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Abstract A three dimensional simulation of molten steel
flow, heat transfer and solidification in mold and “sec-
ondary cooling zone” of Continuous Casting machine was
performed with consideration of standard k—e model. For
this purpose, computational fluid dynamics software,
FLUENT was utilized. From the simulation standpoint, the
main distinction between this work and preceding ones is
that, the phase change process (solidification) and flow
(turbulent in mold section and laminar in secondary cool-
ing zone) have been coupled and solved jointly instead of
dividing it into “transient heat conduction” and “steady
fluid flow” that can lead to more realistic simulation.
Determining the appropriate boundary conditions in sec-
ondary cooling zone is very complicated because of vari-
ous forms of heat transfer involved, including natural and
forced convection and simultaneous radiation heat transfer.
The main objective of this work is to have better under-
standing of heat transfer and solidification in the continu-
ous casting process. Also, effects of casting speed on heat
flux and shell thickness and role of radiation in total heat
transfer is discussed.

List of symbols

C;, C,, C; Constant

Cp Specific heat at constant pressure [J/(kg.K)]
g Magnitude of gravity [m/s*]

h Sensible enthalpy

Rper Reference enthalpy

Rext Convection coefficient

H Enthalpy
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K Conductivity [W/(K.m)]

L Latent heat of the material [J/kg]

AH Latent heat [J/kg]

o, Water flow rate in spray zone [L/(m>.K)]
S Sink Term

T Temperature [K]

Tsolidus Temperature [K]

Tiquidus Temperature [K]
Trer Reference temperature [K]

Turface Surface temperature [K]

T ambicnt Ambient temperature [K]

Tipray Temperature of the spray cooling [C]

Rpat Natural convection heat-transfer coefficient
[W/(m?.K)]

hspray Spray cooling heat-transfer coefficient
[W/(m?.K)]

Toxt Cooling water temperature [K]

u Velocity component [m/s]

v Fluid velocity [m/s]

@’ Pull velocity [m/s]

P Pressure field [N/mz]

yt Non-dimensional cell size at the wall

y Distance from the wall

Greek symbols

o Machine dependent calibration factor

p  Liquid fraction

p  Density [kg/m?]

o Laminar viscosity [kg/(m.s)]

u; Turbulence viscosity [kg/(m.s)]

k  Transport of turbulent kinetic energy [m?/s*]
¢  Dissipation rate of kinetic energy [m%/s’]
eg  Surface Emissivity

o  Stefan-Boltzmann coefficient [W/(m”.K*)]
¢  Turbulent parameter that is solved
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Subscripts

i,j Coordinate direction indices, which when repeated in
a term, imply the summation of all three possible
terms

1 Introduction

Continuous Casting (quick quenching from liquid state) is
the process whereby molten metal is solidified into a
“semi-finished” billet, bloom, or slab for subsequent roll-
ing in the finishing mills. The process is utilized very often
to cast steel. While other metals such as copper and alu-
minum are also cast continuously. This production process
has the following advantages [1-3]:

a. The near-net shape formation of metallic materials,
which will be accompanied by reduction of energy,
time and labor.

b. The development of new functional properties caused
by structural modification, such as the formation of
non-equilibrium phases.

c. An improvement of mechanical properties caused by
decreased segregation and the refinement of grain size.

Meanwhile, “Mathematical Modeling” is an incredible
and reliable tool for obtaining required information and
preventing costs of experimental investigations in order to
increase the efficiency and improve the product quality.

However, a typical continuous casting process involves
simultaneous and coupled phase change (solidification),
fluid flow and heat transfer. As the process is going to be
modeled three dimensionally, there will be large amount of
computational cells; therefore it is very difficult to reach an
adequate exact answer.

On the other hand, these coupled phenomena impose
complexities, so it is very difficult to reach an adequate exact
answer. Hence the majority of presented numerical solutions
to this kind of phase change problem [4, 5] are defining the
process as a transient heat conduction and steady fluid flow.
In other words, in order to improve the convergence of
numerical solutions, the phase change has to be separated.

