problem
for the electromagnetic field, we denote the typical domain by Ω and apply the
standard weighted residual technique. Thus, multiplying equations (16) with
the vector weighting function wv and integrating over the element, integrating
by parts for those terms which involve higher-order derivatives by using the di-
vergence theorem, and introducing the boundary conditions give the variational
boundary value problem. To proceed with the Galerkin finite element method,
the region Ω is discretized in space into an assemblage of finite elements and the
above weighted integral statements are applied to each element. Within each
element, A is approximated by expansion of the form A(x, t) = Ψt(x)A(t),
and wv(x) ≈ Ψ(x), where Ψ represents the vector of interpolation (shape)
functions, and the superscript (·)t indicates a vector transpose. We thus obtain
the following discrete equation for each element ‘e’ of the domain


∫

Ωe

Ψ · σiωΨtdx +

∫

Ωe

∇× Ψ · 1

µ
∇× Ψtdx


A =

∫

Ωe

Ψ · Jsdx, (17)

which yields the following discretization system

M̃A = F, (18)

where the coefficient matrices in terms of vector notation are defined by the
integrals of the weighted residual statements (17), respectively.

The weak formulation of the BVP for the coupled fluid flow-heat transfer
process can be obtained by using different numerical techniques like the La-
grangian multiplier method [19], the projection method [4] and the penalty
function method [10], etc. In the present study, the penalty function method is
used to weaken the continuity requirement (1), which is treated as a constraint
on the velocity field. Hence we use

∂uj

∂xj

= −δp , (19)

where the penalty parameter δ is a small positive number. The effect of pe-
nalization is to relax the incompressibility condition (1) and thus, the pressure
variable in the momentum equation (2) can be eliminated from the system
by substituting equation (19) into equation (2). Consequently, we obtain a
closed system of partial differential equations in terms of the time-dependent
unknowns ux, uy, uz and T . Thus, the weak statements over Ω, associated with
the consistent penalty formulation, are obtained by applying the standard pro-
cedure.
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For the numerical solution of the variational boundary value problem, we
employ a Bubnov-Galerkin finite element method. In this method, the prob-
lem is posed onto finite dimensional subspaces and the dependent variables
(ui, T ) are interpolated within the subspaces using an appropriate approxima-
tion. Therefore, the governing partial differential equations are discretized in
space by the Galerkin finite element method to obtain the following system of
nonlinear ordinary differential equations

M̄U̇ + K̄U = F̄, (20)

where U =
{
(uxi, uyi

, uzi, Ti)
}N

i=1
are the values of ux, uy, uz and T on the

finite element nodes i (i = 1, 2, 3, ......., N) and the superposed dot represents
differentiation with respect to time. In equation (20), the coefficient matrix
M̄, corresponding to the transient term, represents the mass, K̄ are due to the
velocity dependent convective and diffusive transport terms, and F̄ corresponds
to the external body force and surface force of the physical process. It should
be addressed here that the various coefficient matrices related to system (20),
which are not presented here for the sake of brevity, are the integration of
combinations of the interpolation functions and their spatial derivatives over the
surface area or volume of the element and are evaluated by using an invertible
parametric coordinate transformation between the actual shape of an arbitrary
element and a master element of very simple shape.

The time integration method for numerical solution involves a generalized
iterative scheme [24], [26] based on the backward Euler differentiation method.
The convergence criteria used for the iterative scheme is given by

‖Qi+1
n − Qi

n‖ < Tol. (21)

Here i + 1 is the computed iterative step where i corresponds to its previous
step, Qn represents the unknown vector of the n-th variable on the finite element
nodes, ‖·‖ denotes the Euclidean norm and Tol is a very small positive number.

4. Numerical Investigation

For numerical investigation we select a typical square billet continuous caster in
which the mould has a width of 0.2 m and a depth of 0.4 m. Since the mould is
symmetrical about two planes passing through its central line, the computation
region is limited to just one quadrant. Thus, for numerical computation, the
computation domain, consisting of the steel region, the mould, the coil and the
surroundings, is set to be 0.3 m × 0.3 m × 1.3 m as shown in Figure 1. In
the finite element simulation, the mesh, generated from the FEMLAB graphic
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subroutine, consists of 3,182 mesh points, 16,765 tetrahedral elements with
157,504 degrees of freedom. The nozzle port angle is taken to be 15o downward.
The fundamental material properties and system parameters associated with
this solution are chosen to have the values as given in [25], [27]. In order to
investigate the effect of source current density on the electromagnetic force as
well as on the flow and temperature fields, three computation schemes with
different source currents 1.5×105, 2.0×105, and 2.4×105 have been considered
in the computation.

The simulated finite element solutions of the electric current density, the
magnetic flux density and the resulting electromagnetic force are presented in
Figures 2-4. The results indicate that the magnetic fluxes cannot penetrate
the liquid pool deeply. The vector plots show that the current density and
the magnetic flux density are concentrated only around the edge of the molten
steel in the region around the coil and that a higher electromagnetic force is
presented in the region next to the mould inner wall. Figures 2(a) and 2(b)
show that the current density flows in the clockwise direction parallel to the
horizontal plane and the magnetic flux density flows downward parallel to the
vertical plane (the stand surface). The electromagnetic force acts on the surface
of the liquid pool and is directed horizontally toward the central line as shown in
Figure 2(c). The electromagnetic force is generated by the current density and
the magnetic flux density according to relation (8). It is clearly observed that
the electromagnetic force is strong near the mould wall. These forces contribute
to preventing molten steel from sticking to the mould wall and smoothing the
steel casting surface.

