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Lorentz force. The Lorentz force prevents the molten steel from sticking to the
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CHAPTER 1

INTRODUCTION

1.1 An Overview of the Continuous Casting Process

Steel making industry is a large-scale industry comprising many
production processes ranging from upstream processes to downstream processes
as shown in Figure 1.1 [1]. The continuous steel casting process is the process for
casting semi-finished steel products such as billet, slab and bloom. The process
involves many complex phenomena such as heat transfer, flow of molten steel and
flux, formation of oscillation marks on the steel surface, etc. Over the last few
decades, the continuous casting process has been increasingly used to produce
billet, slab and bloom. Over 80 % of the Western world steel products were
casted by the continuous casting process in 1993 [2]. This ratio is expected to
increase continuously due to the superiority of the continuous casting over the

ingot casting in the following aspects:
e reducing energy consumption;
e savings in manpower;
e reduction in production costs;
e improvement of steel quality.

Although there are many different designs of the continuous steel caster, the
schematic diagram of the continuous caster is as shown in Figure 1.2 [3]. The
basic principle of the continuous casting process is to pour liquid steel into a
water-cooled mould continuously. Due to the intense cooling by water running
through channels in the mould wall, the solidified steel shell forms around the

edges of mould. The solidified steel shell with a liquid pool at the center is
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Figure 1.2: The continuous casting process.

withdrawn from the bottom of the mould at the casting speed under support of
series of rolls which ensure that it is both rolled into shape and fully solidified at
the same time. To facilitate the process and to avoid sticking of the solidified
skin to the mould wall, the mould wall itself oscillates vertically. The lubrication
oil or mould powder is added continuously at the top of the mould during the
process to form a protective liquid flux layer. The liquid flux is drawn into the
gap between the steel surface and the mould wall. The various layers formed in
the mould during casting are shown in Figure 1.3 [4]. At the cutting point, the

casting is cut to the required length.

Over the last few decades, many technologies have been developed and
applied to the continuous casting process for improving the quality of the casting
product and the production rate. The electromagnetic stirring technology is one
of the most promising technologies. It is superior to the conventional continuous

casting as it produces casting products with better quality including
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improved shearing ability by avoiding structures which cause cracks;

better hot workability during extrusion forging;

e improved wire rod drawing performance with a low frequency of cup and

cone breakages;

higher and more consistent fatigue properties.

The schematic diagram of electromagnetic casting is shown in Figure 1.4. The
basic concept of electromagnetic stirring is to generate induced currents in the
steel by applying a moving electromagnetic field to the process. This force affects
the flow of liquid steel, and consequently the solidification of the steel. Thus, with
the electromagnetic stirring, it is possible to improve the steel surface quality,
the internal segregation and structure of the steel [5, 6, 7, 8, 9]. Although this
technology has been developed to reduce the occurring of operational problems

and to improve the quality of steel products, various crucial problems still
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frequently occur in the industrial operations such as
e the formation of oscillation marks on the steel surface;

e the generation of cracks on the longitude and transverse of surface and

subsurface of steel;
e the breakout of molten steel from the bottom of the mould.

Thus, it is necessary to understand the phenomena occurring in the casting
process in order to develop better casting technologies and optimize the process.
Although a great deal of work has been carried out to study various aspects
of the continuous casting process, very few attempts have been made to study
the fluid flow and heat transfer in the meniscus region. The phenomena in this
region are still not well understood. Thus, in this work, the meniscus region is
included in the computational domain. The aims of this work are to establish a

mathematical model for the fluid flow, heat transfer and solidification problem
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and to develop a numerical algorithm for simulating the phenomena occurring
in the meniscus region in the electromagnetic continuous casting process. In
addition, the two-phase flow of steel and flux is studied to predict the meniscus
shape. The effect of electromagnetic field on fluid flow and solidification of steel

is investigated.

1.2 Scope and Objectives

Although various mathematical models have been developed to describe
the phenomena occurring in the continuous casting process [3, 10, 11, 12, 13], the
coupled fluid flow-heat transfer process in the meniscus region and the effect of
electromagnetic field on the process have still not been fully understood. Thus,

this research aims to

e develop a mathematical model to describe the coupled fluid flow and heat
transfer with solidification process in the mould region and the meniscus

region, taking into account the effect of the electromagnetic field;

e formulate the finite element methods for solving the electromagnetic stirring

problem and the coupled fluid flow and heat transfer problem;

e develop a numerical algorithm for simulating the electromagnetic casting

process;

e investigate the effect of electromagnetic field on the flow field, temperature

field and meniscus shape.

1.3 Outline of the Thesis

This thesis comprises six chapters. In chapter 1, the basic principles
of the continuous steel casting and the electromagnetic stirring technology are
presented. The scope and objectives are also given in this chapter. In
chapter 2, the previous works closely related to our scope and objectives are

summarized. Chapter 3 concerns the mathematical model for studying the
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two-dimensional electromagnetic stirring problem. The governing equations are
Maxwell’s equations. A numerical algorithm based on the finite element method
is developed to solve the problem. The commercial package FEMLAB is also
used to simulate the electromagnetic field in the continuous casting process. The
effect of casting parameters such as source current and frequency of magnetic
field on the electromagnetic force are investigated. In chapter 4, the effect of
electromagnetic field on the coupled fluid flow and heat transfer process is studied.
The governing equations consist of the Navier-Stokes equations, the continuity
equation and the convection-diffusion equation. A numerical algorithm based
on the finite element method is developed to solve the problem. The effect of
various casting parameters and electromagnetic parameters on the flow field and
temperature field are investigated. In chapter 5, we present a 2-D mathematical
model of steel-flux flow in the meniscus region to predict the meniscus shape. An
algorithm based on the pressure balance and the moving finite element method
are developed to solve this problem. The effect of electromagnetic fields on the

flow field is studied in this chapter.

The conclusions gained from this work are given in chapter 6, together

with some suggestions for further work.
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CHAPTER 2

LITERATURE REVIEW

2.1 General Overview

Many complex phenomena, such as solidification of steel, formation
of oscillation marks on steel surface, breakout of molten steel at
the bottom of the mould and flow of flux, occur in the continuous
steel casting process. All these phenomena have effect on the qual-
ity of steel product. To improve the product quality, new technologies

using electromagnetic field in the process have been developed to cast steel products.

Over the last few decades, extensive research has been carried out
to study the various phenomena occurring in the continuous steel casting
process, including experimental studies, analytical studies and numerical studies.
Numerical investigation has been the dominant approach, as experimental studies
are limited due to the high temperature involved in the process and analytical
approach could only solve very simple problems. The previous studies mainly

focused on the following areas [3, 6, 9, 15]:
e the meniscus phenomena,
e flux flow and formation of oscillation marks on the steel surface,
e heat transfer with solidification of steel,
e flow of molten steel,
e the coupled fluid flow and heat transfer,

o the effect of an electromagnetic field on molten steel flow and heat transfer

with solidification.
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2.2 Modelling of Fluid Flow and Heat Transfer

Various mathematical models and numerical algorithms for fluid flow and
heat transfer have been developed to study the pattern of molten steel flow and
the temperature distribution in the continuous steel casting process. In 1997,
Li [14] developed a numerical algorithm based on the finite element method
and the Lagrangian Eulerian formulation for solving the transient evolution
of the fluid flow, heat transfer and solidification phenomena in the ingot and
spreading casting. His model is based on Scheil’s equation to predict temperature
distribution and fluid flow of steel. His results lead to better understanding of the
process and provide useful information which can be used to improve the design
of the casting process and equipment. Wiwatanapataphee (1998) [3] presented a
coupled turbulent fluid flow-heat transfer with solidification model to analyze the
effect of turbulence on the solidification of steel and the flow of molten steel. She
developed a finite element algorithm to solve the problem and investigated the
effect of some casting parameters on the solidification profile and the flow field
of fluid. Yang et al.(1998) [15] developed a coupled model for the fluid flow,
heat transfer, solidification and solute redistribution in the continuous casting
process. The porous media theory is used to model the blockage of fluid flow by
columna dendrites in the mushy zone. The output shows the close relationship
between the flow pattern of molten steel and the shape of the solid shell. In the
work of Lee et al. (1999) [16], the finite difference method is used to analyze
the turbulent fluid flow in a round billet and the finite element method is used
to analyze the thermo-elastic plastic deformation. The simulation results are
in good agreement with the experimental observations. The cracks on surface
were predicted in the work and the effect of casting speed was investigated. In
2001, Takatani et al. [17] developed a mathematical model for simulating the
transient fluid flow in a continuous casting mould. The argon gas injected from
the nozzle, the molten steel and the solidified shell are all taken into account in
the calculation. They also used a water model in their experimental study and

compared experimental results with the simulation results. An algorithm based
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on the SOLA method was used to solve the problem. In 2002, Thomas et al. [18]
presented four different methods for evaluating velocity of fluid flow in the liquid
pool. The computations are based on PIV, CFX and LES, and electromagnetic
sensors at the mould wall are used to measure the flow velocity. The turbulence

effect is modelled by using the standard K — ¢ model.

2.3 Modelling of Electromagnetic Field in Continuous

Casting Process

Major reviews on the application of electromagnetic field in the
continuous casting process are given in many papers due to Birat and Chone
(1983) [6], Garnier (1990) [19], Kolesnichenko (1990) [20] and Nakanishi (1996)
[21]. Various studies have been undertaken to develop mathematical models and
numerical algorithms to study the electromagnetic problem in the continuous
casting process. Makarov et al.(2000) [22] analyzed the conventional method
for electromagnetic separation of small inclusion in metal casting with high
electric conductivity. The separation technique for the electromagnetic force
was presented and analyzed in each case. It is noted that a direct current
superconduction coil can drastically improve the power loss in the process.
Trindade et al. (2002) [23] introduced a low-frequency numerical model for the
electromagnetic field in the continuous casting process. A finite element algorithm
based on the ELEKTRA/OPERA-3D Package was used to solve the problem.
They compared the simulation outputs with experimental measurements and
the results were in agreement. In the same year, Na et al. (2002) [24] used
a high frequency magnetic field in a soft contact continuous casting mould in
the continuous steel casting process. The distribution of electromagnetic field,
the electromagnetic body force and the effect of magnetic field frequency on the

solidification were discussed in their work.
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2.4 Modelling of Fluid Flow and Heat Transfer at the

Presence of an Electromagnetic Field

Over the last two decades, the electromagnetic casting has been
developed to cast steel products. In 1989, the influence of an electromagnetic
field on the solidification was investigated in the work of Miyoshino et al. [9].
They introduced the fundamental of magnetohydrodynamic phenomena through
experimental and numerical studies. A low frequency magnetic field (60 Hz)
was used in the experimental system. In the same year, Ganma et al. [25]
studied the pattern of fluid flow in the mould with the effect of electromagnetic
stirring in the slab caster. The experimental results and the simulation results
were given in the work. The results show that the velocity of molten steel
that is injected from the nozzle is decelerated when the electromagnetic field
is applied. In 1996, Trophime et al. [26] presented a mathematical model for
the magnetrohydrodynamic problem. The electromagnetic model (A — ¢ model)
and the fluid flow model are developed and the finite element method is used to
solve the problem. In 1997, Toh et al.[8] presented a mathematical model for
controlling the solidification of steel in the continuous steel casting process with
the effect of electromagnetic field. The low-frequency magnetic field used in the
simulation was of 60 Hz. The numerical results show that the surface of the steel
is improved by the use of the magnetic field. As in the works of Fujisaki et
al. [27, 28], they presented the mathematical model for In-Mold electromagnetic
stirring in the continuous casting process. The experimental results and
simulation results are in good agreement and show that the electromagnetic
stirring leads to more uniform velocity field near the mould wall. In 1998, Li
[29] used an electromagnetic field in a model for the coupled fluid flow, heat
transfer and solidification process. Maxwell’s equations were used to model the
electromagnetic field. The results show that an electromagnetic field can reduce
the fluid motion and affect the quality of the steel. Dumont and Gagnoud (2000)
[30] presented a model for the molten metal shape in the electromagnetic casting

to analyze the interactions between the shape of a molten metal and a magnetic
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field distribution. They developed a numerical algorithm based on a moving
finite element mesh with impedance boundary condition to solve the problem,
and determined the free surface under the equilibrium of the electromagnetic
and hydrostatic pressures. Fujisaki (2000) [31] developed a three-dimension
magnetohydrodynamic calculation model for the heat transfer and solidification
problem. The electromagnetic force is calculated using the shadow method when
the flow of molten steel changes. The results of this calculation show that the
electromagnetic stirring makes the solidified steel shell uniform and the dynamic
deviation of temperature stable. Li et al. (2000) [32] developed a mathematical
model for the fluid flow with the effect of an electromagnetic field. The effect of
argon gas injection was also investigated in this work. The computational results
show that the argon gas injection affects the flow pattern of molten steel. In
2001, Park et al. [33] presented a mathematical model for the fluid flow and heat
transfer analysis. The effect of varying the nozzle angle is taken into account to
investigate the flow pattern in the mould. In 2002, Park et al. [34] and Kim et al.
[35] studied the effect of a high frequency magnetic field in the electromagnetic
casting technology. The experimental study was carried out to examine the effect
of mould shape on the quality of the steel billet surface. They also investigated
the effect of current source, casting speed and mould oscillation pattern on the

surface quality of steel.

