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Abstract— This paper aims to study the effect of
turbulence on the flow of two fluids and the heat transfer -
solidification process in electromagnetic continuous steel
casting. The complete set of field equations is established.
The flow pattern of the fluids, the meniscus shape and
temperature field as well as solidification profiles obtained
from the model with and with no turbulence effect are
presented. The results show that the model with turbulence
gives a large circulation zone above the jet, much larger
variation of the meniscus geometry, a slow solidification
rate and higher temperature in the top part of the strand
region.

Keywords— Electromagnetic continuous steel casting
process, turbulent flow, heat transfer, two-fluid flow, level
set method.

I. INTRODUCTION

THE surface control of continuous steel casting
products is important to steel quality. Over the

last decade, the technologies used to control the
quality of the continuous casting products have been
proposed such as neural networks [23], fuzzy logic
[24], optimization [27], and electromagnetic contin-
uous casting process [10], [15]. The electromagnetic
steel casting process is a relatively new effective
heat extraction process in which molten steel is
withdrawn at a specified speed. In comparison with
the normal continuous casting process, the electro-
magnetic continuous casting process possesses many
advantages such as improving the surface quality,
controlling the flow pattern of liquid steel, and re-
moving the inclusions and gas bubbles [16], [28].
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Due to these advantages, great efforts have been
made to develop this process over the last decade
and the percentage of steel in the world produced by
this process is increasing.

In the electromagnetic casting, a coil is mounted
around the casting mould. The magnetic field gener-
ated from the source current through the coil induces
the electric current in the steel pool. This current
not only heats the molten steel but also generates an
electromagnetic force in the molten steel. During the
process, the molten steel is poured from a ladle into
an intermediate container known as a tundish. The
molten steel from the tundish is transferred through
a submerged entry nozzle into a water-cooled mould,
where intense cooling causes a thin solidified steel
shell to form around the edge of the steel, leaving
a large molten core inside the shell. To facilitate
the process, mould powder or lubricant oil is added
at the top of the mould to prevent the steel from
oxidizing. The interface between the molten steel
and lubricant oil is known as a “meniscus”. The
mould is oscillated vertically and then the lubricant
liquid is dragged into the gap between the solidified
strand and the mould walls. This can prevent the
steel from sticking to the solidifying shell. After
leaving the mould, the solidified strand is supported
by a set of rollers, cooled down by water sprays and
then subsequently cooled through radiation. When
the casting has attained the desired length, it is cut
off with a cutter.

The electromagnetic field imposed to the process
is the effective technology to control heat transport
and solidification [2], [5], [20], [25], [26]. The elec-
tromagnetic force can reduce the molten steel flow
from hitting the wall [7], [28] and push the meniscus
away from the mould during casting [19], which
reduces the surface contact between the melt and the
wall. The behavior of electromagnetic stirring, fluid
flow, heat transfer with solidification and oscillation
marks on the steel surface is crucial to the quality
and productivity of the process. The effect of the
electromagnetic field on turbulent flow has also been
investigated [8], [6], [22], [28].

With the limitation of experiments in the contin-
uous casting process, mathematical models become
an important tool to understand the physical phenom-
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ena. Over the last few decades, most of the research
efforts have been focussed on investigating the flow
pattern and heat transfer problems in the continuous
casting process [1], [4], [7], [9], [11], [18], [21].
Mookum [12], [13] presented a mathematical model
to study the effect of electromagnetic field on the
flow and temperature fields. The results indicated
that the electromagnetic force reduced the speed
of the molten steel near the mould wall. Wu and
Wiwatanapataphee [29], [30] proposed a mathemat-
ical model to solve the coupled turbulent two-fluid
flow and heat transfer with solidification. However,
many phenomena such as the heat transfer process,
the formation of oscillation marks and the meniscus
behavior, have not been fully understood nor well
controlled.

In this study, we extend the previous work [14]
and propose a three-dimensional mathematical model
for the problem of turbulent two-fluid flow and heat
transfer with solidification in the electromagnetic
continuous steel casting process. The effect of turbu-
lent flow on temperature distribution and meniscus
surface is investigated. The rest of the paper is
organized as follows. In section two, a complete
set of field equations and finite element formulation
are given. Section three gives a numerical study to
demonstrate the effect of electromagnetic force on
the flow pattern, the heat transfer and solidification
process as well as the meniscus shape.

