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Abstract

In the continuous casting of steel, many problems, such as surface cracks in solidified
steel and breakouts of molten steel from the bottom of moulds, frequently occur in
practice. It is believed that the occurrence of these problems is directly related
to the events in the mould, especially the transfer of heat from the strand surface
across the lubricating mould powder and its interface with the mould wall to the
mould cooling-water. However, as far as the authors are aware, there is no published
work dealing with heat transfer across both the lubricating layer and the interface.
Generally, a parameter representing the average overall heat transfer coefficient
between the strand surface and the mould cooling-water is employed, instead of
including the lubricating layer, the mould wall and their interface in the computation
region. The existing treatment consequently does not permit analysis of some of
the more important phenomena, such as the effect of mould powder properties and
interface thermal contact resistance on the solidification of steel. In this paper, a
novel finite element model is developed and the heat transfer across the interface
between the lubricating layer and the mould wall is simulated by introducing a new
type of element, referred to as the thermal contact element. The proposed model
is used to investigate the effect of various casting parameters on heat transfer from
the molten steel to the cooling-water. The results indicate that the thermal contact
resistance between the mould wall and the mould powder is a key factor which
dominates the thickness of the solidified steel shell and the heat extraction rate from
the mould wall.
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FIGURE 1. The continuous casting process.

1. Introduction

Since the early 1980s, the continuous casting of steel has been employed in
the Australian steel-making industry. The essential features of this process are
shown in Figure 1. Molten steel is fed from a tundish through a nozzle into
a water-cooled mould and solidified steel is continuously extracted from the
bottom of the mould at a constant casting speed U. The product is supported by
rolls after leaving the mould, cooled down by water sprays and then subsequently
cooled by radiation only. During the casting process mould powder is added at
the top of the mould and the mould itself oscillates vertically to facilitate the
continuous process and to prevent the steel from sticking to the mould walls.
The mould powder melts and forms a lubricating layer, referred to as casting
flux, in the gap between the solidified steel shell and the mould wall. As the
flux moves down the mould wall it solidifies and so a layer of solidified flux
forms between the liquid flux and the mould wall; the various layers formed in
the mould during casting are shown in Figure 2.

In practice, many problems frequently occur in the casting process. These
problems mainly include breakouts of molten steel from the bottom of the moulds
( Grill et al. [7]), and shape defects and surface cracks ( Brimacombe et al.
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FIGURE 2. Various casting layers formed in mould.

[2], Schmidt and Fredriksson [14], and Soejima ef al. [15] ). The occurrence of
these problems is generally thought to be directly related to events in the mould,
especially the transfer of heat from the molten steel across the solidified steel
shell, the lubricating layer, the interface of the lubricating layer with the mould
wall and the mould wall to the environment. With the aim of understanding the
solidification process of steel during the casting process, a good deal of work on
modelling heat transfer from the molten steel to the environment has been carried
out and analytical studies, such as those by Bland [1], Fowkes and Woods [4]
and Garcia er al. [5] have resulted in a better understanding of heat transfer
in the continuous casting mould. However, existing analytical models apply
only to one dimensional situations and homogeneous materials. Moreover, in
deriving the various analytical solutions, a number of other assumptions are
generally made to simplify the problem and consequently limit the application
of these results.

Numerical models for the analysis of heat transfer in the casting mould include
the boundary element model ( Hong et al. [8] ), the finite difference and the
finite element model ( Gautier et al. [6], Lait et al. [9], Flint [3], Upton et al.
{17], and Laitinen and Neittaanmaki [10] ). The boundary element model due
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to Hong et al. [8] can describe the effect of interface thermal resistance on heat
transfer. However, the model is limited to an unrealistic case where the casting
system consists of two different homogeneous layers only. On the other hand,
the finite element method, as a domain discretization method, can be applied to
more general cases. As far as the authors are aware, there is no published work
on the finite element simulation of the transfer of heat across both the lubricating
layer and its interface with the mould wall. In all the finite difference and finite
element models for heat transfer in the casting mould, a parameter referred to as
the average overall heat transfer coefficient between the casting surface and the
mould cooling-water is used in the modelling. Consequently the computation
region is limited to the surface of the casting steel and this approximation is
physically unrealistic. As a result, the effect of casting parameters, such as
mould powder properties, thermal contact resistance and the formation of an
air gap between the mould wall and the lubricating layer, on heat transfer and
solidification, cannot be actually simulated. Here we propose a new type of
element, which we refer to as the thermal contact element and which we use
to model the transfer of heat across the interface between two different casting
layers. Since it is generally believed that most of the thermal resistance to heat
transfer from the molten steel to the cooling water, is due to the thermal contact
resistance between the mould wall and the flux, the development of this thermal
contact element is important from a practical perspective. In this paper we
incorporate this new kind of element in a finite element model.

