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Abstract—A computer programme has been developed for analyzing the two-dimensional, unsteady con-
servation equations for transport phenomena in the molten region of twin-roll continuous casting in order
to describe the velocity, and temperature fields, and the solidification process of the molten steel. The
energy equation of the cooling roll is solved simultaneously with the conservation equations of molten steel
in order to consider heat transfer through the cooling roll. The governing equations are expressed in the
generalized coordinates to consider the characteristics of a rotating bank between twin-rollers. In the
molten region, it is predicted that transient recirculating flows with small and large vortices are located in
the vicinity of the middle of the twin-rollers. The temperature field is affected by the flow fields, showing
the complete two-dimensional pattern. The solidification pattern in the molten steel and the temperature
distribution in the cooling roll are also obtained as a function of time.

INTRODUCTION

IN RECENT years there has been growing interest in the
new continuous casting technologies owing to heavy
competition in the steelmaking industries. Twin-roll
continuous casting is a promising candidate which
has many advantages, such as attractive mechanical
properties of rapidly quenched metals or alloys due
to their microcrystalline or at times even amorphous
structure. In twin-roll continuous casting, molten
metal is supplied thfough a submerged entry nozzle
into the rotating bank of two rolls, which rotate in
opposite directions. The melt in contact with the roll
is cooled down by conduction through the cooling
roll, forming a solidified shell which, in proper oper-
ation, exits the twin-roll system in the form of a
solidified sheet or foil [1, 2].
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casting, three regions exist ; a full solid region, a mushy

region (solid plus liquid), and a full liquid region.
The modelling of the thermo-fluid characteristics of
molten metal for a phase change system is difficult
because of the presence of multiple phase, as well as
the release of latent heat at the unknown solid-liquid
interface. The mathematical and numerical models for
mutiphase change with moving interfaces are divided
into multiple region and single region formulations.
In the multiple region method, separate con-
servation equations for each phase are solved, using
the appropriate boundary conditions at the interfaces
[3-5]. The major difficulty in the multiple region

method is the determination of the phase interface as
a function of space and time, requiring a moving grid
system and/or coordinate transformation procedures.

The single region (continuum) formulation is
developed from the volume averaging technique based

g1
eloped from the volume averaging technique base

on classical mixture theory and a fixed grid system is
employed in the numerical computation of a single
set of conservation equations [6-10]. Although this
method avoids tracking the phase interface it is diffi-
cult to update the release of latent heat at the phase
interface, which affects the convergence behaviour of
the numerical solution. Voller and co-workers [9-12]
at the University of Minnesota suggested methods to
accelerate the convergence rate of numerical solution
in the fixed grid system by updating the latent heat
appropriately from iteration to iteration. Chiang and
Tsai [13, 14] considered shrinkage effects in order to
caicuiate the fiuid flow and domain change caused
by the shrinkage using the single region formulation.
Their results were compared with those without
shrinkage effects. The results using the single and mul-
tiple region methods are compared by Lacroix and
Voller [15] with the advantages and disadvantages of
each method highlighted.

In the present study, the conservation equations in
the molten region are modeled using the single region
method which employs a single set of conservation
equations for the solid phase, mushy zone, and liquid
phase in order to investigate the thermo-fluid phenom-
ena in continuous twin-roll casting. The energy con-
servation equation of the cooling roll is coupled to the
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NOMENCLATURE
c specific heat [J kg™ K] 3 emissivity
I mass fraction ] n-directional coordinate defined in the
g volume fraction computational space
h heat transfer coefficient [W m K ] u viscosity [kgs™ ' m™']
H enthalpy [J kg™'] & E-directional coordinate defined in the
J Jacobian transformation computational space
k thermal conductivity [W m ' K] 0 density [kg m~7]
K permeability o Stefan—Boltzman constant
L latent heat [J kg '] [5.670x10 *Wm 2K 9
L(y) distance between the centerline of ¢ general variable
molten steel and cooling roll surface il circumferential coordinate
[m] ) angular velocity [rad s '].
P pressure [N m ]
¥ radial coordinate [m]
Ss source term for general variable ¢ Subscripts
! time [s] conv convection
T temperature [K] cont contact
u x-directional velocity [ms '] exit  exit
v y-directional velocity [m s ] inlet inlet
X x-directional coordinate defined in the 1 liquid
physical space [m] ms  molten steel
v y-directional coordinate defined in the noz nozzle
physical space [m]. r roll
rad radiation
Greek symbols ref  reference
T, diffusivity for general variable ¢ s solid.

conservation equations in the molten region through
the contact boundary. The flow ficlds, temperature
distribution, and solidification pattern in the molten
region are obtained as a function of time. The tem-
perature distribution in the cooling roll is also pre-
dicted as a function of time. We also considered the
effects of roll thermophysical property variation on
the time for the system to reach steady state.