II. MATHEMATICAL MODELS

A. Governing Equations
In this work, we study the effect of the electro-

magnetic force on the turbulent flow of fluids in the
continuous steel casting process. In the mould region,
there are two immiscible fluids, namely molten steel
region (Ωs) and lubricant oil region (Ωo). To study
the motion of the two fluids, we introduce the level
set function ϕ as

ϕ(xi, t) =


0 if xi ∈ Ωs

0.5 if xi ∈ Γint

1 if xi ∈ Ωo,

(1)

where Γint is the interface between the molten steel
and the lubricant oil. Using ϕ, we can define the
density, ρ, and the viscosity, µ, as follows:

ρ = ρs + (ρo − ρs)ϕ, (2)

µ = µs + (µo − µs)ϕ, (3)

where the subscripts s and o denote respectively the
molten steel and lubricant oil.

The velocity and pressure fields described by the
incompressible Navier-Stokes equations for the two-
fluid flow are given below

∂ui
∂xi

= 0, (4)

ρ

(
∂ui
∂t

+ uj
∂ui
∂xj

)
+
∂p

∂xi
− ∂

∂xj

(
µeff

(
∂ui
∂xj

+
∂uj
∂xi

))
= ρgi + Femi

+ Fsti + Fi(ui, xi, t), (5)

where ui represents the velocity of the fluids, p is
the fluid pressure, gi is the gravitational acceleration,
Femi

is the electromagnetic force, Fsti is the surface
tension force and Fi is the forcing function.

To solve equations (4) and (5), we need to
couple the two-fluid flow problem with the heat
transfer problem. Based on the enthalpy formulation,
the temperature field is governed by the following
equation:

ρc

(
∂T

∂t
+ uj

∂T

∂xj

)
=

∂

∂xj

(
keff

∂T

∂xj

)
− ρs

(
∂HL

∂t
+ uj

∂HL

∂xj

)
(1− ϕ), (6)

where T is the temperature, HL is the laten heat
defined as HL = Lf(T ) in which L represents the
latent heat of liquid steel. The liquid fraction f(T )
is given by

f(T ) =


0 if T ≤ TS ,
T − TS
TL − TS

if TS < T < TL,

1 if T ≥ TL,

(7)

where TS and TL are the solidification temperature
and melting temperature of the steel, respectively.
The thermal conductivity, k, and the heat capacity,
c, are expressed in terms of ϕ as follows:

k = ks + (ko − ks)ϕ, (8)

c = cs + (co − cs)ϕ. (9)

The effective viscosity, µeff , and the effective
thermal conductivity, keff , in equations (5) and (6),
respectively, are given by

µeff = µ+ µt, keff = k +
cµt
σt
, (10)

where σt is the turbulence Prandtl number assumed
as 0.9 [1]. The turbulent viscosity, µt, is determined
by

µt = ρCµ
K2

ε
. (11)

The coefficient Cµ is suggested to be 0.09 [9], K
is the turbulent kinetic energy and ε is the turbulent
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dissipation rate. The two-equation K − ε model is
used to study the effect of turbulence on the velocity
and temperature fields, namely

ρ

(
∂K

∂t
+ uj

∂K

∂xj

)
=

∂

∂xj

[(
µ+

µt
σK

)
∂K

∂xj

]
−µt
σt
βgi

∂T

∂xi
+ µtG− ρε

(12)

ρ

(
∂ε

∂t
+ uj

∂ε

∂xj

)
=

∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
+C1(1− C3)

εµt
Kσt

βgi
∂T

∂xi
+ C1ε

µt
K
G− C2ρ

ε2

K
(13)

where G =
∂ui
∂xj

(
∂ui
∂xj

+
∂uj
∂xi

)
, β is the thermal

expansion of steel, the coefficients C1 = 1.44, C2 =
1.92, σK = 1 and σε = 1.3 [9].