2.5 Modelling of Meniscus Phenomena

The study of the meniscus phenomena in the continuous casting process
has been undertaken by many researchers. The flow of molten steel, lubrication
flux, and heat transfer at the top surface were studied by McDavid and Thomas
(1996) [36]. A three-dimensional finite element formulation was presented in their
work. The effect of various material parameters on the formation of the flux layer
was also investigated. The model gave reasonable results of the flux layer in
the operating slab casting. The melting behavior of mould powders and the

formation of the mould powder liquid pool were studied by Nakano et al. [37] in
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1970. They proposed a one-dimensional heat conduction equation taking into
account the difference in material properties of the various forms of the flux. In
the work of Nakata and Etay (1992)[38], the two-dimensional meniscus shape
under an alternating magnetic field was simulated. The finite difference method
was used to solve the problem. The frequency of magnetic field and coil current
are taken into account to investigate the height of meniscus layer. Li et al.
(1995) [39] studied the behavior on the meniscus region and the properties of the
surface on the billet casting in the presence of a magnetic field. The relations
between the meniscus behavior and the surface quality were investigated in
their work. The effect of a high-frequency magnetic field, mould oscillation on
meniscus behavior was presented. The experimental results using molten gallium
and molten tin were used to confirm the given concepts. The results of the study
also showed that the use of a magnetic field improves the quality of the steel
surface. Lucus (1998) [40] proposed a three-dimensional model for the fluid flow
problem. The meniscus interface was studied by using the commercial package
CFX. His results gave a flow field similar to that simulated using PIV by Thomas
(2001) [41]. Sha et al. (1996) [42] investigated the behavior of meniscus on the
mercury and silicon oil with the effect of oscillation wall. A two-dimensional
mathematical model was presented in the work, together with the initial and
boundary conditions. The Marker and Cell (MAC) method has been used to
solve the problem. The experimental results and the computation results on the

meniscus shape were in good agreement.

2.6 Concluding Remarks

Many models concerning about the phenomena in the continuous
casting process have been developed to describe the complex phenomena.
Many researchers focused only on subproblems of heat transfer, fluid flow
and solidification.  Further work is needed to investigate the influence of
electromagnetic field on the coupled fluid flow and heat transfer with solidification

process occurring in the continuous steel casting process.



Jutatip Archapitak Electromagnetic Field in Continuous Casting Process / 14

CHAPTER 3

ELECTROMAGNETIC FIELD IN CONTINUOUS
CASTING PROCESS

3.1 General Overview

Over the last few decades, the electromagnetic continuous casting
process, as shown in Figure 1.4, has been used to cast steel products.
The electromagnetic field will generate eddy currents and electromagnetic
forces which consequently influence the flow of molten steel and heat
transfer with solidification.  As steel is a good conductor, the magnetic
Reynold’s number is very small. The change in the magnetic flux
density caused by the fluid flow can thus be neglected. Hence, the elec-

tromagnetic problem is uncoupled from the fluid flow problem and solved separately.

In this chapter, we establish a mathematical model for the electromagnetic
problem in the continuous casting process. The A — ¢ model based on Maxwell’s
equations and boundary conditions are presented in section 3.2. In section 3.3, the
Bubnov-Galerkin finite element method for the solution of the electromagnetic
problem is presented. In section 3.4, the influences of various parameters on the

electromagnetic field in the continuous casting process are investigated.

3.2 Boundary Value Problem for the Electromagnetic Field

The governing equations for the electromagnetic field include the
Maxwell’s equations and the constitutive equations. Let H and E denote

respectively the magnetic field and the electric field. The Maxwell’s equations are

oD
H= —_— 1
V x J+8t’ (3.1)
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0B

E = - .2
V X 5 (3.2)
V-B=0, (3.3)

where J is the total current density, D is the electric displacement, p, is the free
charge density, and B is the magnetic flux density. The magnetic flux density B
and the electric displacement D are respectively related to the magnetic field H

and the electric field E by the following constitutive equations
B = uH, (3.5)

D =<E, (3.6)

where 1 and € are magnetic permeability and electric permeability, respectively.
Another constitutive equation relating the induced current density with E, B

and the velocity v is as follows

Jo=0(E+v xB)+ pyv, (3.7)

where o is the electric conductivity. For metal material (good conductors), we

could assume that the field changed in one part of the system radiates to other

parts instantaneously. Thus, the term %—]t) in the equation (3.1) can be neglected
and the equation (3.1) becomes
VxH=1J, (3.8)

from which and noting that the divergence of the curl of a vector field is identical
to zero, we have

V-J=0. (3.9)

Furthermore, in the case that the magnetic Reynolds number (R,, = povL) is
sufficiently small (< 1), the term (v x B) in equation (3.7) due to fluid flow can
be neglected. Under the above approximation and neglecting the displacement

current pg, the field equations are simplified as follows

VxH=1J, (3.10)
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VxE= —%]:’, (3.11)
V-B=0, (3.12)
V-D=0, (3.13)
B = uH, (3.14)
J. = oE. (3.15)

The Maxwell’s equations and the constitutive equations can also be formulated
in terms of potential functions. From equation (3.12) and noting that the
divergence of the curl of a vector field is identical to zero, we can introduce the

magnetic flux density B in terms of a magnetic vector potential A such that
B=VxA. (3.16)
Using equations (3.14) and (3.16), we have from equation (3.10) that

V x (;V xA)=1J. (3.17)

Substituting equation (3.16) into equation (3.11), we have

0A

~0. (3.18)

Thus, the field E + %—? is conservative and consequently there exists a scalar

potential ¢ such that

0A

Hence, the electric field can be determined by

E +

OA
E=——r Vo (3.20)

The total current density J is defined as the sum of the induced current density

Je and the source current density Jg, namely

0A
J:Je“‘JS:—O'E—O-VQS—FJS. (321)
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Substituting equation (3.21) into (3.17), we end up with the Maxwell’s equations

in terms of the magnetic vector potential A and the electric scalar potential ¢ as

follows
1 0A
V x (EVXA)——O'E—UV¢+JS, (322)
0A

In the case that sinusoidal current is applied for the problem, the solution may
be assumed to have the form of A(x)e/*. Thus, the partial derivative of the

vector potential with respect to time may be replaced by jwA. Hence equations

(3.22) and (3.23) become

1
V x (;V X A) = —0jwA — oV + J, (3.24)

V:(—ojwA —0oVep+Js) =0. (3.25)
These equations with a set of suitable boundary conditions describe the general
3-D electromagnetic field. Based on the FEMLAB user guide [43], the gauge
transformation is applied to obtain the unique solution of the system. Let A and
¢ be the solutions, the fields A=A+V¥ and gg: ¢ — jwW also satisfy the
equations for any scalar field ¥ such chosen that A and ¢ satisfy the boundary
conditions. The system of equations can be reduced by choosing ¥ = —%, as for
this case, A=A- %ngﬁ and gg: 0. The particular choice of ¥ fixes the gauge
and makes A unique. The electric field and magnetic field are not affected by

this choice of gauge, hence we can reduce the system to one equation as follows

1
VX (VX A) = —ojwl + 1. (3.26)

In the real world applications, many problems, such as axisymmetric problems
and the problem of one dimension being very large in comparision with others,
can be modelled as two dimensional. For rectangular (z,y, z) coordinates, we can
construct an approximate two-dimensional model to describe the electromagnetic
field on the plane parallel to the z — z plane. For this case, Let A = (0, A,(z, 2),0)
and J = (0, Jy(z, 2),0), and ¢ = constant. Thus,

VXA:@%jQ%?% (3.27)
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Figure 3.1: The computation domain for the electromagnetic problem.

V x (V x A) = (0,-V?A4,,0). (3.28)
Hence, equation (3.22) becomes

0A
ou—2= =V?A, — uls,. (3.29)
ot Y
For the case of sinusoidal current, we let A, = A,e™" and consequently equation
(3.24) becomes

opwjA, = VA, — ply,. (3.30)

For the continuous casting problem, we consider a typical computation domain as
shown in Figure 3.1. On the symmetric plane, the restriction that the magnetic
flux cannot penetrate the face is imposed. This means A, = 0 on the symmetric
boundary. On the outer boundary, the vector potential are all set to zero. This
implies that the effect of an inductor on the magnetic field at these points is negli-

gible. An appropriate distance from the inductors is needed to insure high accuracy.
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In summary, the boundary value problem of the two-dimensional

electromagnetic field is as follows

BVP: Find A, such that the field equation (3.30) is satisfied in

the computation domain €2 and all boundary conditions are satisfied.

3.3 Finite Element Method for the Electromagnetic Field

Firstly, we consider the general case, namely, the problem governed by
equation (3.29). To solve this problem by the finite element method, we need to
develop a variational statement of the problem. For this purpose, we multiply
both sides of equation (3.29) by the test function and then integrate over (2,

namely
0A
(W) = (A, )W) = G ), (331)

where (-, -) denotes the inner product on space L?(f2). As
WaV?A, =V - (WaVA,) — VW4 VA, (3.32)

substituting equation (3.32) into equation (3.31) yields

0A
/a,u—yWAdQ — —/(VWA) : (VAy)dQJr/WAVAy - nds—/ (T, WadS).
o @ Ot Q r o 7
(3.33)
By choosing W4 = 0 on the boundary where A, = 0, we have
/U%Wdﬁ——/(VW) (VA)dQ—/ Ty Wad$2 (3.34)
Q H ot A - o A Y Q'LL sy YV AR L, :
or
0A,
L Wa | =(Ay,,Wa,) — (uts,, Wa). (3.35)

Thus, the variational statement for the problem is as follows

VBVP : Find A, € H}(Q) such that for all the test function
Wa € H(Q), equation (3.35) holds, where H;(2) = {v e H(Q)[v =0 on 9Q}.
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To solve this problem numerically, we pose the problem into an

N-dimensional subspace A, and W,, namely approximate A, and W, by

N N
Ay = (At , Wa=> (Wa)roy. (3.36)
i=1 k=1
Substituting equation (3.36) into equation (3.35), we have
0A
{(O’,Lbaty, ¢k> + (Ay,j7 ¢k,j> + (sz7 ¢k)} WAk - 07 (337)
where k =1,2,...., N and j = 1,2. Then,
N aA N
Z(Uu¢z7¢k atyl +Z ¢z]7¢k _<sz>¢k)> (338)
i=1 i=1
which can be written in matrix form as
O0Ay
3.39
5 (3.39)

where

M = {my} with mi = (ouci, o) = [ ouonéd
L= {La} with ly= (0 0n,) = | 6i0ns A,

F = {fi} = (o 0n) = — [ o, a2

For the time-harmonic problem, the first term of equation (3.38) can be written as

N
> (jwouds, ¢r)Ay,. (3.40)
i=1

Therefore, we have

N

i=1
which can be written in the matrix form as

MA, = F, (3.42)
where
M = {my} with my = /Q(jWOM@Qbk + Gijbr.5) dS

Once A, is determined by solving the linear system of equation (3.42), B and
Je can be determined from equations (3.16) and (3.21) and consequently the

electromagnetic force at each node can be determined by Fep, = Jo X B.
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3.4 Numerical Studies

The example under the investigation is a square billet continuous caster
which has a width of 0.12 m and a depth of 0.8 m. The computation domain
for this problem is given in Figure 3.1. The finite element mesh, constructed
from FEMLAB, has 23180 elements and 11856 nodes as shown in Figure 3.2.
The parameters used in this problem is as given in Table 3.1. The computation
schemes for investigating the effect of varying current source and frequency
of magnetic field on the electromagnetic force are given in Table 3.2. The

computation results are shown in Figure 3.3-3.7.

Figure 3.3 shows the contour plot of the magnetic vector potential

A, (Wb/m) in the computation domain.  All values of magnetic vector
potential are negative. Negative values mean sign of values gives
the same direction as the source current. It indicates that the

magnitude of A, is between 0 and 0.004 Wb/m which reduces 60% from

the original source (coil) to the steel strand while it reduces only 20% to environment.

Figure 3.4 shows the vector plot of the magnetic flux density corresponding
to the magnetic vector potential obtained from Figure 3.3. The distribution of
the magnetic flow field corresponds to the right hand spiral rule (RHS). The
magnitude of the magnetic flux in the steel strand is larger than that in the

environment because of the higher electric conductivity.

The contour plot of induce currents in the molten steel pool is
shown in Figure 3.5. Its direction is in the opposite way of the source
current.  The magnitude of J. is between 0 and 1.14 x 105A/m?  Tts
value reduces almost 100% from strand surface to the symmetry plane

because we assume that the magnetic flux cannot penetrate to the symmetry plane.

Figure 3.6 shows the vectors plot of the electromagnetic force generated
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by the magnetic field and the induced current in the steel. The direction
of the electromagnetic force is in-mould direction. The electromagnetic flux
flows into the mould with higher intensity in the top part of mould than
that in other parts. There is no significant electromagnetic force present
at 3 meters below the meniscus. It is noted that the magnitude of

the electromagnetic force decreases with the increase of distance from the mould wall.

The effect of source current on the intensity of electromagnetic force is
investigated by using three different source current densities those are 1000000
A/m?; 2000000 A/m? and 3000000 A/m?. The results as shown in Figure
3.7 indicate that the larger source current generates the larger magnitude of
electromagnetic force. By increasing the source current from 1000000 A/m?
to 3000000 A/m? in a horizontal section 0.05 meters below the meniscus, the
magnitude of electromagnetic force increases about 89% on the strand surface. It
is clear that the intensity of electromagnetic force decreases with decreasing the

source current.