The full problem to be solved is a three dimensional coupled heat transfer-
solidification-fluid flow problem and the main difficulty in solving this prob-
lem is that the position of the moving boundary (solid/liquid) is not known
a-priori. Further, there exists a discontinuity in the temperature gradient across
the solid/liquid interface due to the effect of latent heat, as well as a discon-
tinuity in temperature across the interface between the lubricating layer and the
mould wall. In the following section, we briefly give the governing equations
and demonstrate that under certain assumptions the problem can be simplified
to a two dimensional nonlinear parabolic-type initial boundary value problem.
The finite element formulation for the solution of this problem is given in Sec-
tion 3. Particular attention is given to the development of the thermal contact
element and the iterative scheme for the solution of the discretized finite element
equations. In Section 4, the proposed model is used to investigate the effect
of several casting parameters on heat transfer and solidification of steel in the
casting mould.
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2. Mathematical model

2.1. The enthalpy formulation The basic field equations governing the steady
coupled heat-transfer, solidification and fluid flow in the continuous casting
process are those of three-dimensional steady-state conservation of momentum,
mass and heat. These equations, under the assumption of incompressibility, can
be expressed as follows:

Conservation of momentum

pu-Vyu=—VP + uViu, 2.1

Conservation of mass
V-u=0, 2.2)

Conservation of heat
pc(T)(- V)T =V . (k(T)VT) + q(T), (2.3)

where P is the liquid pressure, T is the temperature, @ is the viscosity,
u = (u, v, w) denotes the velocity vector in the Cartesian coordinate system
x = (x, y, z) as shown in Figure 2, p, ¢(T) and £(T) denote density, specific
heat and thermal conductivity respectively and ¢(T) is a source term corres-
ponding to heat being emitted or absorbed. For the phase change problem during
solidification in the continuous casting of steel, ¢ = 0 everywhere except in the
mushy region (temperature ranging from 7 to 7, ) where latent heat is emitted.
When local freezing in a mushy zone occurs, the associated latent heat released
constitutes a heat source

g(T)=—-p@-V)H,, (2.4)

where the latent heat H, in general can be expressed as a function of temperature,
such as the linearly distributed function of temperature,

L T >T,,
T-T,
H =f(T)=4 L I, <T <1, (2.5)
T, - T
{ 0 T <T,.
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Equations (2.1)-(2.5) constitute a coupled system of five equations in terms
of five coordinate-dependent unknown functions (4, v, w, P and T) and in
principle can be solved, but in practice, a great deal of computational effort is
required. However, the model can be simplified by noting that:

(a) relative to heat conduction in the x and y directions, conduction in the
withdrawal (z) direction is normally small and can be neglected (Bland [1]);

(b) in both the solidified steel shell and the mould flux layer, the velocity com-
ponents in the x and y directions are approximately equal to zero and hence
the convective heat transfer in x and y directions for these regions can be
neglected;

(c) the transfer of heat by convection in the liquid pool can be considered using
an effective thermal conductivity reported by Lait ez al. [9] to be about seven
times greater than the liquid thermal conductivity;

(d) the casting steel is withdrawn from the bottom of the mould continuously and
hence the downward velocity component within the computational region is
assumed to be equal to the constant casting speed U.