In this work, flow and solidification are coupled and
solved together steadily. It is obvious that the answer will
be more reliable, because as we know, solidification of a
thin shell changes the physical boundaries of the domain
and molten steel flows over this wall. It is clear that the
effect of this wall is not neglected in this simulation.

2 Main operations of continuous casting machines

The main operations in the continuous casters, shown
schematically in Fig. 1, are as below:
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Fig. 1 Different parts of a continuous caster

a. The steel is heated above its liquidus temperature in
the furnace to the desired specific degree which is
called “superheating degree”.

b. Then, it is carried by ladle and stored in tundish, not
only in order to prepare certain amount of material on
top of the machine at inlet of mold, but also to provide
the capability of uniform distribution in the mold.

c. Molten steel enters from the tundish through the ports
of SEN (Submergence Entry Nozzle) into the top of
mold. In fact the nozzle makes the flow circulate as it
impinges the narrow wall of mold.

As shown in Fig. 2, the formation of two vortexes at
the top and bottom of mold is necessary, because as we
know the conductivity of steel is lower than other
typical metals like copper. Hence, entering the liquid
steel directly into the mold instead of forcing it to
circulate can cause unbalances and also clogging as the
steel cools and reaches the solidus temperature and
even at the end, breakout of process.

The depth of mold can vary up to 2.5 m. Thermal and
mechanical behavior of the mold depends on its
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Fig. 2 Mold structure

construction and constraints, including geometrical
properties, casting speed, boundary condition, etc.
The mold is basically an open-ended box structure
which includes four separate walls, containing water-
cooled inner lining fabricated from high purity copper
and other metallic alloys. The main roll of the mold,
which is the most important part of a continuous caster,
is to construct a solid shell, sufficient in strength to
sustain its liquid core upon entry into the “Secondary
Cooling Zone”.

d. In secondary cooling zone, different modes of heat

transfer including natural and forced convection and
also radiation extract the heat from the surface. As we
know, the conductivity of steel is very low in
comparison with other industrial metals like copper,
hence the metallurgical length (the length from top of
mold that the entire molten metal changes into solid)
for steel continuous casters is very longer.
Vertical casters cause considerable increase in
expenses of building the necessary basic structures,
therefore the slab is curved section by section by
means of conductor rolls through increasing the angle,
during or after exiting the mold to be positioned in
direction of horizon, as shown in Fig. 1.

3 Physics of the process
3.1 Heat transfer

As mentioned before, Continuous Casting is a phase
change process. A procedure called “Enthalpy-Porosity”
is devised for modeling the solidification/melting pro-
cess. In this technique, a quantity named “Liquid Frac-
tion”, which shows the fraction of the cell volume that
is in liquid phase, is related with each cell in the
domain. The liquid fraction is computed every iteration
with consideration of enthalpy balance. The “mushy
zone” 1is a region in which, the liquid fraction lies
between 0 and 1 and throughout the phase change, the
porosity decreases from 1 to 0 as metal solidifies. When
the metal has totally solidified in a cell, the porosity
becomes zero and as a result, the velocities drop to zero
as well [6, 7].

The enthalpy of the material is computed as sum of the
sensible enthalpy, & and the latent heat, AH and can be
shown as:

H=h+AH (1)
where:
T
h = her + / c,dT (2)
Tref

The liquid fraction f§ is defined as:
T <Tsotiaqus — f=0 (3&)
T > Tliquidus - ﬁ =1 (Sb)

T — Tsolidus
Tsoliqus <T < Tliquidus - ﬁ = = (30)

Thiquidus — Tsolidus

The latent heat content is now written in terms of material
latent heat L as below:

AH = L (4)
And after all the energy equation is written as

g(pH)Jrv.(p?H):V(KVTHS (%)

Actually, the solution for temperature is fundamentally
iteration between the energy equation and the liquid
fraction equation.