Figure 3.8 shows the effect of the frequency of magnetic field on the
magnitude of electromagnetic force. The results of the investigation, by using
three different frequencies of 60 Hz, 80 Hz and 100 Hz, indicate that the higher
magnetic frequency generates the larger magnitude of electromagnetic force. By
increasing the frequency of the magnetic field from 60 Hz to 100 Hz at 5 cm
below meniscus, the magnitude of electromagnetic force increases about 56% on
strand surface. It is noted that the magnitude of electromagnetic body force

decreases with the decrease of the frequency of the magnetic field.

3.5 Concluding Remarks

The mathematical model for simulating the electromagnetic problem in

the continuous casting process is governed by the A — ¢ model, derived from
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Figure 3.2: The finite element mesh for the electromagnetic problem.

Table 3.1: Material parameters

Parameter Value Unit
Conductivity of molten steel o, 7.14 x 10° Q-tm™t
Magnetic permeability in a vacuum g 4 x 1077 Henry/m

Magnetic permittivity in a vacuum ¢ | 8.8541 x 1072 | Farad/m

the Maxwell’s equations. A finite element technique based on the Bubnov-finite
element method is used to study the electromagnetic field in the continuous

casting process.

The study shows that the electromagnetic force in molten steel

generated by an external magnetic field directs toward the central plane
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Table 3.2: Computation schemes

Scheme | Source Current density | Frequency
Js f

(Ampere/m?) (Hz)

1 1000000 60

2 2000000 60

3 3000000 60

4 2000000 80

5 2000000 100

of the mould and its magnitude decreases with increasing distance from

the mould wall. This force will contribute to the improvement of steel surface quality.

The study also shows that the source current density and the magnetic
frequency have considerable effect on the magnitude of the electromagnetic
force. By decreasing the source current density or the magnetic frequency, the

magnitude of the electromagnetic force in the molten steel decreases significantly.
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Figure 3.3: The contour plot of the magnetic vector potential A(Wb/m) at
frequency f = 60 Hz and source current density Js = 1000000 A/m?.
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Figure 3.4: The vector plot of the magnetic flux density B (Tesla) at frequency
f = 60 Hz and source current density Js = 1000000 A/m?.
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Figure 3.5: The contour plot of induced current Jo (A/m?) in the
continuous casting mould at frequency f = 60 Hz and source current density
Js = 1000000 A/m?.
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Figure 3.6: The vector plot of electromagnetic force F.,, (N/m?) in the
electromagnetic continuous caster at frequency f = 60 Hz and source current

density Js = 1000000 A/m?.
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Figure 3.8: The influence of the frequency of magnetic field f (Hz) on the

magnitude of electromagnetic force in the continuous casting process at source
current density Jg = 1000000 A/m?.
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CHAPTER 4

COUPLED FLUID FLOW-HEAT TRANSFER IN
ELECTROMAGNETIC CASTING

4.1 General Overview

The electromagnetic continuous casting process has been developed
to cast steel over the last few decades. Various mathematical models and
numerical algorithms have been developed to simulate the heat transfer, fluid
flow and electromagnetic stirring occurring in the casting process. A number
of commercial packages, such as FIDAP, PHONIC, PIV, SOLA, OPERA-3D
and MORDY, have been used for the simulation. However, only a few
attempts have been made to study the coupled fluid flow, heat transfer

and solidification problem taking into account the effect of electromagnetic stirring.

As the effect of molten steel flow on the magnetic flux density is
negligible, the electromagnetic problem is decoupled from the fluid flow problem
and is solved in chapter 3. The influence of electromagnetic field on the
coupled fluid flow-heat transfer process is taken into account by adding the
electromagnetic force to the fluid flow model. The molten steel is assumed to be
an incompressible Newtonian fluid and the flow in the mushy region is modelled
on the basis of Darcy’s flow in porous media. The influence of turbulence on
the fluid flow and heat transfer process is taken into account in this work.
A single domain enthalpy method is used for the heat transfer-solidification
problem in the continuous casting process. The complete set of equations for the
coupled fluid flow, heat transfer and solidification process at the presence of an
electromagnetic field is presented in section 4.2. In section 4.3-4.4, a numerical

algorithm based on a Bubnov-Galerkin finite element method is established. In
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section 4.5, a numerical investigation is carried out to study the influence of

electromagnetic field on the fluid flow, heat transfer and solidification process.

4.2 Mathematical Model

In this section, the mathematical model for the coupled fluid flow, heat
transfer and solidification process occurring in the electromagnetic continuous
casting process is described. The governing equations for the problem include
the Navier-Stokes equations, the continuity equation and the energy equation.
The effect of electromagnetic field and turbulence on the flow field and the

temperature field are taken into account.

To simulate the heat transfer process, a single-domain enthalpy method
is used. From the principle of energy conservation, the heat transfer in the region

undergoing a phase change is

0H,
p ((%t + Uth,j> = (ko) (4.1)

where (-) ; denotes differentiation with respect to x;, u; represents the velocity
component of fluid in the x; direction, p and ko are respectively the density of
steel and the thermal conductivity of steel. The enthalpy H; is defined as the

sum of sensible heat h = ¢7T" and latent heat H as follows
H,=cT+H, (4.2)

where ¢ is the specific heat of liquid steel and the latent heat H is defined by

0 it T < Ty
H= LG%%)ﬁ%<T<ﬂa (4.3)
L T > T,

in which L is the latent heat of steel, T, and T} are respectively the solidification

temperature and the melting temperature of steel.
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Substituting equation (4.2) to equation (4.1), we have

oT oOH
<8t +“JTJ> = (koT;); — (825 +u;H ; ) (4.4)

From equation (4.3), it is obviously that the last term in equation (4.4) is
equal to zero everywhere except in the region where phase-change occurs.
Consequently, the equation can be applied to all the regions including
the solid region, the mushy region and the liquid region and there are
no conditions to be satisfied at the phase-change boundary.  Thus, the

heat transfer-phase change problem can be solved by using a single domain approach.

For the flow of fluid in the electromagnetic caster, the molten steel is
assumed to be a incompressible Newtonian fluid. The influence of turbulence
on the transport of momentum and energy is modelled by the addition of the
turbulent viscosity p; to the laminar viscosity o and the turbulent conductivity
k¢ to the molecular conductivity ko, yielding the effective viscosity p; and the

effective thermal conductivity k; given by

ty = Ho + Ht, kf = kO + kt» (45)

where k; = % 04 is the turbulent Prandtl number [11, 13, 16, 44, 45]. To simulate
the inﬂuence of an electromagnetic field on the flow field in the electromagnetic
continuous casting process, the electromagnetic force F.,, is incorporated into the
fluid flow model. The flow field in the mushy region is modelled by Darcy’s law
for porous media. Thus, the unified field equations governing the multi-phases
heat transfer and fluid flow with turbulence and electromagnetic effects, for all

the regions with or without phase change are as follows

)

ou;
( + UJ“ZJ) + 00— (p(usg +uyi)) = Fi(u, T) + pgi + Fom,, (4.7)

ot
oT
(at +UJTJ> ka ( +uj > ) (48)
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where Darcy’s law for porous media [3, 44, 46] has been used for modeling the

flow in the mushy region and F;(u;,T') is determined by

R R AL (C5) P |
Fl( Z,T) C ,Of(T)3 ( i (Ucast)z) (49)

in which f(7") is the local liquid fraction which is approximated by the linear

function
0 if T <Tg
FI) =y 2 ifTs<T < Ty (4.10)
1 if T >1Ty

The electromagnetic force F,, in the Navier-stokes equations (4.7) can be
determined by
Fom, = (Je x B); (4.11)

which is calculated from the results in chapter 3.

Equations (4.6)-(4.8) do not constitute a closed system as both py
and k; are related to an unknown function j,. Various models, such as the
mixing-length type model, the one-equation model [47, 48] and the two-equation
(K —¢) model [3, 49, 50, 51, 52, 53|, have been proposed for calculating .
Launder [45] and Ferziger [54], based on a critical review, suggested that the
simple mixing-length type model is suitable for most boundary-layer type flows
in the absence of recirculation; the one-equation model can be used to model
simple recirculation flow; but for more complex flow fields, the two-equation
model should be used. As the flow field in the continuous casting mould is
complex with circulation, p, is calculated by using the two equation K — ¢ model.
As the phase change is taken into account in the heat transfer problem, the
computation region has three sub-regions including the solidified steel region,
the mushy region and the molten steel region. Consequently, the standard
K — ¢ model, which is suitable for the far-wall highly turbulent region, cannot

be applied to the problem for the continuous casting process. Thus, some
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modification to the standard K — e model is needed. According to the work
by Wiwatanapataphee [3], the low-Reynold number K — ¢ model is used in this

project for the turbulent flow of molten steel in the continuous casting process, namely

oK
p (at + qu,j> — (o + 1)K )y = —EL B9, Ty + G — pe, (4.12)
OK 0y

Oe 14 gl
p ((% + Uj?j) — ((po + ;:)E,j),j = Ci(1- Cs)KUttﬁng,j

2

+ cl%btc:—p@ fe%, (4.13)

W The constants involved in equations

where G = 261']'61']' with €ij =
(4.5)-(4.13) are empirical constants. Extensive examination of turbulent flows
has resulted in a recommended set of values for these constants [3, 50], namely

0,=09,0,=1,0. =125 C; =144, Cy =1.92, and C3 = 0.8.

Equations (4.12)-(4.13) are used to accommodate the region with
relatively low local turbulent Reynolds number and to reduce the effect of

turbulent across the various sub-layers. The turbulent viscosity p; is determined

by [3, 45, 54]
0.09f,pI>
TS e

where the generalized damping mechanism of turbulent transport in both the

liquid and mushy regions f, is determined [3] by
fu = F(T)exp(=3.4/(1+ R/50)%), (4.15)

where f(T') is the liquid fraction as defined before in equation (4.10), R; denotes
the local turbulent Reynolds number defined by

_ pK?
-

R, (4.16)

To ensure that all the terms in equations (4.12)-(4.13) will not tend to infinity as

K approaches zero in the near-wall region, the last term of the right hand side of
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equation (4.13) includes a damping function f. defined by

fo=1—Ae Hi, (4.17)
where A, is a constant and is chosen as one if K < 10™* or otherwise A, = 0.3
3, 55, 56]. By choosing A. = 1 in equation (4.17), the term 222 in equation
(4.13) approaches zero as K becomes small. To completely define the problem,
boundary and initial conditions for velocity, temperature, turbulent kinetic
energy, and dissipation rate must be given. The computation region and the
boundary conditions for the problem are shown in Figure 4.2, as detailed below.
On the nozzle inlet I';,, the velocity, the temperature of steel, the turbulent

kinetic energy and the rate of dissipation are respectively determined by
u=uw,, 1'=T,, K=K, c=c¢cp. (4.18)

On the solidified strand surface I',.;, the velocity is set to the casting speed,
the heat transfer is determined by the convection boundary condition, the tur-
bulent kinetic energy K and the rate of dissipation ¢ are assumed to be zero, namely

aT
W= (0,Uu), ks =hal(T = T), K =2=0. (4.19)

On the meniscus surface I'y and the nozzle wall T,,, the derivatives of the
turbulent kinetic energy and the rate of dissipation in the normal direction are
set to zero. The velocity is set to zero and the temperature is taken to be the

inlet molten steel temperature, namely

0K  Oe

u=0, T = ETL?
On the plane of symmetry I's,,, the normal velocity v, is zero and
the derivatives of the tangential velocity u, and temperature 7' in the

normal direction are both zero; the derivatives of the turbulent Kkinetic

energy and the rate of dissipation in the normal direction are also set to zero, namely
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ou, OT oK  Oe
W, =0, =L =0, S5 =

=5 = — 0, (4.21)

on  On
where n is the unit vector normal to the boundary.

In summary, the boundary value problem for the turbulent fluid flow-heat

transfer problem is as follows :

BVP : Find wu;,p,T,K and & such that the field equations (4.6)-
(4.8) and (4.12)-(4.13) are satisfied in the computation domain © and all
boundary conditions (4.18)-(4.21) are satisfied.

4.3 Finite Element Formulation

To solve the BVP, firstly we use the penalty function method to weaken

the continuity equation as follows

ui; = —o0p", (4.22)
where ¢§ is a small positive number and p* is denoted by

p"=p—pgz. (4.23)

The variational statement corresponding to the BVP can now be described as

the following variational boundary value problem.

VBVP: Find u;,p*, T, K and € € H(Q) such that for all w¥, w?,w?, w" and
w® € H (), all boundary conditions including (4.18)-(4.21) are satisfied and

(uiﬂ'? ,wp) = (_5]7*, wp>7

(% ™) + (ugui g, w™) = (5w +ug) 5, w™)

(395 w) = (BF ) + (o, w™),
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<3t , W )"'(UJTJ?w ) ((ch’]>].’w e ot s wh |+ (uiH jw') ¢

oK g K Po | M K ft Mt K
g K. _ Ho K, — (P geT. — P

(815 ,’lU >+(u3 7]’w ) ((( p + pUK 5 ,j’w patﬁg] ,J] p +€7w )

aé € £ % M e el
(t’w > + (uje j, w°) — (((po + p;) %‘)J LW ) = (Cl(l - Cs)ﬁ;tﬁgjfj

2
et . i €
+ CleG CQf€K7w>7
(4.24)

where H'(Q) is the Sobolev space W%(Q) with norm || - [[120, HJ(R2) = {v €
H' (Q)|v =0 on 99, where 99, denote a Dirichlet type boundary for v}, and

the inner product (-,-) is defined by

(a,b) = / a-b do. (4.25)

Using Green’s formula, the second order derivatives in (4.24) can be reduced to

order one, namely
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where B, B, Br, Bk, and B, are as follows

P POK
B.(uwf) = / (’“‘0 + ’g >g,jw6 ‘ndl. (4.27)
L\P PO

To find the solution of the above VBVP problem, the Bubnov-Galerkin finite
element method is used to solve the problem. The problem is posed into an
N-dimensional subspace for u;, T, K and ¢ and an N'-dimensional subspace for

p*. Let H, be an N-dimensional subspace of H'() with basis functions
/ . . 1 . .