To determine the movement of the interface, the
level set function is obtained by solving the following
equation [17]:

∂ϕ

∂t
+ uj

∂ϕ

∂xj
= γ

∂

∂xj

(
ϵ
∂ϕ

∂xj
− ϕ(1− ϕ)n̂j

)
.

(14)
The quantities γ and ϵ are reinitialization parameter
and thickness of the interface. The reinitialization of
equation (14) is given by

∂ϕ

∂t
= γ

∂

∂xj

(
ϵ
∂ϕ

∂xj
− ϕ(1− ϕ)n̂j

)
. (15)

The equation (15) is first solved to obtain the initial
condition for the level set equation (14).

Based on our previous work in [12], the electro-
magnetic force can be determined by

Fem = J × (∇× A), (16)

where J and A denote the total current density
and the magnetic vector potential, respectively. To
obtain the electromagnetic force, the magnetic vector
potential A and the scalar potential φ are determined
from Maxwell’s equations by

∇ · (−η∇φ+ Js) = 0, (17)

−1

ν
∇2A + ηιωA = −η∇φ+ Js, (18)

where Js is the source current density, η is the
electric conductivity, ν is the magnetic permeability,
ω is the current frequency, and ι =

√
−1.

The surface tension force in equation (5) con-
centrated around the interface can be expressed as

Fst = σκ(ϕ)δ(ϕ)n̂, (19)

where σ, n̂, and κ are respectively the surface ten-
sion coefficient, the interface normal vector, and the
interfacial curvature. The quantities n̂, and κ are
calculated by n̂ = ∇ϕ

|∇ϕ| and κ(ϕ) = −∇ · n̂. The
delta function δ(ϕ) employed in this study is given
by [3]

δ(ϕ) = 6|∇ϕ||ϕ(1− ϕ)|. (20)

The forcing function F (u,x, t) in equation (5)
is determined, according to [1], by

F (u,x, t) = C
µt(1− f(T ))2

f(T )3
(u−U cast), (21)

where U cast = (0, 0, Ucast) in which Ucast repre-
sents the constant downward casting speed and C is
the morphology constant.

To completely define the problem, a set of
boundary conditions have been established to sup-
plement the above field equations and are shown in
Fig. 2.

Fig. 1. Computation domain

B. Finite Element Formulation
In this study, we employ a Bubnov-Galerkin fi-

nite element method for the numerical simulation and
investigation. The electromagnetic force in equation
(16) is obtained first by solving the electromagnetic
field in equations (17) and (18). In order to obtain
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Fig. 2. Boundary conditions

the finite element solution of Ai and φ, the varia-
tional problem for the equations (17) and (18) are
established:

Find φ,Ai ∈ H1(Ω) such that for all test
functions wb, wc

i ∈ H1
0 (Ω), the relevant Dirichlet

type boundary conditions are satisfied and∫
Ω
wb ∂

∂xj

(
−η ∂φ

∂xj
+ Js

j

)
dΩ = 0, (22)

−
∫
Ω
wc
i

1

ν

∂2Ai

∂xj∂xj
dΩ+

∫
Ω
wc
iηιωAidΩ

=

∫
Ω
wc
i

(
−η ∂φ

∂xi
+ Js

i

)
dΩ, (23)

where H1(Ω) is the Sobolev space W 1,2(Ω) with
norm ∥ · ∥1,2,Ω, H1

0 (Ω) = {v ∈ H1(Ω)|v = 0 on
the boundary}. By using the Galerkin finite element
formulation, we obtain the following discretization
system

ηMφ̃ = FJ , (24)(
1

ν
M + ηιωB

)
Ã = FA, (25)

where M and B are the coefficient matrices. To solve
the steady state system of equations (24) and (25),
we can solve first equation (24) for φ̃ and then use
this solution to solve equation (25) for Ã.