On using the above simplifications, the temperature field can be solved from the
single equation (2.3), which reduces to

oH,
dz

pU {C(T)% + ] =V. (k(T)VT), (2.6)
where now V denotes the two-dimensional (x, y) del-operator. During the
casting process, heat flows from the liquid steel across the layers of solid steel,
liquid flux and solid flux into the surrounding mould, from which the heat is
removed by the cooling water. The heat transfer from the surrounding mould
to the cooling water is assumed to take place by convection. Hence the surface
boundary condition can be expressed as ,

—k(T)(0T /3n) = hoo(T — Ty), 2.7

where T, and &, denote respectively the temperature of the cooling water and
the surface heat transfer coefficient between the mould wall and the cooling
water, Since we are dealing with casting moulds which have a symmetric
rectangular cross-section, the computation region is limited to just one quadrant
and thus an additional boundary condition is imposed on the planes of symmetry,

aT /on =0, 2.8)
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The temperature for z = 0 is assumed to be that of the temperature of the
incoming molten steel, that is

T(x,y,0) =T, 2.9

where T is assumed to be a constant. Now, (2.6)-(2.9) may be considered
to constitute a two dimensional initial boundary value problem which can be
solved by the finite element method to yield the temperature distribution in the
mould region during the casting process.

2.2. Weighted residual formulation In order to solve the initial boundary value
problem described in the previous sub-section by the finite element method, we
have to first convert the partial differential equation (2.6) from a pointwise
description to a global integral form. For this purpose, we multiply both sides
of (2.6) by an arbitrary function ¢, and integrate over the relevant domain €2,
thus

f ¢opU [C(T)?I + y{—L]dQ = f ¢V - (k(T)VT)dS2. (2.10)
Q dz dz a

Noting that
¢V - (k(T)VT) =V - (¢pk(T)VT) — k(T)V¢ - VT, (2.11)
and using the divergence theorem, we can deduce that

/¢Upc(T)£dQ+/k(T)V¢-VTdQ
Q 0z Q
d

HLdsz, (2.12)
z

aT

which is the integral form of the conservation of heat equation (2.6). Now,
substitution of (2.7) and (2.8) into (2.12) produces

/ ¢Upc(T)a—TdS2+ / k(T)V¢ - VTdQ =

Q 0z Q
/({)hw(Too— T)dl"—/qﬁUpa—[iEdQ, (2.13)
r Q 0z

which, as an integral equation, is an altemnative form of the boundary value
problem represented by (2.6)-(2.8).
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FIGURE 3. Discretized structure for the coupling of the mould wall and the solid flux regions.

3. Finite element approximation

3.1. Discretization of space and element interpolation To solve the initial
boundary value problem described in the previous section, the domain 2 is
divided into a finite number of simple shaped regions 2, (e = 1, E) called
elements, each having uniform thermal properties. Consequently the boundary
I' of the domain €2 is divided into N segments I, (b = 1, B) called boundary
elements. The lubricating layer and the mould wall are connected by the thermal
contact elements as shown in Figure 3. Since an Eulerian description of the fluid
motion is used in the field equations, these elements are assumned to be fixed in
space. Within each element, the coordinate-dependent variables T and ¢ are
interpolated by functions of compatible order, in terms of values to be determined
at a set of nodal points. If we denote Te, Hi, and ¢, as the column vectors of
the element nodal point values of T, H; and ¢ respectively, and N(x, y) as the
interpolation functions, then the temperature 7T , the latent heat H, and ¢ within
each element can be expressed as

T(x’ y’z) =NTTC(Z)v HL(X, va) =NTHLe(Z)’ ¢(X, )’) =¢eTN
3.1
By applying the weighted residual technique in a single element €2,, we obtain
a corresponding equation to (2.13) with €2 replaced by €2,, which on using (3.1)

yields

T oH
.2ty D=t L K. Te + K,Te = £, (3.2)
dz dz
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where C,, D,, K., K, and f, are the element matrices and column vector which

are defined by
C, = / Upc(T)NNTdS, D, = / UpNN'dQ,
Q, Q.
K, = / k(T)VN - VN'd<, K, = f hoNN'dT, (3.3)
Q, Ty

fe=/ hooNTodr.
T,

The conservation of heat equation for the whole body can be obtained by
summing the individual heat conservation equations represented by (3.2) for all
elements at the common nodes. By means of this procedure we may obtain the
set of simultaneous équations