1,702,777y In -
{7, 72 Y.} and Hz be an N -dimensional subspace of H'({2) with basis

function {31, Ba, - -+, Bn}. Then w¥, w? wi w® and wP are approximated by
N N
Ui ~ NG u; T ~ T __ T
WY R WY = Y YWy, W RW = Y YWy,
m=1 m=1
N N
K ~ K _ K E ~v aNE — 15
W R WT = Y YmWy,, W R W= Y YmWy, (4.28)
m=1 m=1
N/
D ~ 1P —
wP ~ WP = Bpw,
p=1

Substituting equations (4.26) - (4.28) into equation (4.24) and noting that the

test function is arbitrary, we have

(ui,ia 5;0) == (5]9*, ﬁp) )
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ou; 1% 1 *
<8t77m> + (ujui,j57m> + << pf (uu + Uy, z)) 77m,j> - <pp 77m,¢>

1 1

al + +
atame Ja7m

T

Rk
v
\/

Q

H
t 7Y > H7j77’m)} +BT(7m)7

Ko, Ha K|\ Ym,
P pok) N

L Bg;T; G+€%>+BM%J

Ty

Q\»—t
—

(
()t
-

s

z AN
<8t’%”> + (uj€ js Ym) + ((( P + p%) 50) 77m,j>

Elt El e
- Cl(l - 03)mﬁng,j + Cl?pG - sza?ﬁm +BE(7m)> (429)

Similarly, u;, T, K, e and p* are approximated by

M=
B

Ui(X, t) = ’ZALL =

D1()(x),

Ti(t)n(x),

N
Il
MR

S
El
2
.ﬂ)
I
=

T
N

a
3
X
=
I
M=
=
=
x

(4.30)

N
Il
—

M=
o
=
=2
x

e(x,t) = é=

N
I
—

=
*

”
N

I
M
=

P (1) Br(x).

Substituting equation (4.30) into equation (4.29), we have

/

N

N
Z Vsis ﬂp Uy = — Z (5ﬂl7 ﬁp)pzka
=1

=1
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=1

N
iy 1y
Z { Y, ’Ym Uzl + (U/]’Ylj) 7m)uzl + — P (’W]; ’ij)uzl + — P) (’7[,1'7 ’Ym,j)ujl}

/

N 1 1

Z{ ﬁla’yml - po(’Ym)} = (pE:Vm) + (pFem,”’Ym> + Bu(’}/m)a
Z{ Yo, Yo ) Ty (w1, Yo ) T+ (pc’Yz,j,’Ym,J) Tz}—BT(’M)
=1

N
Z{ %’fym Hl + (u]fyljaﬂym)Hl}

N

> {(%%)Kz + (w15, Ym ) K7 + ((MO + L ) %J?Wm,j) Kl}
P POK

=1

_ (’“ggjjj P 5,%) + Br(Ym),
PO P

N

Ho H
> {(vmm)ez + (uiV4; Ym)EL + (( p + = )71,]-,%,]-) 51}

-1 PO

el E iy £
= Ci(1— CB)mﬁng,j + ClKipG - CZfsEme +B.(Ym), (4.31)

for m =1,2,3,...,N and p=1,2,3,...,N. The Newmann type and Robin
type boundary conditions in (4.18)-(4.21) can now be introduced into system
(4.31). Thus, we have

By(Ym) = / ;'Ymﬂl dr pf,

Fezit

1 1
Br(vm) = — / %hoowm dr T, + / %hoo'ymToo dr. (4.32)

wall Twatt
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The system of equations (4.31) can be expressed in matrix form as follows

Uy
[ cr cf ] = —0Mp~,
Uz

SU; + BU; + AL U, + A2 Uy — Cip* = Fy, + Fo,
(4.33)
ST + BT + A;T+ AT = Fr +S'H + B'H,
SK + BK + AxK = FF,
SE + BE + A.E = F.,
From equation (4.33);, we can write p* in terms of U; as follow

P = —éMpl (cTvn +C ) .

Thus, the pressure term in the system of equations (4.33) can be eliminated so

that we have

SU; + BU; + AL Uy + A2 U + 3C; My (CTU, + CLU,) = Fy, + Fo,. (4:34)

The system of equations (4.34) then can be written into two groups in matrix form

S0 0||U
05 0| U
00 S||T

B+ AL +iCiMCT AL+ rCiMICT 0 U

T AL +CGMICT B+ AL +5C5MCT 0 Uy

0 0 B+Ar+A, || T

Fy, Fem, 0
= Fu2 —|— Fem2 —|— O 5 (435)
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S 0 K B+ A, 0 K Fy
+ = : (4.36)
0 S||E 0 B+A F.
where the coefficient matrices are defined by
My = ((mp)im) yr e With mp /ﬁlﬁm s,
C; = {ci } with ¢} = / O dQ (i=1,2)
7 Im NxN’ Im a )
0
i ; {Clm - clm}NxN/ wit Cim = / ’Wﬁm )
Fe:m't
, 1 .
S = (slm)NXN78 = _E(Slm)NXN with Sim = /’yl’Ym an
0
1 ) 0 my .
B = (blm>N><N;B/ = _E<blm)NXN with l /’yl Uj a’Y (] = 1,2)
Ay, A2 2ay,, +di7, o
A, = = with ¢/ = [ ’Lfgﬁ %7“_1 dQ
AL A2 a2l all+ 2022 L
u2 u2 m m m
2N x2N ('L?j _ 1’ 2)
. 7,0 OV
Ap = (ab)nxn  with  af, = Q/ Lo )2 (= 1.2)
) Oy O ‘
Ay = (a th k:/@ ai MY A0 (G =1,2
k (alm)NXN Wil Qi J ( P + paK)(ax] al'j ) 3 (.7 ) )7
. Ho 0V OV, .
A= (& th E:/f He dQ (= 1,2),
@i with - = [(524 PO a0 (5= 1.2)
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Fu = with fl /Mf uy dQ fl /,uf - cast)’)/l dQ
f7
2N x1
1 1 1
E,, = emy with elml = / —F v d9Q, gml — / —Fop.y dQ,
2 o5 P 5P
Ml oNx1
b 1
Ab (a’lm)NXN with aij = hoo’yn/m dF
pc
F'Luall
T : T 1
FT = (fl )N><1 Wlth fl = 7C / hooToofyl dr;
p Fwall
K . K 8T
Fic= (v with [ =[G == = gy d0,

Q

2

£
59 OQfa?)/Yl Q.

(4.37)

EVt

: . €
Fe=(f))na with ff = /(ClthG—l— Ci(1— 03)

Q

To find the finite element solutions of (4.35) and (4.36), we discretize the

computation domain {2 into M elements €2., namely

M
0= U Qea
e=1

where ;, N Q; = 0 Vi # j. The basis functions v,(x;) are chosen to be piecewise
continuous and to have a value of one at its their node and zero at other nodes.
Then, the integral terms defined in (4.37) can be obtained by assembling the

contribution from each element. For example,

/ VY dQ = Z / V[ Vo ASe (4.38)

eIQ
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i
k T:x=x(£7)
LD (1 E}Pf—ﬁ_x (3 fq} (¥, Za)
| ™
{
> g
Q / Q /
{ JIJl
(-1-1) (1,-1) (%20 .2
Matural coordinate (., Z)-coordinate

Figure 4.1: Generation of finite element mesh from master element.

To evaluate the integrals over each element ()., the coordinate transformation in
Figure 4.1 is used to map a master element 2} to (2,

. “(&m) (4.39)

z=z(&n).

The inverse transformation is as follows

n=rn(z,z)
By using this coordinate transformation, the integral domain for every element

Q. is the same with respect to the new integration variables £ and 7.

The computational domain €2 is divided into M rectangular elements €.
Let {x,2};_, and {7},_, be the corner points and the element shape functions
at the nodes, respectively. To transform the points {z;, z;};_, and {y;},_, in Q.
to the points and functions in element €2}, the transformation for mapping is
given by

4
T = ; 2Ny (&, 1)

T, : (4.40)

z= é)lziNi(f,n)
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where the shape functions N;(£,n) are as follows

Nig,n) = 11+ €6) (1 +7m) (1.41)

To approximate the unknown variables, u,v,T, K and e, we use the Lagrange

polynomial to interpolate the unknown functions as follows

where {u;}}_, denote the values of the unknown function w at the four corner
nodes of f. For the pressure field, we choose the center of {2, as the node and
the pressure p* = piv. with 7. = 1 to ensure the convergence of solution for our
problem [3]. To perform the element calculation, the chain rule of differentiation

is applied to equation (4.39). We then have

ox or
de = ——df+ =—d
0z 0z
dz = —d —d 4.43
or
dx 9z Oz dé d¢
= * —J (4.44)
dz g—z g—f] dn dn

where J* is the Jacobian matrix. From equation (4.44), after some calculations,

we have

o8 1 0z g 1 Ox
o " Wor 0: " Ton
(4.45)
on 1 0z on 1 Ox
or —|J|O¢ 0z |I[0€

where |J*| is the determinant of the Jacobian matrix J*. We use the composite

rule for differentiation to calculate the following derivatives
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Oy _ ON; 08 | ON; on.
ox o¢ 0x  On Ox’

(4.46)
8%- . 8]\/3% 8]\]]@

0z  0€ 0z On 0z

Thus, the entries of the global matrices in (4.47) can be evaluated over the master

element (2 by
11
()i = [ [ 13°] dean,
151

o=/ |a

S~

|J*| dédn,

1 1
k
(ah) = [ [ L@@y +Qhoy) 37| dédn,
1-1

=

3
H\H
H\,_.
A \E

Fo ONQQR + Q405 137 dedn,
K
1 1
() = [ [+ By Qlor + @hap) 197) deds,
151 ©

1
[ ELuny |3 dgan,
Iy P
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11
M *
fl2 = //7(1} - Ucast)Nl |J | d€d777
1-1
11 1
1 *
b= [ [ S Fon N 13| dgaln,
1P

1 1
1 *
2= [ [ S Fan |3 dan,
1-1 P

1
1 *
() = = [ hacTeNi(=Lom) |3 i
peJ,

1 1
Kye _ g 9T g
(F) —/1/1<th e~ g N dedy,

2

1 1
e € B evy o OT B € .
(f5)° = /1/1(01 uG + Oy (1 Cg)KUtﬁgfaz Cofeqe) N [37| dédn, - (447)

where Qf is defined by

_ M

The integrals in (4.47) are then evaluated numerically by the Gaussian quadrature

formula.
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4.4 Numerical Algorithm

Numerical Algorithm for Transient Problems

The system (4.44) can be written as

SU+B,U=F, +F.,,
ST + By T =Fr + S'H + B'H,
(4.48)
SK + BxK = Fy,

SE+ B.E=F..

By using the backward Euler differentiation scheme for a typical time step

(tn, — tny1), we have the following nonlinear system of equations

L5
At,,

S
< + Bu) Un+1 = Fun_H + Femn+1 Una

At,

/

S 1 / S /
<Atn + BT> T =Fr, + xS (STn - S Hn) + (Atn +B ) H, .,

S S
(Atn " BK) K1 =Fr 0 + ATnK”’

S

~E,. 4.4
+Atn " (4.49)

S
(At + Ba) En+1 = F6n+1

In this work, all quantities except for H,,.; are frozen at wvalues of
U,,T,,K, and E, corresponding to the previous time step. For H,.1,
we have a nonlinearity to deal with. One way of treating this discontinu-

ous source term for an iterative solution of (4.49) would be to use the iterative update
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(S +Bu> Uit =F, +F! o U,,

Atn Un+1 EMn+1 + Atn

S 1 i 1 : s’ N i
(Atn " BT) T =Fiy, + gy (STu = SH) (Atn P ) Host

S i+1 % S
(Atn " BK) Ko = Fro + AtnKm
S : : S
(At - B€> E =F.  + EE"' (4.50)

where the superscript ¢ refers to evaluation at the ith iteration step. As found
by Wu et al. [57], the above iterative scheme is not reliable especially when
the difference between the solidification temperature and the liquid temperature
is small. This is because, during the iterations, the temperature near the
solidification interface may oscillate and convergence will not be achieved. To
overcome this problem, the relaxation scheme developed by Wu et al. [57] for
multi-phase heat transfer problems has been generalized to solve system (4.48).
Thus, the algorithm for finding U1, T)y1, Kpo1 and E, 1 from (4.48) is as

follows
Set To ., =T,, H),, =H,,
Fori=0,1,2,...

Calculate

T, —Ts

L HZT'LJrl + TS:| }

0= Hizﬂ + fe {ij,+1 - {

L if 0>1
Hit'=¢9  0<b6<L

0 0 <0.