MATHEMATICAL MODEL

Governing equations

The geometry of a continuous twin-roll casting sys-
tem is shown in Fig. 1. In order to analyze the fluid
flow, temperature fields, and the solidification profiles
in the molten steel, this model employed a system of
governing equations similar to those developed by
Bennon and Incropera [6, 7]. The following assump-
tions are added to the assumptions made by Bennon
and Incropera [6, 7}:

(1) Because molten steel is being supplied with high
velocity through a submerged entry nozzle into the
nip of two rolls rotating in opposite directions, the
flow field is dominated by forced convection and natu-

Tundish
Submerged
Entry Nozzie
Twin—Roll
Rotating Bank
Strip

Liquidus line
Solidus line

OO o W [

-2

F1G. 1. Schematic diagram of a twin-roll strip casting process.

ral convection induced by temperature and com-
position gradient may be neglected.

(2) Because solidification is completed rapidly in
a continuous twin-roll casting, mass transfer due to
composition differences is neglected.

In order to consider the characteristics of the rot-
ating bank between the twin-rollers, as shown in Fig.
1, the two-dimensional, unsteady conservation equa-
tions for mass, momentum and energy transport in
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the molten region are defined in generalized coor-
dinates as follows:
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In the conservation of momentum equation,
¢ = u,v represent the mixture velocities in the x and
y directions, respectively, defined as

b =fbs+hd (@ =uD) o

where f is the mass fraction of the mixture. The sub-
scripts s and I represent the solid and liquid phase,
respectively. In the energy equation H is the mixture
enthalpy defined as

H=(fe,+fe)T+AH (3)
where
L, T=T
AH=< L(1—f), T,<T<T 9)
0, T<T,

where L is a latent heat and 7, and T, represent the
liquids and solidus temperature, respectively. In the
present study, the simple linear form for the local solid
mass fraction f; and temperature relationship is used

[0, T>T,
T,—-T
= J ‘T‘L“f‘ T.<T<T,. (10)
17 4y
Ll, T<T.

Similarly, the mixture density and thermal con-

ductivity are
k :gsks +glkl (11)

where ¢ 1s the volume fraction. The source terms S¢

P =9spst+9p
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in equation (1) are given in Table 1. The permeability
Kin Table 1 makes the x- and y-momentum equations
reduce to the appropriate single phase limits as X —» 0
(pure solid) and K — oo (pure liquid). In the present
investigation, the following formula for K taken by
Bennon and Incropera [6,7] is used :

g
(1 —91)2
The u, and v, in the momentum equation of Table 1 is

the velocity of the solid phase prescribed by the rot-
ating roll, defined as

K=K, (12)

u, = (y—yo)w, v, =—~(x—x,)w (13)

where o is the angular speed of the rotating roll.

In order to investigate the heat transfer in the rot-
ating roll, the following two-dimensional, unsteady
equation for conductive heat transfer is solved in the
coordinate system fixed in the rotating roll:

oT 1@, eT\ 1 ¢ (k oT
petr == =k |- =S ) (14)
ct r C

rép\r do

Pr ¢, and &, represent the density, specific heat and
thermal conducivity, respectively, which depend on
the temperature field. In the present calculations, two
different materials are selected to consider the effects
of material property variation on the cooling capacity
of roll. The thermophysical properties for the first
cooling roll (Type I) as a function of temperature are
expressed as

p. = 7811.206—0.20517T—0.000068T>  (15)
¢, = 488.3924+0.2091T+0.000096 7>  (16)
k, = 42.69+0.01016T—0.0000287%.  (17)

Similarly the thermophysical properties for the second
cooling roll (Type II) are

o = 9026.8906 —0.408027—0.0001T"  (18)
(19

k., = 311.2472+0.072117~0.0000001 7. (20)

¢ = 379.2776 +0.019659T+0.000597T*

The major differences in the thermophysical proper-
ties of roll Type I and II are the thermal conductivity.

Table 1. Source terms S, used in equation (1)

Sh
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The thermal conductivity of Type (I is higher than
that of Type 1.