C§I+DQ&+KT=F, 34
a9z dz
where C and K are the assembled heat capacity matrix and conductivity matrix
respectively, D is an assembled coefficient matrix of the latent heat term, T and
Hy, are the temperature and latent heat vectors at all nodes and F is the external
heat source at all nodes. The assembled matrices can be expressed as

C,'j =Zce‘f’ Dij =ZDe,-,-’ Kij =ZK8,-,~ + ZKbij’ F; =Zfbi’
b:

€ij eij eij bij i

(3.5)
where Ze,»f denotes summation over all the elements with both nodes i and j
and Zb,, is summation over all the boundary elements with both nodes i and ;.
A detailed description of the element matrices for two dimensional quadrilateral
elements will not be described here. The reader is referred to Wu et al. [19]
and Zienkiewicz [20] for these details. Here we focus our attention on the
derivation of the element matrices for the thermal contact element and the
detailed formulation is presented in the following sub-section.

3.2. Finite element formulation for heat transfer across interface In a com-
posite consisting of two parts, which are brought together as shown in Figure 4,
the temperature experiences a sudden drop across the interface. This change
in temperature is due to imperfect contact of the two surfaces. Direct contact
between the surfaces only takes place at a limited number of points; the voids
between them are usually filled with air or the surrounding fluid and heat trans-
fer through these fluid filled voids is mainly by conduction, because there is no
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FIGURE 4. Thermal contact resistance.

convection in such thin layers of fluid. Thus, heat transfer across the interface
takes place entirely by conduction either through the thin fluid layer filling the
voids or directly through the points in solid-to-solid contact. If the thermal con-
ductivity of the fluid or the air is less than that of the solids, then the interface
acts as a resistance to heat flow across it; this resistance is referred to as the
thermal contact resistance (Ozisik [13]).

In order to simulate the thermal contact resistance in a finite element analysis,
we propose a new type of element which we refer to as the thermal contact
element and which is shown in Figure 5. The element is one dimensional with
zero thickness. Since there is a drop of temperature across the interface, we
denote the temperature on one side ( line segment 1-4 ) as T~(&), and on the
other side ( line segment 2-3 ) as T*(&). Within each element, the temperature
is approximated through the use of the interpolation functions

Ni=N,=(1-8)/2, Ns=Ns=(+8)/2, (3.6)
as
T7(6) = Ni(5)T) + N4(&)Ts, THE) = N,()Th + N3 (§)T:. (3.7)

Since the heat flux across the interface is proportional to the temperature gradient
across the interface and inversely proportional to the thermal contact resistance
R, we also have

AT _ THE) - T~ (&)

— g, =k
=5 R

(3.8)
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FIGURE 5. A four node thermal contact element.

By applying the weighted residual technique in a single element, we have
from (2.12)

/ ¢Upc(T)£dQ +f k(T)V¢ - VTdQ2
Q. 0z Q.

—w/ ¢k(T)—dF /¢Up—d§2 3.9)

Since for the thermal contact element €2, = 0 and the functions ¢, T, H; and
their derivatives with respect to z, £ are all continuous, we further have

/ ¢Upc(T)—dQ / ¢Up§ﬂd§2 / a—d)k(T)—dSZ 0. (3.10)
B3 &
Thus we can deduce from (3.9) and (3.10) that

/ k(T)a—(P—ng / ¢k(T)—dF (3.11)
Q.

so that on using (3.8) we may deduce

PTHE) — T~
f, &) &) (6

e = o7
= —¢7)dE = | $K(T)gdl, (3.12)

2

where / is the length of the element. Using the same interpolation function for
¢, that is

¢~ () = Ni(§)¢1 + Nu(§)¢s, ¢*(E) = N2(§)p, + N3 (§)gs,  (3.13)
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we may finally deduce

T, Fy
T2 _ Fz
(Ko n|=| g (3.14)
T, F,
where
2-2-1 1
l -2 2 1-1
Ko=grl-1 1 22
1-1-2 2
aT- aT™*
Fl == le——dF, F2 = Nzk——dr,
o_ on 0, an 3.1
aT* oT- (3.13)
F3 = N;k—dF, F4 - N4k————dF'.
0, on o on

We note that the matrix (K.) represents the element conductivity matrix and
F; represents the equivalent concentrated heat source entering the element at
node i.