Calculate T4, by solving (4.48), with HY, ; replaced by H.L,.
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Repeat the above two steps until | Tit, — T%. || < Tolerance.

For:=0,1,2,...

Calculate U, by solving (4.48);

Repeat the above steps until |[U%L, — U’ || < Tolerance.
Fori=0,1,2,...

Calculate Kt and EZN by solving (4.48)3.4
Repeat the above steps until [K., — K/ ;|| < Tolerance and

||Eiz++11 —E! || < Tolerance.

By repeatedly using the above procedure for n = 0,1,2,..., we can determine
the state (U,,T,,K,,E,) of the system at to,t1,t2,.... If [|[T,11 — Ty,
IUpi1 — U,ll, | Kns1 — Ky and ||E,11 — E,|| are all sufficiently small, then the

system approaches the so-called steady state.

Numerical Algorithm for Steady State Problems

Under a steady state condition, the time derivatives of temperature,
velocity, turbulent kinetic energy and rate of dissipation are all zero and hence the
discretized finite element equations governing the nodal temperature, velocity,

turbulent kinetic energy and rate of dissipation are

B,(U,K,E)U = F,(T) + Fop, (4.51)
B (U, K, E)T = Fr + B'H, (4.52)
B (U, K, E)K = Fy(T), (4.53)
B.(U, K, E)E = F.(T), (4.54)

which constitute a highly nonlinear system of equations. An iterative scheme
based on Broyden’s Quasi-Newton method has been developed for the solution
of the system. In each iteration, we first solve equations (4.53) and (4.54)
simultaneously for K and E. Using the K and F obtained, equations (4.51) and
(4.52) are updated and then solved simultaneously to obtain the U and T vectors.
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4.5 Numerical Studies

In this section, a computer program developed based on the presented
algorithm is used to simulate the coupled fluid flow, heat transfer and
solidification process, taking into account the effect of electromagnetic field. The
simulation results, including the flow patterns, the temperature field and the
steel solidification profiles, are presented in this section. Numerical investigations
have also been undertaken to analyze the effect of source current on the flow
field and temperature field in the continuous casting mould. The flow pattern
and the thickness of the solidified steel shell obtained from the model with an
electromagnetic field imposed are compared with those obtained from the model

without an electromagnetic field imposed to the system.

The electromagnetic continuous caster under investigation has the same
size as the one in chapter 3. The solution is limited to the region within 8 meters
below the meniscus. The computation domain for the problem is limited to only
one quadrant as shown in Figure 4.2 because the mould is symmetrical about two
planes. The parameters used and the investigation schemes are given in Table 4.1
and Table 4.2, respectively. The finite element mesh consists of 1324 elements

and 1410 nodes which is shown in Figure 4.3.

The simulation results for a coupled fluid flow-heat transfer problem
in the continuous casting process are presented in Figures 4.4 - 4.12. The
vector plot of steel velocity and the temperature contour without the effect of
electromagnetic field and with the effect of electromagnetic field are shown in
Figure 4.4 and Figure 4.5, respectively. The flow pattern on the top part of the
mould in Figure 4.4(a) and 4.5(a) separates into two recirculation zones. A larger
zone occurs below the nozzle inlet while a smaller zone occurs near the mould
wall and meniscus. Figure 4.4(b) and 4.5(b) show how the heat in molten steel
flows with the fluid. Temperature drops a few degree in the liquid pool in the

conventional caster.
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Table 4.1: Parameters used in numerical simulation

Parameter symbol Value Unit
Pouring temperature T 1530 °C
Molten temperature T 1525 °C
Solidified temperature Ts 1465 °C
Temperature of cooling water Ty 20 °C
External temperature Tt 100 °C
Characteristic length of the flow d 0.06 m
Gravitational acceleration g 9.8 m/s?
Density p 7800 kg/m?
Viscosity W 0.001 pa- s
Specific heat c 465 J/kg°C
Thermal conductivity of steel k 35 W/meC
Latent heat L 2.72 x10° | J/kg
Heat transfer coefficient heo 1079.45 | W/m?*C
Morphology constant C 1.8 x 106 m=2

The comparison of temperature distribution in the EM caster between
the model without EM force and with EM force is shown in Figures 4.6(a) and
(b), respectively. The electromagnetic force affects the thickness of the solidified
steel shell. At 0.5 meters below meniscus, its thickness is about 15 cm for EM

continuous caster and is about 2 cm for the conventional continuous caster.
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Table 4.2: Computation schemes

Scheme | Source Current
(Ampere)
1 10000
2 20000
3 30000
4 0

Figure 4.7 shows the effect of electromagnetic force on the
thickness of solidified steel shell. The thickness of the solidified steel shell

increases by about 7 times in the EM casting comparing to the conventional casting.

Figure 4.8 and Figure 4.9 present respectively the temperature distribution
on strand surface in the conventional caster and the EM caster. Using the EM caster,

the temperature near the mould wall drops faster than that in the conventional caster.

Figure 4.10 shows the temperature profile at the end of
the mould in conventional caster and in an EM caster, respectively. It

is noted that an EM caster produces the lower temperature at the end of the mould.

Figure 4.11-4.14 show the effect of varying source current on the velocity
field and temperature field. The effect of the velocity field is presented in
Figure 4.11. It is shown that a higher source current generates a smaller
recirculation zone further to the symmetry plane and the nozzle inlet. Using
30 kA source current may block inlet flow as show in Figure 4.11(c). The
influence of source current on the temperature profile and the solidified steel

shell are shown in Figure 4.13 and Figure 4.12, respectively. It is found that
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the thickness of the solidified steel shell increases when the source current increases.

Figure 4.14 shows the investigation of different source current on the
temperature profile at the end of mould. It is noted that the EM caster produces
the lower temperature at the end of mould when compared with the conventional

caster and the larger source current gives the lower temperature.

4.6 Concluding Remarks

An efficient mathematical model and numerical algorithm for simulating
the coupled turbulent fluid flow, heat transfer and solidification in the EM
continuous casting process has been developed and used in numerical studies of

the casting process.

The studies clearly show that the electromagnetic field have significant
influence on the flow field, temperature field, and the growth of the solidified
steel shell. By increasing source current, the thickness of the solidified steel shell

increases significantly.
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Figure 4.2: The computation domain and coordinate system.
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Figure 4.3: The finite element mesh for the coupled fluid flow-heat transfer

problem.



Jutatip Archapitak Coupled Fluid Flow-Heat Transfer in Electromagnetic Casting / 58

o
i )
-~
‘-

\
\’l

l
8iiiil

|
‘l

}\ I
)\
o

N

S o5 o550l

0.05

]
o
(@]
a
W

]

S
- —

0.1 N vy

|
o
[EY

0.15 RALLL AN S~~~ =7 [

LLLLLLLLL LV N v v s s s

[LessL vy vy Y

LLLLL VLV LY
2y
3

0.2 29 ]

B R R A 2

0.25 [Letis vy vy

diiil Ly

€ ¢ r ¥
€
v
I3
-
v

[ T I 025

4
PR R R R R R TR 2N T TR T TR 2 TR TR S S
0.3 [ edd L3 L

41111y

15P8

(.
«
-
-
-
-
.
.
.
-
.
“
“

IR SR R 20 20 20 T SR T S A AR A

O3B eess i vt v v v e bbb v 0.35H

diill

distance below the meniscus (m)

‘_
-
-
-
-
-
-
-
-
-
.
-
.
-
-

[

0.4 R

R R A A R 2 2N T T R T A R R 2

‘_
-
-
-
-
-
.
-
.
.
.
-
.
-
-

-
.
«
.
-
P
.
P
P
-
«
P
«
«
«
L

0.4

444y

0.45F A 0.45

IR R R T R T R TR R IR 2R TN TR R A )

(.
-
-
-
-
-
-
-
-
-
-
-
-
-
-

AR X R R R R R N R ZEE 20 Z S S A 3

0.5 ! ! 0.5
(0] 0.02 0.04 0.06 0o 0.02 0.04 0.06

distance from the mould wall (m) distance from the mould wall (m)

@ ()

Figure 4.4: Vector plot of velocity vectors u (m/s) and temperature contours

T(°C') when the coil current is off.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mathematics) / 59

3>
s ‘*)1 ‘
;i
!
fh 5

0.05 Sy 0.05 i g

1530

%%

/<

/7

/7

[

W

VA

N

NN
NN
NSNS T O
S NNy e

;
|

|
o
[y
|

0.1 N

N~
Qo
0.15 HAMNANSSS—""""" |
JLALL L NN

AARAVE VU N el
LLLLLLL LN NN NN NS s s s
7 LLLLLLULL VNN NN N N
TLLLLLLVAN VN NN N Y
R T S

0.25 B2

151

0.2 E 0.2

LU

.~ 0.25
fHILL LV LY
R A 2R 2R 2

0.3 F veivvn = 0.3

1500

R R T e e

distance below the meniscus (m)

TLl L L Ly

0.35"

THL L L LY

~
.
3y
L
4
L
12
¥
L
4
R T A A AR 2 4
4
4

4
N
4
v
.
v
e 0.35
L
v
v
L

€ € € € € € € € € € e
e € € 6 € © € € € ¢
6 € € ¢ € € € € ¢ ¢
& € € ¢ € € € ¢ ¢ e
€ € € € € € € e e -
e 6 € 6 € € € € € e @

3
Y
3
3
1
T LV L LY
1
4
4
4
4

0.4 [ rrre ‘4 04

L R Y

AR TN R T A AR 2 2R 2R AR I Y

0.45F 1 o045

LR TR 2R TR R 2K 2IE 200 TR TR S S R Y

-
P

1465 B

E R R R R 2R R 2 R S A 2
Il Il

! 0.5 !
0 0.02 0.04 0.06 0 0.02 0.04 0.06

0.5

distance from the mould wall (m) distance from the mould wall (m)

@ (b)

Figure 4.5: Velocity vectors u (m/s) and temperature contours 7'(°C') under 60

Hz magnetic field and 30000 A source current.



Jutatip Archapitak Coupled Fluid Flow-Heat Transfer in Electromagnetic Casting / 60

0 0
. | —
0.05 0.05f1 {7530
(! \\
N
0.1 1 o1 -
W\ 41530
£025 N 1 o025}
g B 1515
2 0.2 4 o2} ]
(5]
£
(]
£0.35 1 o035} -
=
3
(5] “v
< 0.3 41 o03f 1500 -
e
b
R
5 0.35 1 035 -
0.a U ||+ 1515 1 o4 1465 i
0.45 1 o045} -
1465
0.5 ] 0.5 ' '
0 0.02 004 0.06 0 0.02 004  0.06

distance from the mould wall (m) distance from the mould wall (m)

@ ()

Figure 4.6: Temperature profile T'(°C') in the liquid steel pool : (a) without EM
force, (b) with EM force under 60 Hz magnetic field and 30000 A source current.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mathematics) / 61

0 ~ T T O T T
y
)

0.05F . 0.05 i
)

0.1 & e 0.1 ]

g 0.25F . 0.25 i

[%2]

=)

[&]

2 0.2 . 0.2 i

j

qJ . .pe

GE_, solidified steel solidified steel

= 0.35) shell - 0.35 shell |

=

% - -

o

© 0.3 | T 0.3 -

(&)

c

8

2]

T 0.35 . 0.35 A
0.4 . 04 ]
0.45 . 0.45 i
0.5 L 1 0.5 1 1

(0] 0.02 0.04 0.06 0 0.02 0.04 0.06

distance from the mould wall (m) distance from the mould wall (m)

() (b)

Figure 4.7: Thickness of solidified steel shell in (a) with no magnetic field, (b)
under 60 Hz magnetic field and 30000 A source current.



Jutatip Archapitak Coupled Fluid Flow-Heat Transfer in Electromagnetic Casting / 62

1600
1500
1400 "’;"," i
[5) % -
1200 Uil
< Ul i i
2 Ui .
1100 A 5757 04777 7
. 7 7%
5 Wi )
¢ 1000 Wl
- Ul minilaninlils: 2
: il
Uil - 4
900 il 4
e iy i g
e W
800 @ l’%WW%%W
Ui

Vi

0.02

Z-axis (m) 8 0 X-axis (m)

Figure 4.8: Temperature distribution of steel strand T'(°C) in
continuous caster.

conventional

1600
1400 Z - -
o g5 iy —
@) 0o vy —
/ S i -
I i
k! s
= s s 7
e i i .
5 i i, G
El i 4
9] i, 7
g I s i
£ % ,/////,/@,,j{//@’///,,/’// i) 7
v s LY .
050 i,
A
Uiy,
600 .- . Wi
amminnining
M
0 My

i

200 i,

'—W,@@ i

~ Ui i

) .

Y
i
L
257

0.06
0.05

0.02
Z-axis (m) &0 X-axis (m)

Figure 4.9: Temperature distribution of steel strand 7'(°C') in EM caster

60 Hz magnetic field and 30000 A source current.

under



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mathematics) / 63

1550

1500

1450

1400

Temperature(C)

1350

1300

1250 L L L L
0 0.01 0.02 0.03 0.04 0.05 0.06

distance from the mould wall (m)

Figure 4.10: Temperature profile at the end of mould : label —x— for a model
without EM force and — for a model with EM force under 60 Hz magnetic field

and 30000 A source current.