Initial and boundary conditions

The conservation equations (1) and (14) govern the
thermo-fluid phenomena in the molten steel and the
temperature distribution in the cooling roll, respec-
tively. They are unsteady and elliptic partial differ-
ential equations, requiring initial and boundary con-
ditions. We used u = v = 0 as initial velocities in the
molten region, and the temperature of the molten steel
supplied through the nozzle as the initial temperature.
The ambient room temperature is used as the initial
temperature of the cooling roll.

The following boundary conditions in the molten
region are used in the coordinate system shown in Fig.
2:

Symmetry (x = 0),

o
q_(b = 0. 2h
ox
Exit (y = Hponl)’
oT
u= 0, U= VUejts, - = 0. (22)
Ox
Nozzle,
U= Oa v= Uinter T = 7"inlet~
at Y=y, and 0<x<x,, (23)
u=v=0 T= Ty,
at ¥y =y, and X, <x < x(¥) 24)
U=1uv= 05 T= Tm]en
at y=x and 0<y<y,,. (25)
Pool surface, y = 0 and x; < x < L,,
u .
retha 0’ v=0, T= Tmle!' (26)
(/7.},'
X l(y)
x -
Iy LET s e
Foo 7
Tyn
= | L
= L(y);
| - ’
A Yoy,
\ i
7

FiG. 2. Coordinate system used in the present calculation.
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Contact region between the molten steel and cooling
roll, x = L(y),

u= (y_yo)w, = -(,X—X())ws

oT

_k%

= hoont (T~ Tron)- 27N
Ut In €quation (22) is the exit velocity of the molten
steel specified from the operating conditions, and v,
in equation (23) represents the inlet velocity obtained
from mass conservation and v, T 1S the tem-
perature of the molten steel supplied through the
nozzle. The no slip condition is used for the velocity
boundary condition of the contact region (see equa-
tion (26)). w is the angular speed of the cooling roll.
Xy and y, are the coordinates of the center of the
cooling roll. A, in equation (26) is the contact heat
transfer coefficient between the molten steel and the
cooling roll and the caiculated results are influenced
by the choice of k., value. T, is the surface tem-
perature of the cooling roll at the contact region.

For the houndarv conditions in the circumferential

ViU DuLiGal y CONGILOILS i Ul Glivuinliiditial

direction ¢ of the cooling roll, we used the perioic
boundary conditions which have the same tem-
perature and heat flux at ¢ =0 and 2n. A constant
temperature of 20°C is used as a boundary condition
at the inner surface of the roll in contact with the
cooling water passing through the inner hole at the
center of the roll. At the outer surface of the roll which
is not in contact with the molten steel, the following
convective and radiative cooling conditions are used :

oT

kg = leon A T=T )+ ho(T=T,)  (28)

where

hpg = 06T~ T2WT+T,). 29)

At the surface of the roll in contact with the molten
steel, a similar condition to equation (27) is used :

eT
—k% = hcon!(Tmi‘ T)

(30)
T 1s the temperature of molten steel in contact with
the roll. Thus the molten steel and cooling roll are
coupled through heat transfer conditions given by
equations (27) and (30) and must be solved sim-
ultaneously.

The numerical solution of the conservation equa-
tions for molten steel and cooling roll is obtained
using the finite difference method. A non-staggered
grid is adopted for the numerical solution of the
momentum equation of molten steel. Using an explicit
Euler scheme [16], the numerical solution of the
energy equation (14) in the cooling roll is obtained.
The heat transfer rate in the contact region between
the molten steel and cooling roll is calculated from
equation (27). Using this heat flux and specified
boundary conditions, the solutions of conservation
equation (1) for molten steel are obtained using the
SIMPLE/PWIM of Rhie and Chow [17], calculating
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the heat flux from the molten steel to the roll. This
procedure is repeated with increased time step until it
reaches the specified time limit.

RESULTS AND DISCUSSION

In order to check the accuracy of the model, we
first simulated the solidification process in the thermal
cavity which employs the same configuration used by
Voller and Prakash [9]. The temperature of one ver-
tical surface of the thermal cavity is fixed at a value
below the freezing temperature while maintaining the
opposing surface above the freezing temperature. The
top and bottom surfaces are insulated. Figure 3 shows
the shape of the mushy region bounded by the solidus
and liquidus line, represented in Fig. 3 by 0.1 and
—0.1. The left-hand figure in Fig. 3 represents the
results obtained from the present numerical solution
whereas the right-hand figure represents those of
Volier and Prakash [9]. We also compared the velocity
vectors and isothermal lines. The results from the pre-
sent numerical solutions compare well with those of
Voller and Prakash [9] for the solidification process
in the thermal cavity under the same number of grid,
time step and input data.