3.2 Momentum

The continuity and Navier—Stokes equations for the steady
fluid flow of incompressible Newtonian fluids are:
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The enthalpy-porosity procedures treat the mushy region
(partially solidified region) as a porous medium. The
porosity in every cell is set equal to the liquid fraction in
that cell. In fully solidified regions, the porosity is equal to
zero, which extinguishes the velocities in these regions.
The momentum sink due to the reduced porosity in the
mushy zone takes the following form:

(1-p)

S = mAmush(7 - @) (8)
where ¢ is a small number (0.001) to prevent division by
zero, Anush 1S the mushy zone constant, and @ is the solid
velocity due to the pulling of solidified material out of the
domain (also referred to as the pull velocity). When the
molten steel is completely solidified (f = 0) O(ia—'%gl is
multiplied to mushy zone constant which results in a big
sink term, therefore the velocity move toward pull velocity.
When the metal is completely in liquid form (f = 1) the
sink term becomes zero and is terminated from momentum
equation. The mushy zone constant measures the amplitude
of the damping; the higher this value, the steeper the tran-
sition of the velocity of the material to zero as it solidifies.
The pull velocity is included to account for the movement
of the solidified material as it is continuously withdrawn
from the domain in continuous casting processes. The
presence of this term in momentum sink equation allows

newly solidified material to move at the pull velocity.
3.3 Turbulence

As a result of nozzle construction that makes the flow to
accelerate and fluctuate and also the jet impingement to the
narrow wall of mold that makes the flow circulate, the flow
is vastly turbulent. A number of works in the past have
been done in order to evaluate the accuracy of different
turbulence models in the complicated task of predicting
flow behavior close to a wall where there is a jet
impingement [8]. They have shown that k—e turbulent
model would be suitable for this purpose. With the k—e
Model, the turbulent viscosity is given by:
2
b= Cu )

The two supplementary partial differential equations

including Transport of turbulent kinetic energy and
dissipation rate of turbulent kinetic energy are given by:
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But in order to achieve reasonable accuracy on a coarse
grid, the k — ¢ model requires special “Wall Functions” as
boundary conditions. For this reason, the non-dimensional
cell size at the wall or y* is defined as:

1/41,1/2
o _ PGy

p (12)

y

In some usual codes that have been used in continuous
casting simulation until now like CFX, y™ is kept at about
30. It has been shown that, although the predicted flow
patterns for the standard k—e& model match well with
experimental measurements, the calculation of heat
transfer has some difficulties [8]. The standard k—e&
model greatly under—predicts heat flux so user defined
wall functions with lower y* have to be employed to match
experimental heat transfer results.

Fortunately in this simulation, the log-law is employed
when y+ < 11.225 and the results, both in flow pattern and
temperature field have good agreement with investigational
results.

Sink terms used for reduction of porosity in turbulent
equations are similar to ones used in momentum equation
with the nearly same function. This term is:

(1-p°

5 = mAmusth. (13)

4 Boundary condition

As mentioned, there are three types of heat transfer in
secondary cooling zone of steel continuous casters:

4.1 Forced convection

Although other types of heat transfer in this region are
important, however, forced convection is the most signifi-
cant one. Actually, by positioning water spray jets with
specific water flow rate, temperature and distribution on the
surface, the heat of surface is mostly extracted.

4.1.1 Forced convection coefficient

Forced convection coefficients are calculated using semi-
empirical Nozaki et al. correlation [9-11]:
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1,570 @°35.(1 — 0.0075 T gpray)
o

hspray = (1 —0.15 COS(@))

(14)

For the downward facing surfaces, (1 — 0.15cos(0)) is
the coefficient which has been modified to include the
effect of orientation whereas, 0 is the slab surface angle
from horizontal direction. This modification for the
downward facing surface is based on the measurements
by Bolle and Moureau [12].

The o values (machine dependent calibration factor)
have been determined by automated iterative calculations,
so that adjusting Agp,y Over the corresponding length of the
machine until the steady-state caster model results agreed
with the surface temperature measurements. These findings
appear reasonable given that Nozaki et al. [13] used « value
of and that Laitinen and Neittaanmaki [14] used « value of
5 and 6 in the same correlation.

4.1.2 Cooling water rate

Determination of cooling water rate in the secondary
cooling zone is very important. Practically by different
kinds of positioning of distributors and also controlling the
temperature and flow rate of cooling water, various forms
of forced convection situations can be created which
depends on:

a. Design, functional conditions, capabilities and con-
strains of continuous casting machines.
b. Metallurgical considerations.