FIGURE 6. Diagram showing the iteration process.
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3.3. Solution procedure Using the backward Euler differentiation scheme, we
can deduce from (3.4)

(—C— + K) T+ = F"' 4+ — (CT" + DHY) — £H"+‘, (3.16)
Az Az

which constitute a system of nonlinear equations, because in general C, K,
F™*! and H{'*' all depend on T"*'. In the present analysis C and K are frozen
at the values of T" at the previous time step, while for Hp(T"*') we have a
nonlinearity to deal with. One way of treating this source term for an iterative
solution of (3.16) would be to use the iterative update

(H’l:+l)i+1 = f(T?H)’
(G.17)

i+1°

(% + K) Ti = Fp* 4 (CT" + DH), - = (B{*)
where the function f is defined by (2.5) and the subscript i indicates evaluation at
the ith iterative step. However, numerical experiments indicate that this iterative
scheme is not reliable, especially when the difference between the solidification
temperature T; and the liquid temperature T, is small, because during iteration,
the temperature T at some points may oscillate between values greater than T,
and values less than T, and convergence will not be achieved. To overcome
this problem, several alternative schemes have been proposed. Among these
schemes, that due to Voller and Prakash [18] is generally recognized as the most
efficient scheme. We found that this scheme can be improved by combining
it with the relaxation method. The modified iterative scheme used here is as

follows
n+1 n+l TL n+l1
0 = (HL'),.+,BC T; (H )i + T,
L ®@>1L, (3.18)
M), = C) 0<O<L,
0 ® <0,

where B (B < 1) is a relaxation factor and c is the specific heat. The iteration
process is shown in Figure 6 and a possible mechanism for the determination
of B is as follows. We consider the solution corresponding to the ith iteration
cycle and if the temperature and latent heat at a particular material point fall at
different points A and B in the H; — T curve, then in the (i+1)th iteration cycle,
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the latent heat released is forced to be an amount such that the temperature at
the point increases by VT and both points A and B move to a new point C.
Thus from consideration of heat conservation, we have

(1= B)AT

BATc = —F_—TS—L, (3.19)

which leads to . »
p=(1+7T-1) . (3.20)
Here we remark that Voller and Prakash’s iterative scheme corresponds to (3.18)

with 8 = 1.

4. Numerical investigation of the effect of casting parameters

4.1. Basic parameters and computation schemes Based on the model presen-
ted, a computer program has been developed for the calculation of the temperat-
ure field in the mould region. Using the program, a numerical investigation has
been conducted to analyse the effect of varying several system parameters (the
casting speed, the thermal contact resistance across the interface of the mould
wall and the mould flux and the thermal conductivity of the mould powder) on
the solidification of steel in the casting mould. The example under consideration
is the B.H.P. Newcastle Bloomcaster, with a mould width of 632 mm, a breadth
of 402 mm and a depth of 800 mm. Since the mould is symmetrical about two
planes which pass through the central line of the mould and are parallel to the
broad and narrow faces of the mould respectively, the computation region is
limited to just one quadrant. The temperature in the other parts of the mould
region can be obtained from the solution in the computation region. Figure 7
shows the computation region and the grid mesh referred to the coordinate sys-
tem adopted. The thickness of the flux layer is assumed to be 2mm and the
mesh is designed in such a way that each element contains only one kind of
material. The regions of the lubricating layer and the mould wall are connected
by the thermal contact element as mentioned in Section 3. The heat transfer
from the surrounding copper mould to the cooling water which passes through
the channels in the mould is assumed to take place by convection with a constant
heat transfer coefficient 4., = 10000 W/m*C.

In this study, seven computation schemes are designed to investigate the ef-
fect of the casting speed U, the thermal contact resistance R and the thermal
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FIGURE 7. Coordinate system, computation region and the grid mesh.

conductivity k of the mould powder on the solidification of steel in the mould
region during the continuous casting process. All the parameters to be employed
in the computation for different schemes are kept the same except the casting
speed, the thermal contact resistance and the thermal conductivity of the mould
powder. In general, the thermal contact resistance R and the thermal conduct-
ivity k of the mould powder are functions of the temperature. However for
simplicity, we consider the case in which both R and & are temperature inde-
pendent. According to the experimental results by Mills et al. {11], Ohmiya et
al. [12] and Taylor and Mills [16], the thermal contact resistance R is taken to
be within the range of 1-3 x10~* m?°C/W, and the thermal conductivity of the
mould powder is taken to be in the range of 0.5-1.5 W/m°C. The numerical val-
ues of all parameters used in the computation were either provided by the B.H.P.
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Casting | Thermal Heat