Jutatip Archapitak Coupled Fluid Flow-Heat Transfer in Electromagnetic Casting / 64

J=10000A J=20000A J=30000A

7%!
W
}
N
|
v
J
)

Z <5 5
0.05 Z- 77l 005 7= 005 4
R N ..ot et 7
AL RS N 1
O N NN *
[N I ) NN *
NN N~

&it\““"”’ aa iit\‘"“,'”? ?
01x o] O1R el 01 et

RS AT A

'
\
N
\
N

LARRRY
I N I
0.15 WAL LV 4 o015 LAY VAV 1 015 LALLM -

LU YV VN NS S = e R AR
WA LV AN A s s s R BLLLL VLA NN NN S S s
JLLLLLV LA A VA s e LULLL ALV VAN AN v s SLLLL AV AN NN AN S

N 02 h 02 "Nu“,\\\\\\\\\\\\.

0.2 Fiiavsninsnanns s TR

E

=

%)

=)

6]

@

c

0] i

= [T T S A O LLLILLLAL AL A A LAV LLAA AV AN N Y A s

o R A A P O LI AL AN

- . IR R R R R R I . IR R R R . BRI EEEE R R R R R

£ 025 0.25 0.25

% R A A A A A U A R T B ) L N R S U S W U S S SR S S L A U T S S S S G G S AR

q) L A O A A AR IR R TR R A R R I O A A O TR 2R TR T R ) R R R I IR TR 2R 2R 2 T T

o]

o 0_3’&Ji&iilltllilllll«««* 0.3"¢LJLIIILIIA|11JIIAJ* 0_37"1.;;;;;;.,:,.;.4“47

i G s G i i

%]

% 03544:4::1414144¢|14444< 0357444444441|414444|44A 0357'411111411|1114444<
L O O A A A L R A A A S L O A S
RIS I N S R A A A

04;““4141414441144447 047'nu¢4441|41¢4441¢47 047'nx||1411|41¢444¢7

D R AR I R AR R 2 T R R IR AR R AR R 2 TR 2 AR TN R T ) R R A R R 2R TR TR T TR R A )
P A A A T I A S S S R R R
P N A Rt B B A A A
L I S S A R B A A A A

05 : : 0.5 ‘ : 05 : :
0 002 004 006 0 0.02 004 0.06 0 0.02 004 0.06

distance from the mould wall (m)  distance from the mould wall (m)  distance from the mould wall (m)

(@) (b) ©

Figure 4.11: The velocity fields of molten steel in the process for three different
source currents : (a) 10000 A, (b) 20000 A, and (c) 30000 A.
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CHAPTER 5

DYNAMIC BEHAVIOR AT MENISCUS REGION

5.1 General Overview

In continuous casting process, the lubrication fluid or powder is added to
the top surface of the liquid steel to facilitate the process. The phenomena in
the region near the top surface, including the lubrication flux and molten steel,
have significant influence on the quality of the casting products. Over the last
few decades, many attempts have been made to study the mould flux behavior,
including those due to Nakano et al. (1984) [58], Anzai et al. (1987) [59],
Bommaraju and Saad (1990) [60], Sarademann and Schrewe (1991) [61], Nakato
et al. (1991) [62], Li et al.(1995) [39], Mcdavid and Thomas (1996)[36], and Sha
et al. (1996) [42]. However, only few attempts have been made to study the flow
behavior in the meniscus region and the influence of the electromagnetic field
imposed on the top surface. Thus, in this project, we study the influence of the
electromagnetic field on the fluid flow phenomena in the meniscus region. The
mathematical model is presented in section 5.2. In section 5.3, a moving finite
element method for the solution of this problem is formulated. A numerical study
of the flow pattern of the flux and steel under the influence of an electromagnetic

field is given in the last section.

5.2 Mathematical Model

The field equations governing the fluid flow phenomena in the meniscus
region include the continuity equation and the Navier-Stokes equations. The
liquid steel and liquid flux are assumed as incompressible Newtonian fluids.

Thus, the governing equations can be expressed as follows

u; =0 in Qx7 (5.1)
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8ui .
p <8t + Uj“iu’) +pi = (wluig +ujq) ;= pgs in QX7 (5.2)

where € = Q;U; with  representing the flux region and 2 being the
steel region; 7 = [0,7]; u and ¢ denote respectively the fluid velocity and
gravitational acceleration; the indices ¢, j refer to the z or z direction; p
denotes the fluid pressure; p is the density of the fluid having different constant

valuesin €2 and €1; 1 denotes the fluid viscosity having different values in 2y and €2,.

In the electromagnetic continuous casting process, the electromagnetic
coil is applied around the top part of the mould. The influence of
electromagnetic field on the transport momentum is modelled by the addition
of the electromagnetic force Fen to the momentum equations and the force is
determined by

Femn =Jc. x B. (5.3)

As the lubrication oil or powder is a diamagnetic material [39, 63, 64], the effect
of electromagnetic field on the flux region is not taken into account. Thus, the

unified equations for the entire flux-steel region are as follows

Ui 5 = 0 in Qx T, (54)

8ui _ .
p (81f -+ UjU@j) —l—p’i — (,U(Ui,j + Uj,i)),j = Femi in € x T, (55)

where p = p — pgz and the electromagnetic force Fgp, is defined by

0 in Qf
Fomi = . (5.6)
(J. x B); in Q,

Equations (5.4)-(5.5) constitute a system of three partial differential equa-

tionsin terms of three coordinates and time dependent unknown functions u, v and p.

To completely define the problem, we also need to specify the boundary

condition and initial condition for the velocity field of liquid flux and liquid steel.
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In a typical computation region as shown in Figure 5.1, we assume that the
molten steel is fed to the system with inlet velocity u?, and the lubrication oil is
continuously added at the top of the mould with velocity u?c. The no-slip velocity
condition and a pressure balance condition are imposed on the interface between
flux and steel I'y. On the symmetry boundary I'y,,,, the normal velocity u,, and
the derivative of tangential velocity u; are both zero.
On the nozzle wall T',,, the velocities of both flux and molten steel are set to zero,
that is

u=0. (5.7)

On the steel surface I',, we assume that the steel is completely solidified. Thus,

the solidified steel shell moves at the constant casting speed, i.e.
u = (0,Ucst) - (5.8)

On the surface F;U, the liquid flux moves at the same speed of the mould wall,

namely

u=(0,V). (5.9)

where V' = Awcos(wt). On the exit boundary .., the velocity is determined by
the casting speed, i.e.

u = (Oa Ucast) . (510)

Thus, the flux and steel flow problem is governed by the following BVP :

BVP : Find u; and p such that the field equations (5.4)-(5.5) are
satisfied in the computation domain {2 and all boundary conditions are satisfied.
5.3 Moving Finite Element Formulation
Firstly, the continuity equation is weakened and replaced by
u;; = —O0p, (5.11)
where 0 is a small positive number. For convenience in notation, we let

R = u;; + 6P, (5.12)
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Figure 5.1: Computation domain.

8ui 17 1
Ry =~ +ujuig + P~ (v(uij + wji)); — ;Femi- (5.13)
In the moving finite element method, the mesh is allowed to deform, namely the

node locations s; are assumed to be variables and are time dependent. The finite

element basis functions are thus assumed to depend on s; as well as on x, i.e.,

¢i = ¢i(%,8(1)), (5.14)
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where s = [s,S,...,sy]7 with N being the number of nodes. Thus, our finite

element approximations of u; and p are as follows

N

wi(x,t) = D (ui(t))in(x, s(1)); (5.15)

=1

Np

p(x,t) =D (p(t))(x,s(t)). (5.16)

=1

Obviously, in order to determine u(x,t) and p(x,t), we need to determine (u;);,
p and si,89,...,8y. For this purpose, we need to construct a weak form of
equations (5.4) and (5.5), respectively. The test space for equation (5.4) is chosen
to be the space that p lies in. While, the test space for equation (5.5) is taken to
be the space in which the function % lies at each time instant, as proposed by
Jimack for the solution of a convection-diffusion equation [65]. Now, following

Jimack’s work, by differentiating equation (5.15) with respect to time, we obtain

Guz auz ); olol

— 5.17
=5 24w (5.17
Differentiating equation (5.14) gives
Iy ds
q
X (Va) (5.18)

where Vg denotes the gradient operator applied to the s variable. Thus, the

second term of equation (5.17) can be written as

N (9@25 8u1
> (s : Z
=1 1=1
N
=> s (5.19)
=1

Thus, we obtain

8ui N (9u2
% > l U )l¢l + 8 - 55] , (5.20)
=1
where ’
= = | 21
ﬁll 881 [881x7 c%J (5 )

Following Jimack (1996) [65] and Miller (1981) [66], we obtain

Bii = =iV, (5.22)



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mathematics) / 73

Now, in order to minimize the residual R given by (5.12) over all possible choice

of p, the test space is chosen to be the space spanned by the functions

(Y1, 2, Y, )

To minimize the residual R; given by (5.13) over all possible choice of ‘37:, the test

space in two-dimensional cases is chosen, according to Jimack (1996) [65], as the

space spanned by

{¢1, (512‘):;:, (612‘)7:; S ON, (ﬂN@')zy (5Nz)z} )

where ¢ = 1,2. Thus, the weak forms of equations (5.12) and (5.13) could be

obtained from the following formulae [67, 68],

(R, 1) =0, (p=1,2,...,N,), (5.23)
(Ri, bm) = 0, (i=1,2;m=12,...,N), (5.24)

(Ry, (Bm1)k) + (R2, (Bm2)k) =0, (k=1,2;m=1,2,...,N). (5.25)

where the inner product (-,-) is defined by equation (4.25). By substituting
equations (5.15), (5.16), (5.20), and (5.22) into equations (5.23)-(5.25) and using

the Green’s formula, we have

N N,
> (P, Up)ua + Y (0hr, )1 = 0,
=1

=1

N

Z {(¢l7 ¢m>ull + ( (bl (bm) 2 + <_¢I%Zi’ ¢m> 2

=1

+(ujbr g, Om)wi + v(Prj, Gmg) i + v(duis ¢m,j)uﬂ}

_72{ 1/11,¢m D — po(¢m>} = (;Femm(bm) )

Pi=
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+ (uj@], ~mge ) W (@], (—gbmgz)’]) wHv (gﬁl, <—¢mgz)7j> ujy
R L R P G A E
+ <uj¢l,j, —qjmggi) ey (qﬁm, <—¢mg;>’j) ey (aa(’i’, <_¢m8::>,j) uﬂ}
2] (0 (o) oo (-0

(e (o) Joomi (-5)

1 ou 1 ov
—(ZF  —¢ = R
<p eMy ) ¢max> + (p emy ¢max> )

N ou\ | ou ou\ . ou ou\ .
;{ <¢z, ma ) ul+<—¢18:c’ —¢maz> T+ <_¢18z’ _¢maz> Z
+ <uj¢lja (bm ) u+v ((blj’ <_¢mg:> ) u+v (aaﬁil, <—¢mgz> ) Uy

ov\ . ov ov\ . ov ov\ .
+ (gbl, _stmaz/) Ul+<_¢l8$7 _¢m82’> xl+<—¢laz, —gzﬁm(?z) Zl

ov ov o) ov
+ <Uj¢l,ja _¢maz> vtV (¢l,ja <_¢mé9z>7j) v+ ((%, (—qu&Z)’j) Ujl}
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1
By(om) = | —dmthdl'pj,
Fe(Lt p
0 1 Ju
B, <—¢m“>: / (—¢m )wzdrpz‘,
T o P T
0 1 0
B; (—cbm“): / (—qsm ”)wldrpz:
i e p i

Following equations (5.26)3 and (5.26),, we have

v ((bl,j’ <_¢mgz> ) u +v (%m ( O ) ) Uji
+v <¢17j, (—gbng) ) (Y —+ v (aail, ( qsng) ) U
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[ (79 gu0en\ 1 (000 dudon (00 ude) ),
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form=1,2,3,...,Nand p=1,2,3,..., N,. The system of equations (5.26) can

be expressed in matrix form as

Cu+46Cyp =0, (5.31)
Ea+ Ei$+ (A+ Dy)u+ Cip =Fy, (5.32)

where the coefficient matrices are given by

Cp = (i), WiED (6, /}mwmdﬂ

- T
Cirm
_ ¢ _
C= with ¢}, 8— mdQ (B =1,2),
Cirm
L 42N XNy
Cim — Cllm
1 . _
¢ = - with G = [ duto T,
P .
exit
Clm — Cl2m
L 42N X Np
ou . x v x 0 o\ =
azclr}z azclr%z - (073 + ?Z)Clm
1 0
OQ = — with Ez;lfl = / ﬁqﬁldg(
p 4 O
_ Ou x1 v x2 ou v\ =
5 Cm — 3.Cm — (5, T 5.)C
i T 9z "lm 9z “lm (82 82) lm Jonxn,
€lm 0
E= with qm:/@%JQ
Q
0 €im
L 42N x2N

2),
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Further, the system of equations (5.31)-(5.33) can be rewritten as

Cu+0C,p =0,

FEua + Els + Klu + Clp = Fl;

Ezl:l + ESS + Kgu + Cgp = FQ,

where K and K, are defined in equations (5.32) and (5.33).