After the successful benchmarks made with the sol-
idification in the thermal cavity, the program was run
for the case of thermo-fluid dynamics in a continuous
casting. The material selected was steel (SUS 304)
with the principal data shown in Table 2. Figure 4
shows the grid system used in the molten steel, locating
more grids close to the roll considering the high gradi-
ents. A sensitivity analysis was carried out in order to
check the dependence of the calculated results on the
number of grids. The number of grids used is 40 in
the x and 91 in the y direction, considering the accu-
racy and computational time.

Figures 5 and 6 show the velocity vectors and
streamlines, respectively, after 2, 6 and 10 revolutions
of the rotating roll. The angular speed of roll is
w=0.82rads™" (U, = 18.5ms ') and the roll used

T
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—

o
2

| l
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Table 2. Principal data and parameters in the pre-

sent calculation

Specific heat [J kg7 'K '] 681.45
Thermal conductivity [W m™'K~"]  29.9
Density (kg m 3] 7340.1
Viscosity [kg ms™'] 44 x10~*
Latent heat [J kg~'] 2.6x10°
Liquidus temperature [K] 1724
Solidus temperature [K] 1672
Initial temperature [K] 1773
Roll diameter [m] 0.625
Height of pool surface [m] 0.5
Angle between pool surface 53.13
and roll outlet [degrees]
K, 1.6 % 107
Xpors [M] 0.0035
Ynoze [m] 0.034
X, [m] 0.3766
o m] 0.215
Heone [W m~2K] 19.5
£ 1.0
T, [K] 293

is Type I whose properties are given in equations (15)-
(17). The molten steel supplied through the nozzle has
high velocity with small area at the exit. Because the
area at the nozzle exit increases abruptly, the molten
steel is expanded and directed to the rotating roll
with decreasing velocity. The molten steel close to the
rotating roll changes its direction due to the rotating
roll and moves to the nip point. Upstream close to the
nozzle, a large vortex is formed with small vortices
inside the large vortex. A small closed vortex is also
observed around the nozzle. The solid phase close to
the roll moves to the nip with a velocity of rw given
in equation (13), where r is the distance from the center
of the roll. Miyazawa and Szekely [1] and Saitoh et
al. [2] solve parabolic momentum equations, assurhing
that momentum transfers occus mainly along the cent-
erline direction. However, as shown in Fig. 6, recir-
culating flow exists in the molten region, meaning that

F1G. 3. Solidus and liquidus lines in the thermal cavity.
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FiG. 4. Grid used in the molten steel.

Rotation 10

F16. 5. Velocity vector in the molten steel as a function of revolution of the roll; roll Type I.

the flow fields should be obtained through the full
elliptic Navier-Stokes equations.

Figure 7 shows the solidus and liquidus lines after
2, 6 and 10 revolutions of the rotating roll. An iso-
thermal line of 7 = 1672 K corresponds to the solidus
line which is located in the vicinity of the roll surface.
An isothermal line of T = 1724 K is defined as the
liquidus line. The solid and liquid phase coexist in the
mushy region which is distributed at the very narrow
range between the solidus and liquidus line in the case
of rapid solidification of twin-roll casting. Most of the
rotating bank is in the liquid phase. Figure 8 shows
the isothermal lines after two. six and ten revolutions.
Downstream close to the nip, the thickness is very
small compared to the upstream close to the nozzle
and the interval of the isothermal lines is very narrow,
showing one-dimensional profiles. However, up-
stream close to the nozzle, the interval of isothermal
lines increases and the temperature fields are affected
by the recirculating flows shown in Figs. 5 and 6, and
exhibit two-dimensional profiles. These results show

that the solidification pattern and temperature fields
in the molten region are affected by the flow
fields, requiring the simultaneous solution of elliptic
conservation equations of mass, momentum and
energy.

Figure 9 shows the temperature distribution in the
cooling roll after five and ten revolutions. The iso-
thermal lines extend from 350 K and continue to 8§00
K. with intervals of 50 K. Temperatures greater than
800 K are distributed closer to the roll surface and are
not shown in Fig. 9. The temperature at the roll sur-
face is high with the repeated heating and cooling
while the roll is in contact with the molten region and
the atmosphere. Moving from the roll surface to the
center, the temperature decreases with the cooling due
to heat transfer to the cooling water passing through
the hole at the center of the roll. Close to the roll
surface, the temperature gradient is high, giving the
large thermal stress. Figure 10 shows the temperature
at an arbitrary location of the roll as a function of
time. The temperature shows maximum when the roll
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Rotation 6

Rotation 2
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Rotation 10

F1G. 6. Stream function in the molten steel as a function of revolution of the roll: roll Type L.