Mould powder Mould | Spee Contact transfer
resistance | coefficient
P c k T, T, L k U R oo

kg/m? | J/kg°C { W/m°C | °c | °C [ J/g | Wim°C | m/min | m*C/W | W/m*C

2930 | 1000 1.0 1000 [ 1250 | 428 | 200 0.75 0.0002 10000
2930 | 1000 1.0 1000 | 1250 | 428 [ 200 1.00 0.0002 10000
2930 | 1000 1.0 | 1000 ( 1250 | 428 ( 200 0.50 0.0002 10000
2930 | 1000 1.0 1000 | 1250 [ 428 | 200 0.75 0.0001 10000
2930 | 1000 1.0 1000 ; 1250 | 428 | 200 0.75 0.0003 10000
2930 | 1000 0.5 1000 | 1250 | 428 | 200 0.75 0.0002 10000
2930 | 1000 1.5 1000 | 1250 | 428 | 200 0.75 0.0002 10000

N (AN WA W[N] -

Steel

p ¢ k T, | 1. | L
kg/m® | Ikg°C [ W/meC | °c | °C | Vg

7800 | 465 35 1465 | 1525 | 272
7800 | 465 35 1465 | 1525 | 272
7800 | 465 35 1465 | 1525 | 272
7800 | 465 35 1465 | 1525 [ 272
7800 | 465 35 1465 | 1525 | 272
7800 | 465 35 1465 | 1525 | 272
7800 | 465 35 1465 { 1525 | 272

NN S  WIN -

TABLE 1. Computation schemes

Research, Newcastle Laboratories or determined from the experimental results
presented by Ohmiya et al. [10] and are summarized in Table 1.

4.2. Some essential features of temperature profile in mould region All the
temperature values at every grid point ( shown in Figure 7 ) under seven dif-
ferent schemes have been computed. However, in order to keep the details to a
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FIGURE 8. Temperature contours on a horizontal plane (z=800mm).
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FIGURE 9. Temperature contours on the central vertical planes parallel to the broad face of the
mould wall (y=201mm).
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minimum we only present a selection of the computed results for scheme 1,
which may be helpful for understanding the general features of heat transfer in
the mould region.

Figure 8 shows the temperature contours on a horizontal cross section. From
this figure, the solidified steel region and the mushy region can be located.
The solidified region is the area in which the temperature of steel is below the
solidification temperature (1465°C) and the mushy region is the area in which the
temperature of steel lies between the solidification temperature and the melting
point (1465°C-1525°C). We note that the thickness of the solidified steel shell
on the presented horizontal cross-sections is almost uniform along the mould
walls.

Figure 9 shows the temperature contours on the central vertical plane parallel
to the broad faces of the mould wall. It is indicated that both the interface
between the solidified region and the mushy region and the interface between
the mushy region and the liquid region are the nonlinear functions of the depth
down the meniscus of the molten steel. The gradients of the interfaces with
respect to the depth decrease with the depth, which means that the solidification
speed decreases with depth.

Figure 10 shows the distribution of temperature from the mould wall towards
the central line of the mould along various x-parallel lines. It is apparent that
there is a significant drop of temperature across the interface between the mould
wall and the mould flux. This sudden drop of temperature is due to the thermal
contact resistance between the mould wall and the mould flux. It is also apparent
that the gradient of temperature in the region of mould flux is much higher than
that in the steel region, which is because the thermal conductivity of mould
powder is much lower than that of the steel.

4.3. Effect of casting speed The casting speed was varied from 0.5m/min to
1m/min in schemes 1 to 3, to investigate the effect of casting speed on the
solidification of steel. Figure 11 shows the variations of temperature along a
y-parallel line (x=316mm, z=800mm) under different schemes. It can be noted
that within about 27mm from the strand surface, the temperature of the steel
increases with increasing casting speed.