For the finite element solution of ui, p, T, ϕ,K
and ε, the variational statement for the boundary

value problem corresponding to the the equations (4),
(5), (6), (12), (13), and (14) subjected to relevant
boundary conditions is established as follows:

Find ui, p, T, ϕ,K, ε ∈ H1(Ω) such that for
all wi, wp, wτ , wϕ, wK , wε ∈ H1

0 (Ω), all relevant
Dirichlet type boundary conditions are satisfied and∫

Ω
wp∂uj
∂xj

dΩ = 0, (26)

∫
Ω
wi∂ui

∂t
dΩ+

∫
Ω
wi(uj

∂ui
∂xj

)dΩ

−
∫
Ω

1

ρ

∂wi

∂xi
pdΩ+

∫
Ω

µ

ρ

(
∂wi

∂xj

∂ui
∂xj

+
∂wi

∂xi

∂uj
∂xi

)
dΩ

=

∫
Ω
wigidΩ+

∫
Ω

1

ρ
wiFemi

dΩ

+

∫
Ω

1

ρ
wiFstidΩ+

∫
Γwall

µ

ρh
wiuidΓ, (27)

∫
Ω
wτ ∂T

∂t
dΩ+

∫
Ω
wτ (uj

∂T

∂xj
)dΩ

+

∫
Ω

k

ρc

∂wτ

∂xj

∂T

∂xj
dΩ = −

∫
Γwall

1

ρc
wτh∞(T − Tm)dΓ

−
∫
Γstrand

1

ρc
wτ

(
h∞(T − T∞) + ςϖ(T 4 − T 4

ext)
)
dΓ

−
∫
Ω

1

cs
wτ

(
∂HL

∂t
+ (uj

∂HL

∂xj
)

)
(1− ϕ)dΩ, (28)

∫
Ω
wϕ∂ϕ

∂t
dΩ+

∫
Ω
wϕ(uj

∂ϕ

∂xj
)dΩ

=

∫
Ω
wϕγ

∂

∂xj

(
ε
∂ϕ

∂xj
− ϕ(1− ϕ)n̂j

)
dΩ. (29)

∫
Ω
wKρ

∂K

∂t
dΩ+

∫
Ω
wKuj

∂K

∂xj
dΩ

=

∫
Ω
wK ∂

∂xj

[(
µ+

µt
σK

)
∂K

∂xj

]
dΩ

−
∫
Ω
wK µt

σt
βgi

∂T

∂xi
dΩ+

∫
Ω
wKµtGdΩ

−
∫
Ω
wKρεdΩ (30)

∫
Ω
wερ

∂ε

∂t
dΩ+

∫
Ω
wεuj

∂ε

∂xj
dΩ

=

∫
Ω
wε ∂

∂xj

[(
µ+

µt
σε

)
∂ε

∂xj

]
dΩ

+

∫
Ω
wεC1(1− C3)

εµt
Kσt

βgi
∂T

∂xi
dΩ

+

∫
Ω
wεC1ε

µt
K
GdΩ−

∫
Ω
wεC2ρ

ε2

K
dΩ (31)
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The above equations for
(ux, uy, uz, p, T, ϕ,K, ε) are then discretized in
space by the level set finite element method to
yield the following system of nonlinear ordinary
differential equations

M̄ U̇ + B̄U = F̄, (32)

where U = {uxi, uyi, uzi, pi, Ti,Ki, εi}Ni=1 are the
value of ux, uy, uz, p, T, ϕ,K, and ε at the nodes
of the finite element mesh. The coefficient matrix
M̄ corresponds to the transient terms in the gov-
erning partial differential equations, the matrix B̄
corresponds to the advection and diffusion terms, and
the vector F̄ corresponds to the external body force.

To solve the system of ordinary differential
equations (32), the backward Euler scheme is em-
ployed. The convergence criteria used for the itera-
tive scheme is given by

∥Ri+1
n −Ri

n∥ < Tol, (33)

where i + 1 and i denote the iterative computation
steps, Rn represents the unknown vector of the nth
variable on the finite element nodes, ∥ · ∥ denotes
the Euclidean norm and Tol is a very small positive
number.

Fig. 3. Vector plot of the total current density on the front and
top view

III. NUMERICAL RESULTS
For numerical investigation, we consider a

square billet with a width of 0.2 m and a depth of 0.4
m, and a submerged entry nozzle with port angle of
12◦ downward. The inlet velocity of molten steel is
0.12 m/s; the molten steel is assumed to have 5◦C of

Fig. 4. Vector plot of the electromagnetic force on the front
and top view

Fig. 5. The velocity fields under two different cases: (a) with
turbulence effect;(b) with no turbulence effect

super-heat; and the delivery turbulent kinetic energy
and its dissipation rate are respectively 0.0502 m2/s2

and 0.457 m2/s2. The values of other parameters are
given in Table I. The computation domain shown in
Fig. 1 represents one quadrant of the casting steel
system consisting of the strand region occupied by
the steel and lubricant oil on the top, the mould
region, the coil region, and the environment region.
The domain is discretized using 60,462 tetrahedral
elements with a total of 625,737 degrees of freedom.