(5.31), we may determine the pressure p by

1

(5.34)

(5.35)

(5.36)
(5.37)

From equation

(5.38)

By substituting equation (5.38) into equations (5.32) and (5.33), we obtain a new

system of equations (5.39) and (5.40) for u and s

1
Fua + Els + Klll - gC'le_lCu = F17

1
Egﬁ + ESS + KQU - 502017_1011 = FQ,

(5.39)

(5.40)
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which can be expressed in shorter form as
AY)Y =G, (5.41)

where Y = [uy,v1, 21, 215 - . . ; un, UN, TN, 2x] T in which (u;, v;) denotes the velocity

at the [ node located at (z;, z;).

The above nonlinear system (5.41) can be solved by using Euler’s
backward difference scheme with variable time step. Let Y,, be the solution and

At, be the time increment at time step n, we have
A(Yn+1)(Yn+1 - Yn> - G’n+1Atn. (542)
The iterative solution of the system (5.43) at iteration i is defined by

A(Y

n+1

)(Y;J«rkll - Yn) = G;+1Atn- (543)

5.4 Numerical Studies

A computer program based on the algorithm presented in the previous
section is developed for the solution of the two-phase flow in the continuous
casting process. A numerical investigation has been undertaken to analyze the
effect of electromagnetic field on the flow pattern. In this study, the computational
domain is the square billet which has a mould half width of 0.06 meters and a
depth of 0.8 meters. Since the mould is symmetrical about two planes which pass
through the central line of the mould, the computation region could be limited to
one quadrant and its boundary consists of several parts as shown in Figure 5.1.
The casting parameters and the computational schemes for investigating the effect
of electromagnetic field are shown in Table 5.1 and Table 5.2, respectively. The

finite element mesh consists of 1324 elements and 1410 nodes as shown in Figure 5.2.

The results for flux flow and steel flow at the meniscus region in the
continuous casting process are given in Figures 5.3 and 5.4. Figure 5.3(a)

presents liquid flux flow and steel flow for the model without source current.
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Figure 5.2: Generating mesh for flux and steel.

There is a recirculation zone at the center of flux region. We also investigated the
effect of source current on the flow patterns of liquid flux and steel. The results
as shown in Figure 5.4 (a), (b) and (c) present the flow pattern of liquid flux
labelled by black color and liquid steel labelled by red color. It is noted that
no circulation zone occurs in the flux region for the model with source current.
Larger magnitude of source current produces higher speed upward velocities of

liquid flux and steel near the meniscus region.
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Figure 5.3: Flow patterns of liquid flux (labelled by black color) and liquid steel
(labelled by red color) in (a) conventional casting process and (b) EM casting

process.

5.5 Concluding Remarks

An efficient mathematical model and a numerical algorithm, based on a
moving finite element formulation, has been developed to study the coupled flux
flow and steel flow in the meniscus region. The results obtained from this section

could be used as an initial solution for the determination the meniscus shape.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mathematics) / 83

J=10000A J=20000A J=30000A
,:‘3 8.03 T 803

8.03

1 v
RV
N

T
b

INERERY

Mo oo N

7.95 b = 1 795 4 795

\\/& \\\\‘./ s
\\\\‘A/ st

distance below the top of mould (m)

aT

o AN AR

VLAY At \\2;::\\\ \éiii::\\v
DN %@%&x\\ww -

785 UL LA 7 g5 AN 7 g5 HHLLLLAN N
WL e e LA LAV N JHLLLAN NN
W v WLV DAL L

LA VLV L b b 7.8““&“‘“\\\\‘\“”“, 7.8MW\4\\\\\\\\\\\‘“”,

7.8

0 o002 004 006 0 002 004 006 O 002 004 006

distance from the mould wall (m)  distance from the mould wall (m)  distance from the mould wall (m)
Figure 5.4: Flow patterns of liquid flux (labelled by black color) and liquid steel
(labelled by red color) for different source currents (a) 10000 A (b) 20000 A and
(¢) 30000 A.
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Table 5.1: Parameters used in numerical simulation

Parameter symbol Value Unit
Density of flux pr 2930 kg/m?
Viscosity of flux [y 0.5 pa - s
Density of steel Ps 7800 kg/m?
Viscosity of steel [bs 0.001 pa - s
Casting speed Uest 0.032 m/s
Nozzle port angle — 30 down | degree
Velocity of mould wall Vv Awcos(wt) | m/s
Angular frequency of mould oscillation w 30 * (%) rad/s

Table 5.2: Computation schemes

Scheme | Source Current

(Ampere)
1 10000
2 20000
3 30000

4 0
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Concluding Remarks

This research focused on the development of mathematical models and
numerical techniques for study of fluid flow, multi-phase heat transfer and
electromagnetic stirring in the electromagnetic continuous casting process. The

results achieved and gained from the research are summarized as follows,

1. A finite element method has been developed for the solution of the
two-dimensional electromagnetic problem in the electromagnetic continuous
casting process. A commercial package FEMLAB is used to calculate the
electromagnetic field, the induced current and the electromagnetic force.
The effect of magnetic frequency and source current on electromagnetic
force have been investigated. Some conclusions from the numerical studies

are as follows

(a) The frequency of magnetic field has a significant effect on the
electromagnetic force. With a higher frequency of magnetic field, the

electromagnetic force increases.

(b) The electromagnetic force occurring in the mould is strongly governed
by the source current. With an increase of source current, the

electromagnetic force increases.

2. A finite element method is used to solve the two-dimensional coupled fluid
flow and heat transfer with solidification problem in the electromagnetic
continuous casting process. The mathematical models with and without
the effect of electromagnetic force have been established and implemented

numerical in computers. The effects of electromagnetic field on the flow field
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and the solidification of steel have been investigated. The results obtained
by both models are compared, and it is found that the electromagnetic
force has significant influences on the flow field and temperature field in
the continuous casting process. From the numerical studies, it can be
concluded that the source current has a significant effect on the flow field
and solidification of steel in the electromagnetic continuous casting process.
With increasing the source current, the recirculation flow occurred in the
mould moves far away from the mould wall and the thickness of the

solidification steel shell increases.

3. A two-phase flow model for the meniscus region and a corresponding
numerical technique were developed based on the moving finite element
method. The effect of turbulence is not taken into account in the model.
The simulated results from the model clearly show the flow pattern of flux
and steel in the continuous casting process. In the lubrication oil domain at
the top part of the mould, a recirculation flow zone occurs due to the effect

of steel flow. The meniscus shape could be roughly determined.

6.2 Further Works

In this work, a robust two-dimensional model was developed to study
the coupled fluid flow and heat transfer with solidification occurring in the
electromagnetic continuous steel casting. However, in the real world problem,
the mechanism of the continuous casting process is three dimensional in nature.
Thus, it is useful to undertake further work to develop three dimensional

mathematical model for the electromagnetic continuous casting process.
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A MOVING FINITE ELEMENT METHOD FOR SIMULATING
THE FLOW OF MOLTEN STEEL AND FLUX IN THE
CONTINUOUS CASTING PROCESS
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Abstract

A ‘moving finite element method is developed for solving a fluid flow problem arising from
the continuous steel casting process. The governing equations consist of the -continuity
equation and the Navier-Stokes equations. The formulation of the method is cast within the
framework of the weighted residual method. A numerical technique based on. the moving
finite elemenit method: is developed to simulate the flow of molten steel and flux in the
casting process.

Keywords ~ moving finite element, weight residual methiod, continuous casting

1. Introduction

The continuous steel casting process is an industrial process involving heat transfer; fluid flow
and solidification. Figure 1 shows the essential feature of the continuous casting process. Molten
steel flows from a tundish through a nozzle into a water-cooled mould and the solidified steel is
continuously extracted from the bottom of the mould at a constant casting speed. During the
casting process, mould powder is added at the top of the mould, and the mould oscillates
vertically to facilitate the process and to prevent the steel from sticking to the mould wall,

The control of heat transfer and fluid flow is essential for the success of the process. Improper
cooling strategy may cause internal defects, breakout of molten steel and surface cracks. Over the
last couple of decades, many studies have been carried out to- model various aspects of the
continuous casting process. These studies have resulted in a fundamental understanding of the
physics of the continuous casting process and led to- the development-of some essential methods
for the design of the continuous casting process. However, many phenomena occurring in the
caster, such as the formation of oscillation marks and the meniscus behavior, have still not been
fully understood nor well controlled. Several studies on the phenomena at the meniscus in the
continuous casting process have been carried out, including those by Laki et al. (1984), Nakana et
al (1987), Morisue et al (1993), Mac David & Thomas (1996), Keisuke et al (2000). These studies
have led to a better understanding on' the mechanics of the meniscus phenomena. However,
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sophisticated numerical techniques for the simulation of the meniscus shape and oscillation mark
formulation as well as molten flux-steel flow have yet to be developed. The purpose of this work
is to develop a model for the flows of liquid flux. and liquid steel, and to develop a numerical
algorithm based on the moving finite element method to solve the problem.

Tundish

Nozzle

Water cooling - Mould

Molten steel

Spray cooling ! soiiiﬁeﬁ steel
Radiation cooling A . ‘

Roller Culter

Figure 1. The continuous steel casting process.

2. Governing equations

The equations governing the flow of liquid flux and liquid steel include the continuity equation
and the Navier — Stoke equations that can be expressed as follows,

u’.'i:O . in Q, (1)
o 4
p —_8t_+ujui’j +p= (i j+up) ;=0 in Q (2)

where we have used, and will continue to use throughout this paper, the index notation with
repeated literal index representing summation over the. index range; Q=0Q,00; with Q
representing the flux region and Q; being the steel region; u and g denote respectively the fluid
velocity and gravitational acceleration; the index i refers to the x of z direction; p=p-pgz
with 7 derioting the fluid pressure; p is the density of fluid which Has different constant values

in Qf and Q; u denotes the fluid viscosity having different values in Q; and Q.

Equations (1) - (2) constitute a system of three partial differential equations in terms of three
coordinates and time dependent unknown functions u,,u, and p . To completely define the

problem, we also need to specify the boundary conditions and initial conditions for the velocity
field of tiquid flux and liquid steel. In a typical computational region as shown in Figure 2, we
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assume that the molten steel is fed to the system with inlet velocity Uf, and the flux is

continuously added at the top of the mould with velocity U? . The no-slip velocity condition and

a pressure balance condition are imposed on the flux - steel interface Iy. On the nozzle wall T,
the velocities of molten steel and flux are zero, that is

u=0 3)

On the surface T, the solidified steel and flux move at the constant casting speed, i.e.,

u=0U,q). )

[

O fN
FW
Q
X
reJa'

Figure 2. The computation dorriain

On the surface I'v'v , the liquid flux moves with the mould velocity, i.e.,

u= (oyUmould) { )
On the exit boundary Ty, the velocity is determined by the casting speed, namely
u=(0.Ugas) (6)

Now, the problemm to be solved can be stated as the following boundary value problem :

BVP : Find » and p such that equations (1)-(2) and boundary conditions (3)-(6) are satisfied.
2. Numierical method

Firstly, the continuity equation is weakened and replaced by
uy==dp, (@)
where § is a small positive number. For convenience in notation, let
R=u,;+3p, @®)
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ou; 1 u
Ri:—’—+u‘u~-+—~—p‘—(—(uu+ul )] , 9)
; I i hi TR
ot p p J

In moving finite element methods, the mesh is allowed to deform, namely the node locations s

are assumed: to be. variables and are time dependent. The finite element basis functions are thus
assumed to depend on s ;s wellason x, ie.,

0 =0;(%.8), (10)
where: s=[s1;sz,..i,s N]T with N being the number of nodes. Thus, our finite element
approximations of #and p are as follows

ui (%,1) =1 (Db (%,8(2)) » , (11

p(,0) = (W1 (%5(0)). (12)

Obviously, in order to determine u(x,r) and p(x,f), we need to determine uy;, p; and
$i, 82, -3 S - For this purpose, we need to construct a weak form of (1) and (2) for which the
trial solutions of u(x,#) and p(x,f) take the form of (11):and (12) respectively. The test space
for equation (1) is chosen to be the space that p lies in: While, the test space for equation (2) is

taken to be the space in which the function 5 lies in at each time instant, as proposed by Jimack
t

for the solution of a convection-diffusion equation [5]. Now following Jimack, by differentiating
(11) with respect to time, we obtain

au " s . N .
‘a_;=”11¢1+uzivs¢z"s=u/i¢z +81-Bjp (13)
where the gradient operator Vg applies to the § variables and
By ~=—§s‘i=(§”—',—'). (14)
1\ Oy Oy
Following Miller[10] and Jimack [5]; we obtain
B = Vi =V by = =iV =4,V (15)

Now, in- order to minimize the residual of equation (1) over all possible choice of p, the test
space is chosen to be the space spanned by the functions

(W‘I:WZs"":WNP) .