Figure 12 shows the heat extraction rate from the mould wall and the heat
removed by the cooling water from a unit volume of molten steel which passes
through the mould from the top to the bottom. The rate of heat extraction
from the mould wall increases with increasing casting speed. However the heat
removed from a unit volume of molten steel decreases with increasing casting
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FIGURE 10. Distributions of temperature along various x-parallel lines.

1600

1200

Temperature (°C)
o0
(]
(]

400

0

1

U=1.0

U=0.5 m/min

1 . 1 A | B 1 A 1 )

-5

5 10 15 20 25 30
Distance from mould wall — y (mm)

FIGURE 11. Effect of casting speed U of the steel on the temperature profile in line (x=316mm,
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FIGURE 12. Effect of casting speed U of the steel on the overall heat extraction rate from the
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FIGURE 13. Effect of casting speed U of the steel on the shell thickness on plane x=316mm.
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FIGURE 14. Effect of thermal contact resistance R on the temperature profile in line (x=316mm,
z=800mm).

speed and consequently, the thickness of the solidified steel shell decreases as
well, which is apparent from Figure 13.

4.4. Effect of thermal contact resistance The effect of thermal contact resist-
ance on the solidification of steel in the continuous casting process is analysed
in schemes 1, 4 and 5. The computed temperature profiles, the heat extrac-
tion rates and the thickness of the solidified steel shells for different values of
thermal contact resistance are compared in Figures 14, 15 and 16 respectively.
From Figures 15 and 16 it can be seen that with the decrease of thermal contact
resistance from 0.0003 to 0.0002 m*C/W, the heat extraction rate increases by
about 15% and the thickness of the solidified steel shell at the bottom of the
mould increases by about 17%.

4.5. Effect of thermal conductivity of mould powder In schemes 1, 6 and 7
the thermal conductivity of the mould powder is varied from 0.5W/m°C to
1.5 W/m°C to investigate the effect on the solidification of steel in the casting
process. The computed temperature profiles, the heat extraction rates and the
thickness of the solidified steel shells for different values of thermal conductivity
are compared in Figures 17, 18 and 19 respectively. This comparison indicates
that the thermal conductivity of mould powders is also an important factor
dominating the heat transfer from the molten steel to the cooling water. For
example, with the increase of the thermal conductivity value from 1 W/m°C to
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FIGURE 17. Effect of thermal conductivity k£ of the mould powder on the temperature profile
in line (x=316mm, z=800mm).

1.5W/m°C the thickness of the solidified steel shell at the bottom of the mould
increases by about 16.5%.

5. Conclusion

A new type of finite element, which we refer to as the thermal contact element,
has been proposed to simulate the thermal contact resistance across the interface
between two bodies and a numerical model, which incorporates this new type
of element, has been developed to simulate the multiphase heat transfer during
solidification in the continuous casting of steel. This model has been used to
calculate the temperature field and consequently to locate the solidified region
of the steel in the mould under different operating conditions. Therefore the
model provides a good basis for the design of the casting system.

Our parametric study has shown that heat transfer in the continuous casting
mould is very complicated. All the parameters such as the casting speed, the
thermal contact resistance and the thermal conductivity of the mould powder
have a considerable effect on heat transfer and solidification of steel in the mould.
In the continuous casting process, the thickness of the solidified steel shell at the
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FIGURE 19. Effect of thermal conductivity ¥ of the mould powder on the shell thickness on
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bottom of the mould is critical to the smooth operation of the process, because a
shell which is too thin may result in breakout of molten steel from the bottom of
the mould while a shell which is too thick may lead to the formation of cracks
at the bending rolls. Our study has shown that the thickness of the solidified
steel shell at the bottom of the mould decreases with increasing casting speed
but increases with a decrease of the thermal contact resistance and an increase
of the thermal conductivity of the mould powder. Thus in practice, there are
various options of choosing the casting operating system in order to obtain an
expected thickness of the solidified steel shell and an expected heat extraction
rate. For example, for a particular casting system, if the casting speed is to be
increased, the same heat extraction rate or the thickness of the solidified steel
shell can still be obtained by decreasing the thermal contact resistance between
the mould wall and the mould flux or by increasing the thermal conductivity of
the mould powder used.
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