Rotation 2

LL

U U

Rotation 6

LL : Liquidus Line
SL : Solidus Line

Rotation 10

LL

SL

FiG. 7. Solidus and liquidus lines in the molten steel as a function of revolution of the roll; roll Type [.

is in contact with the molten steel and decreases due
to the cooling due to the heat transfer Lo the cooling
water. The maximum and minimum temperatures
after ten revolutions are about 1140 K and 660 K,
respectively. Because the cooling capacity of roll is
not sufficiently high, the roll does not reach a complete
steady state, and the maximum and minimum tem-
peratures increase slowly.

In order to consider the effects of the material prop-
erty variation on the solidification, the roll of Type
II with thermophysical properties given by equations

(18) (20) is used. The global characteristics of flow,
temperature and solidification distribution in the
molten region using Type I are similar to the case using
the roll of Type II. Figure 11 shows the temperature at
a specified location of roll as a function of time for
@ =0.822 rad s™' (t., = 18.5 m s~") using the roll
of Type II. After ten revolutions, the maximum and
minimum temperature are about 740 K and 540 K,
fower than those using the roll of Type I due to the
increased cooling capacity with increasing thermal
conductivity.
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Rotation 2 Rotation 6 Rotation 10

FiG. 8. Isothermal lines in the molten steel as a function of revolution of the roll; roll Type I.

5 Revolutions

10 Revolutions

Number of Contours = 10

Tmin — SOO K
Tmax — BOO K

FiG. 9. Isothermal lines in the cooling roll as a function of revolution of the roll; roll Type I.
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roll Type L.

One of the most important operating conditions in
the twin-roll continuous casting is a location where
the solidification is completed. If the solidification is
not completed at the nip point, the strip exits the
system with a liquid phase or mushy region causing
bulging phenomena. In the case that the solid-
ification is completed too early, roll separating forces
are very large, resulting in large roll deformation.
Thus the allowed operating conditions fall in the very
narrow range. Figure 12 shows the distance from the
nip to the solidification point at the centerline as a
function of time for the roll of Type I and 1I. For roll
Type I, the distance from the nip to the solidification
point increases at the initial period of cooling reaching
a maximum value around 10 s. Since the cooling
capacity of the Type I roll is lower, the temperature
in the cooling roll increases and the solidification point

roll Type II.

moves to the nip point during the subsequent cooling
period. The distance after ten revolutions is about
4 mm. This result shows that the system does not
reach steady state using » = 0.822 rad s™' and Type
I cooling roll. However, due to the increased cooling
ability with increasing thermal conductivity, the roll
of Type Il under the same operating condition reaches
steady state and the distance from the nip to the solidi-
fication point is about 26 mm. The strip thickness in
the longitudinal direction depends on the temperature
distribution in that direction. For the roll of Type
I, the roll does not reach steady state and the strip
temperature and thickness are not uniform in the
longitudinal direction. If the roll of Type II is used,
steady state is reached at an early time of cooling, the
strip temperature and thickness are uniform, pro-
ducing the strip satisfying the required specification.
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F1G. 12. Solidus peint at the centerline of molten steel as a function of time.
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SUMMARY AND CONCLUSIONS

(1) We developed a computer code to solve the
two-dimensional, unsteady conservation equations
for mass, momentum and energy transport in the
molten region, and the energy conservation equation
in the cooling roll simultaneously.

(2) The temperature distribution in the molten
region exhibits two-dimensional profiles affected by
the recirculating flow with small and large vortices.
As the thermal conductivity of the roll increases, a
steady state reaches at an early time, giving lower
temperature distribution in the roll and longer dis-
tance from the nip to the solidification point than the
roll of Type 1. The roll of Type 1 does not reach a
steady state after ten revolutions.

(3) From the present calculation, we can determine
when the system reaches its steady state. If the process
does not reach steady state at an early time, the differ-
ent temperature distribution in the longitudinal direc-
tion will produce a strip with non-uniform thickness,
degrading the quality of the product. The flow and
temperature distribution in the molten region and the
temperature distribution in the roll can be used to
determine the roll separating force and thermal stress
and deformation (thermal crown) in the width direc-
tion of roll, which are important design variables in
the design of cooling roll.
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