While, to iniimize the residual of equation (2) over all possible choice of %, the test space i

two-dimensional cases is chosen, according to Jimack [5}, as the space spanned by

[01.(Bri)s (B30 s (B i) s Bz

where i = 1, 2. Thus, the weak forms of (1) and (2) are as follow,
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(Rw ;)=0, (=120, N,), (16)
(Rinb,)=0, ((=123)=12.,N), (17
Ris(B 00+ Ry (B o)) =0, (k=12;7=12,...,N). (18)

From above, through a long derivation, we obtain

- Cu+8Cp=0, 19
Mii+ M s+ Kju+Cp=0, (20)
M i+ M §+ Kyu+Cop =0, (21

which form a system of (4N +N. ) equations for the solution of thie nodal values of u(x,t) and

p(x,t) as well as s . From equation (19)

p= —alc,;‘Cu , (22)

on using which, equations (20) and (21) become

M+ M, s+ Klu——;—ClC;lCu:O, (23)
My i+ M, 5+ Kpu -slczc;,‘c.x =0, 24)

Equations (23) and (24) can be expressed in shorter form as

AY)Y =G, (2%
where Y=[u],vl,xl,zl;...;uN,vN,xN,zN]T in which (u;,v;) denotes the velocity at the ith
node; (x;,z;) is the position of the ith node. System (25) is then solved by using Euler’s
backward difference scheme with variable time step. Let Y, be the solution-and At,, be the time
increment at time step n, we have

A1) (Yng1 = Yp) = Ga18ty. (26)
By using an iterative scheme, the iterative solution of equation (26) at iteration i is defined by
AY )Y~ )= Gryity @7)

4, Numerical example

For the continuous steel caster under consideration, the mould is symmetrical about two planes
that pass through thie central line of the mould. Thus the computation region could be limited to
one quadrant and its boundary consists of several parts as shown in Figure 2. The caster has a
mould half widthi of 875 mm, a narrow - face half width of 118 mm, a depth of 800 mm. The
casting parameters are as shown in Table 1. Figure 3 shows the flow patterns of liquid flux and
steel for three different velocities of mould wall stroke. The results indicate that the average
velocity of liquid flux above the meniscus surface increases when the velocity of the stroke of
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mould wall increases, and that the flow of liquid steel dominates the shape of the meniscus
surface.

Table 1. Parameter used in the numerical example

“Parameter Value | Unit
Density of Steel p; 7800 ke m3
Density of Flux p s 2930 kg/m3

Viscosity of Steel j1 0.001 Pa-s
Viscosity of Flux i 7 0.5 Pa-s

0.009 /s

=~

E E E
5 5 R
8 & 18
T
£ dBespt oL 8
8 A8 s an o B
2 B R
£ & o
Q 4G je
§ 18 ir
g b 3

S S

S AP ARRAR 4 T o
"0 02 04 08 08 Yo 02 04 08 08 %002 0a 06 08
distance from the mould wall (m)  ciistance from the moud wall (m}  distance from thé mould wall (m)

Figure 3. The velocity vector for strokes of mould wall at 0.006 m/s, 0.009 m/s, and 0.012 m/s.

5. Conclusions

A mathematical model and a numerical technique, based on a moving finite element formulation,
have been developed to study the flow of liquid flux and liquid steel and to predict the meniscus
shape. The meniscus refers to the interface between the liquid flux and the liquid steel. Three
different strokes of mould wall have been used in this study to investigate their impact on the
fluid velocity field and the meniscus shape. It should be addressed here that, the formulation in
this paper focuses only on fluid flow. However, in practice, the problem involves not only fluid
flow but also heat transfer and electromagnetic stirring. Thus, in our future work, we will take
into account the effect of temperature field and electromagnetic field to get- more accurate results
of the meniscus shape and flow field above and below the meniscus region.
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Abstract: This paper is concerned with the determination of the electro-
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dimensional cases, the transient magnetic field is shown to be governed by a
parabolic type boundary value problem. Based on Galerkin’s method, a finite
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1. Introduction

Continuous casting is an industrial process for converting molten steel to solid
steel products. As shown in Figure 1, in the continuous casting process,
molten steel is poured continuously from a tundish through a submerged
entry nozzle into a water-cooled casting mould where intensive cooling results
in a thin solidified steel shell to form around the edge of the casting. The
solidified steel shell with a liquid pool in the center is then continuously
withdrawn from the bottom of the mould at a constant speed. The product
is supported by a set of rollers, after leaving the mould, and cooled down
by water sprays. When the completely solidified casting has attained the
desired length, it is cut off with a cutter.

The process involves many complex phenomena such as turbulent flow,
heat transfer with phase change and formation of oscillation marks on steel
surface. These phenomena interact one with another and thus the mod-
elling of the continuous casting process constitutes one of the most outstand-
ing mathematical modelling problems. Over the last few decades, extensive
studies have been carried out worldwide to model various aspects of the
continuous casting process, particularly on the heat transfer and steel so-
lidification process [1,10], the turbulent flow phenomena [9, 11, 12] and the
formation of oscillation marks [2, 7]. Although previous studies have led to
a significant advance in the continuous casting technology, many problems
still occur in the industrial process. One of the problems, which has not
been fully understood and under control, is the so-called oscillation marks
formation.

To minimize the depth of oscillation marks on steel surface and to im-
prove steel quality, considerable efforts have been made worldwide in recent
years, particularly in Europe and Japan, to develop electromagnetic cast-
ing technologies to utilize the electromagnetic field to influence the casting
process [3, 4, 6, 8]. Many experiments show that the external electromag-
netic field [5, 8, 13] has significant influence on the formation and the depth
of oscillation marks. In electromagnetic casting, a coil is mounted around
the casting mould. The magnetic field génerated from the source current
through the coil induces the electric current in molten steel. This current
heats the liquid in terms of joule heating and generates a body force in the
molten steel, which is the so called electromagnetic force or Lorentz force,
F,. = J x B, where J and B are respectively the induced current density and
magnetic flux density. The Joule heat and the body force act on the molten
steel and consequently influence the flow of the liquid, the steel solidification.
process, and the formation of oscillation marks on steel surface.

In an attempt to incorporate the effect of the electromagnetic field into
our recently developed model for the coupled fluid flow and heat transfer
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Figure 1: The continuous steel casting process.

in the continuous steel casting process [12], a finite element based numer-
ical scheme has been developed for the calculation of the electromagnetic
force and is presented in this paper. The rest of the paper is organized as
follows. In section two, we construct the boundary value problem for the
determination of the electromagnetic field in the continuous casting process.
In section three, we develop a finite element scheme for the determination
of the electromagnetic field and derive the formula for the determination of
the electromagnetic force using the finite element solution of the magnetic
field. In section four, a ntmerical study is carried out to demonstrate the
influence of various electromagnetic field parameters on the electromagnetic
force induced in molten steel.

2. Governing Equations for the Electromagnetic Field

The governing equations for the electromagnetic field inchide the Maxwell

equations and the constitutive equations. Let H and E denote respectively

the magnetic field and the electric field. Then the Maxwell equations are
oD

VxH=J+% (1)
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OB _
VXE_——a?, (2)
V-B=0, (3)
V-D:pd, (4)

where J,D, p; and B denote respectively current density, electric displace-
ment, free charge density and magnetic flux density. The magnetic flux
density B and the electric displacement D are respectively related to the
magnetic field H and the electric field E by the following constitutive equa-~
tions
B= ﬂHv (5)
D =¢E, (6)

where 1 and € are magnetic permeability and permittivity respectively. An-

other constitutive equation relating the current density with E, B and the

velocity v of the conducting media is as follows
J=0(E+4vxB)+pv+Js, {(7)

where ¢ is the electroconductivity. As molten steel is a good conductor, the
transient term in equation (1) can be neglected and we thus have

VxH=1, (8)
V.J=0, (9)

where equation (9) is obtained by noting that the divergence of the cutl of
any vector field is identical to zero. Further simplification is to neglect the
displacement current p; and the flow-induced current ovx B. Thus, we have

J=0E+1J,, (10)

and equation (4) is identical to equation (9) by noting equations (6) and (10).
Hence, our problem becomes to determine B and J by solving the following

equations
B

Vx[—|=J, 11
(&) o

J—Js 0B
Vx( - )_—W’ (12)
V:B={, (13)
V-J=0. (14)

In this work, we solve the problem by firstly formulating the problemi in terms
of a potential function. From equation (13) and noting that the divergence

Ph.D. (Mathematics) / 105
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of the curl of any vector field is identical to zero, we can determine B by a
magnetic vector potential A, namely

B=VxA, (15)

and hence equation (11) becomes

V X <£V><A> =J. (16)
H
Substituting equation (15) into equation (12) yields ‘
J-J, OA
hudeil) ) 1
Vx(g +6t) 0, 17

which indicates that the vector field (% + %) is conservative and conse-
quently, there exists a scalar potential ¢ such that

J-J, 0A
+_

& ot ==V, (18)
o 9A
J=1Js- i oV. (19)

Substituting equation (19) into equations (16) and (14), we end up with two
equations for the determination of A and ¢, namely

V x (%V X Ay = —088—? =0V + s, (20)
V. (_ga_A: —oVg+I,)=0. (1)

at ‘
In this work, we are concerned with two-dimensional problems with A, J and
¢ taking the following forms
A = (0, Ay(z, 2),0),d = (0, Jy(z, 2),0), ¢= constant. (22)

With equation (22), equation (21) is satisfied automatically and equation
(20) becomes

A, 1. 1

—L=—V4,--J, 23

6t 0_# Y U Y ( )
or in irdex notation i )

Ay = i = 5 (24)

For the case of sinusoidal source current, i.e.

Jsy = Js(z, 2)e™", (25)

Appendix / 106
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Figure 2: The computation domain for the electromagnetic problem.

equation (23) admits solution of the following form

A, = oz, 2)e™. (26)
By substituting equation (26) into equation (24), we have

ag;— Ba = pjs. (27)

where 3* = opwi. To completely define the problem, boundary conditions
must be given to specify the value of a(z, z) on the boundary. We consider
here a typical casting system as shown in Figure 2. On the outer boundary,
a s set to zero, which implies that the effect of induction on the magnetic
field at these locations is negligible. To insure good accuracy, an appropriate
distance d; measured from the outer boundary to the inductor is needed and,
for the example under investigation, d; is taken to be 4.8 meter.

3. Finite Element Solution of the Magnetic Field

To solve equation (27) numerically, we first develop the following correspond-
ing variational boundary value problem using the weighted residual technique

VBVP: Find a € Hj(Q) such that Vw € H}(Q)

(a,jvw,j) +ﬁ2(a7w) = _:u(jsu U)), (28)
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where w is the so-called weight function or test function; (-,-) denotes the
inner product on the square integrable function space L*(Q2) and H(Q2)
defined as follows

Hi(Q) = {v . v v

Frree

L*(Q) and v = 0 on 89} ,

To solve the VBVP problem, we pose the problern into an N—dimensional
subspace, namely, approximate a and w by

N N
a=Y wp , w= Z widi, (29)
i=1 i=1
Substituting the second equation of (29) into equation (28), we have

{(a,0k5) + B%(a, ¢x) + (Jor $1) Yok = 0.

As w and consequently wy, are arbitrary, we have for k=1,2,--+,N

(a3, br5) + 57 (a, k) = —(js, b (30)

Now by substituting the first equation of (29) into equation (30), we have
for k=1,2,---, N that

N

Z [(quv ¢k,j) + }32(¢i1 ¢k)] a; = _(.j37 ¢k>~

i=1
which can be written in matrix form as
Ma=F (31)

where

M= {my} with mg = (¢ij, drs) + (s, k)

F={f} with fi=—(jse).

Ongce the finite element solution of a(z,z) is found from systém (31), the
magnetic vector potential, the magnetic flux density B and the current den-
sity J can be determined from equations (15), (19), (22), (25), and (26) as

follows .
A =e“'0, a(z,2); 0], (32)
B=VxA=¢e _da 0 @‘ = b(z,2) et (33)
8Z7 ¥: 8x . 3 )
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J=J,— a%% - V¢ = e [0, j, — owai, 0]. (34)
Consequently, the Lorentz force can be determined by
F, = JxB,
= (j, — owai)Va e,
= f(z,2)e*", (35)

4. Numerical Studies

The numerical example under investigation is a rectangular caster which has
a width of 0.12 m and a depth of 0.8 m. in the z — z plane. The computation
region is as given in Figure 2. The finite element mesh, constructed from the
FEMLAB graphic subroutine, has 23180 elements and 11856 nodes. The pa-
rameters used in the computation are chosen to have values as follows : con-
ductivity of steel o, = 7.14 x 10° Q~'m~!; magnetic permeability in vacuum
p = 4m x 10~ "Henry /m; magnetic permittivity in vacuum & = 8.8540 x 10712
Farad/m; magnetic field frequency f = 60 — 100 Hz; source current, density
Js = 1000000 — 3000000 A/m?.

Figure 3 shows the contour plot of the finite element solution of a(z, )
from which the transient magnetic vector potential can be determined by
equation (32). Figures 4 and 5 show respectively the magnetic flux density
vector b{z, z) and the Lorentz force vector f.(z,z) as defined in equations
(33) and (35). Figures 6 and 7 show respectively the influences of the source
current and the magnetic field frequency on the magnitude of the Lorentz
force |f.(z, 2)| on a horizontal section 0.05 m below the meniscus.

The results show that the Lorentz force acts on the molten steel basically
in the horizontal direction toward the central plane. This force will contribute
to preventing molten steel from sticking to the mould wall and smoothing the
steel casting surface. The results have also demonstrated that, the magnitude
of the force could be increased by increasing the source current and the
magnetic field frequency.

With the Lorentz force determined, the influence of electromagnetic field
on heat transfer and fluid flow in continuous casting can be simulated by
incorporating this body force into our recently developed heat transfer-fluid
flow model [12].
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Figure 4: The magnetic flux density vector b(z, 2) at j, = 1000000 A/m?
and frequency f =60 Hz.
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Figure 5: The electromagnetic force vector f,(z,z) at 5, = 1000000 A/m?
and frequency f = 60 Hz.
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Figure 6: The influenice of source current on the magnitude of the electro-
magnetic force at frequency f = 60 Hz.
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