Fig. 3 shows the total current density J on the
front and top views. The result shows that the current
density concentrated around the edge of the mould
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Fig. 6. The streamlines of the molten steel under two different
cases: (a) with turbulence effect; (b) with no turbulence effect

TABLE I
PARAMETERS USED IN NUMERICAL SIMULATION

Parameters Value
ν 4π × 10−7 Henry/m
η 4.032× 106 Ω−1m−1

ω 320 Hz
Ucast -0.000575 m/s
ρs 7800 kg/m3

ρo 2728 kg/m3

µs 0.001 Pa · s
µo 0.0214 Pa · s
σ 1.6 m/s2

ϵ 0.001 m
g -9.8 m/s2

Tin 1535 oC
TL 1525 oC
TS 1465 oC
T∞ 150oC
Text 100oC
Tm 1400oC
cs 465 J/kgoC
co 1000 J/kgoC
ks 35 W/moC
ko 1 W/moC
L 2.72× 105 J/kg
C 1.8× 106 m−2

h∞ 1079 W/m2oC
β 0.00003oC−1

ϖ 0.4
ς 5.66× 10−8 W/m2K4

wall. The directions are basically in the clockwise
direction parallel to the horizontal plane. Fig. 4
shows the electromagnetic forces Fem acting on the
molten steel, which are basically in the horizontal
direction toward the central line and concentrate near
the surface of steel pool.

Fig. 7. The temperature profiles of the steel strand under two
different cases: (a) with turbulence effect; (b) with no turbulence
effect

To investigate the influence of turbulence effect,
velocity field, temperature distribution in the top part
of the strand region and the meniscus shape obtained
from the models with and with no turbulence effect
are analyzed. It can be seen on Figs. 5, 6, 7 and 8 that
turbulence has significant effect on the velocity field,
the streamlines, the temperature field of the molten
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Fig. 8. The shape of the meniscus surface between the lubricant
oil and the molten steel under two different cases: (a) with
turbulence effect; (b) with no turbulence effect

steel, and the meniscus shape between the two fluids.
The results show that under the turbulence condition,
A large circulation zone presents above the jet as
shown in Figs. 5(a) and 6(a), and molten steel starts
to solidify at the bottom of the coil as shown in
Fig.7(a). In the model with no turbulence effect, two
recirculation zones above and below the jet appear
as shown in Figs. 5(b) and 6(b), and molten steel
starts to solidified (T = 1465) at the top of the coil
as shown in Fig. 7(a). The meniscus shape enlarged
by flow is different as shown in Figs. 8(a-b). In the
model with no turbulence effect, meniscus shape is
concave along the mould wall and convex along the
symmetry plane. In the model with turbulence effect,
the meniscus shape varies significantly in the liquid
pool from the center to the edge of the steel strand.

IV. CONCLUDING REMARKS
A three-dimensional mathematical model has

been developed to study the coupled turbulent two-
fluid flow and heat transfer process in electromag-
netic continuous steel casting. Turbulence effect on
the velocity field, temperature field, and meniscus
shape has been investigated. The results show that
turbulence has significant effect on the velocity field,
streamlines, temperature field of the molten steel
and the meniscus shape between the two fluids. In

the model with no turbulence effect, there are two
recirculation zones respectively above and below the
jet, and initial solidification of molten steel occurs
at the top of the coil, and the concave and convex
shape of the meniscus appears along the mould wall
and convex along the symmetry plane, respectively.
On the other hand, the model with turbulence gives a
large circulation zone above the jet, a slow solidifica-
tion rate, and a large variation of the meniscus shape.
It can be concluded that the model with turbulence
gives much larger variation of the meniscus geometry
and higher temperature in the top part of the strand
region.
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