Figures 5 to 7 show the effects of source current density Js (A/m2) on
the magnitudes of the field variables, namely, the magnetic vector potential A

(tesla.m), the magnetic flux density B (tesla), and the electromagnetic force
Fem (N/m3), respectively. It is observed that the variation of the source current
density reasonably affects the field variables instantaneously. The higher the
source current density is, the higher the magnitude of the field variables is.
The higher value of source current density generates a larger magnitude of
electromagnetic force. By increasing the source current density from 1.5×105

A/m2 to 2.4×105 A/m2, the magnitude of electromagnetic force near the mould
wall increases by a remarkable amount from 17 N/m3 to 45 N/m3 as shown in
Figure 7. This clearly shows that the magnitude of electromagnetic force can
be controlled by controlling the imposed source current density.

Based on the simulation, the finite element solutions of the coupled fluid
flow-heat transfer problem in the continuous casting process in the presence
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and absence of an electromagnetic field are presented in Figures 8-13.

Figures 8 and 9 illustrate the vector plot and the streamline plot of molten
steel in the mould region. The results show that molten steel leaves the nozzle as
a strong hot jet. When the spouting stream hits the top part of the mould wall,
it flows in both upward and downward directions splitting into two recirculation
zones, namely, an upper smaller recirculation zone below the meniscus and a
big lower recirculation zone below the nozzle port.

The streamline plot indicates that in the upper recirculation region the
molten steel recirculates along the horizontal plane, whereas it is found to
recirculate along the vertical plane in the large lower recirculation zone.

The influence of the source current density on the vector field on the hor-
izontal plane at the coil top level (z = 0.95 m) is shown in Figure 10. The
results indicate that the source current density of different magnitudes, namely,
|Js| = 1.5 × 105, 2.0 × 105 and 2.4 × 105 (A/m2), have a considerable effect
on the flow field of molten steel. It is apparent that a higher source current
generates a lower speed of molten steel near the mould wall.

The suppression of the melt flow by the imposition of electromagnetic force
can result in a reduction of the velocity in the mould region, and this can
adversely affect the temperature distribution of the system. Figure 11 shows
influences of electromagnetic force on the temperature field. The steel tempera-
ture obtained from the electromagnetic continuous casting process drops faster
than the one obtained from the conventional process.

Figures 12 and 13 show the effect of varying the source current density on
the temperature profiles at the horizontal sections 0.05 m and 0.4 m below the
meniscus, respectively. It can be clearly seen that, with the increase of source
current density, the gradient of temperature near the mould wall increases sig-
nificantly. It is predicted that the increase of temperature gradient near the
mould wall leads to an increase in the diffusion heat flux to the shell surface,
resulting in a thicker solidified steel shell.

5. Conclusion

A three-dimensional mathematical model and an efficient numerical algorithm
have been developed to study the coupled fluid flow and heat transfer in the
electromagnetic continuous casting process. The results obtained clearly show
that the electromagnetic body force generated in the steel by a sinusoidal source
current through a coil around the mould is directed toward the central plane



388 T. Mookum, B. Wiwatanapataphee, Y.H. Wu

of the mould. A strong electromagnetic force is found to present in the region
next to the mould inner wall at the coil level. With an increase of the source
current, the electromagnetic force increases. The electromagnetic force has a
significant influence on the control of speed of molten steel flow and its temper-
ature distribution. By increasing the magnitude of the source current density,
it is possible to decrease the speed of molten steel flow significantly and this
leads to an increase of the temperature gradient near the mould wall which
produces an increased rate of heat transfer from the steel to the mould wall
and the surroundings.

Acknowledgements

The first and the second authors gratefully acknowledge the support of the
Thailand Research Fund through the Royal Golden Jubilee Ph.D. Program
(Grant No. PHD/0212/2549). The third author acknowledges the support of
an Australia Research Council Discovery project grant.

References

[1] M.R. Aboutalebi, M. Hasan, R.I.L. Guthrie, Coupled turbulent flow, heat
and solute transport in continuous casting process, Metall. Mater. Trans,
26B (1993), 731-744.

[2] J. Archapitak, B. Wiwatanapataphee, Y.H. Wu, A finite element scheme
for the determination of electromagnetic force in continuous steel casting,
Int. J. Comp. Num. Anal. and Appl, 5, No. 1 (2004), 81-95.

[3] K. Ayata, T. Inoue, H. Mori, S. Ishiguro, H. Nakata, T. Murakami, T.
Kominami, Improvement of billet surface by ultra-high-frequency electro-
magnetic casting, La Revue de Métallurgie-CIT, (2001), 1025-1032.

[4] J.B. Bell, P. Colella, A second-order projection method for the incomo-
pressible Navier-Stokes equations, Journal of Computational Physics, 85

(1989), 257-283.

[5] P. Cha, Y. Hwang, H. Nam, S. Chung, J. Yoon, 3D numerical analysis on
electromagnetic and fluid dynamic pheomena in a soft contact electromag-
netic slab caster, ISIJ Int, 38, No. 5 (1998), 403-410.

[6] F.C. Chang, J.R. Hull, Computer modeling of electromagnetic fields and
fluid flows for edge containment in continuous casting, Journal of Manu-
facturing Science and Engineering, 127, No. 4 (2005), 724-730.



NUMERICAL SIMULATION OF THREE-DIMENSIONAL... 389

[7] K. Fujisaki, Consideration of heat transfer and solidification in 3-D MHD
calculation, IEEE Transactions of Magnetics, 36, No. 4 (2000), 1300-1304.

[8] S. Furuhashi, M. Yoshida, T. Tanaka, Control of early solidification by
the use of high frequency electromagnetic field in the continuous casting
of steel, Tetsu to Hagani- J. of the Iron and Steel Institute of Japan, 84,
No. 9 (1998), 625-631.
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