Figure 3 shows one of the standard positioning of dis-
tributors. Each of these distributors can effectively cover an
area with diameter of about 230 mm Therefore; there must
be 24 distributors in one square meter.

4.2 Natural convection
Natural convection heat transfer coefficient correlation

used previously in continuous caster modeling is given by
[15]:

230 mm

100 mm
VI ST T ST T T IETE I I T TE T I I T IEITS

P PP PPN ISP EI I I II I PPN P d
CL LA AL S

Fig. 3 Standard positioning of distributors

- Tambiem)l/3 (15)

In comparison with other types of heat transfer, the
natural convection is not very important and it is often
added as a constant value (about 8 W/(mz.K)) to forced
convection coefficient.

hnat =0.84 (Tsurface

4.3 Radiation

The solidified shell that enters the secondary cooling zone
has high temperature. It shows the necessity of thermal
radiation to be computed over the entire casting surface.
The surface emissivity for steel is taken to be a function of
surface temperature determined from the data compiled by
Touloulian et al. [16].

&€= 05 00115 (16)

[1 4 exp(42.68 — 0.02682 Tgyrface ) ]

After determination of all kinds of heat transfer, the
boundary condition on walls in secondary cooling zone is
written as:

q = hext(Text - Tsurface) + ERO (T:mbienl - Tj;) (17)
That
hext = hspray + hnal- (]8)

5 Continuous caster parameters and working condition
of steel

The different parameters of the submergence entry nozzle
and mold are given in Table 1. Table 2 shows different
parameters of secondary cooling zone. Steel properties and
its working condition are shown in Table 3.

6 Numerical model
The computational fluid dynamics software, FLUENT has

been used. It is composed of the preprocessor, GAMBIT
and the solver and postprocessor FLUENT. In one part,

Table 1 Mold parameters

Parameter Value
Mold length 1.3 (m)
Width 0.25 (m)
Height 2 (m)
SEN diameter 0.08 (m)
SEN height 0.3 (m)

Port height/width 0.08, 0.065 (m, m)
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Table 2 Secondary cooling zone parameters

Section number Angle Length (m)
2 75 1.5

3 60 1.5

4 45 1.5

5 30 1.5

6 15 1.5

7 0 3

Table 3 Working condition of steel

Parameter Value

7,400 (kg/m)
7,000 (kg/m?)
0.005 (kg/(m.s))
35 (W/(K.m))
42 (W/(K.m))
686 (J/(kg.K))
271,000 (J/kg)
1,703 (K)

1,743 (K)

Solid density
Liquid density
Viscosity

Solid conductivity
Liquid conductivity
Specific heat
Latent heat

Solidus temperature

Liquidus temperature

GAMBIT is used to set-up the geometry, the mesh and the
boundary types of the three dimensional mold and sec-
ondary cooling zone shape, and in other part, FLUENT
running allows one to obtain the numerical solution of the
fluid flow equations by finite volume discretization. An
implicit scheme and the k—¢ model, which solves a mod-
eled transport equation for the turbulent viscosity, are used.

Melting/solidification model, SIMPLEC arithmetic and
under-relaxation iteration are used in the simulation of the
continuous casting process. As mentioned, there are dif-
ferent complicated involving phenomena in this process,
including turbulent flow and as shown in Fig. 2, there is no
difference between four quarters of mold domain so, in
order to reduce the computations as much as possible, the
simulation can be performed for only one quarter of it.

In the secondary cooling zone it is completely different,
because although left and right halves of this region are the
same, upper and lower quarters of it are not in the same
physical position. Therefore in the secondary cooling zone
the simulation must be performed for half of domain. It
must be mentioned that in this region, the flow is consid-
ered laminar.

The grid is unstructured vertically and horizontally in
the mold region and it has been compressed wherever it is
essential particularly where the flow impinges the narrow
wall and returns. However, as grid independent process has
been performed, solving these governing equations in the
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mold region takes lots of time (about 8 h) for grid of about
245,000 essential nodes by a usual pc. Solving the gov-
erning equations in the secondary cooling zone for uniform
grid in whole domain with 400,000 essential nodes takes
5 h by a usual PC.

The solution convergence (with momentum residu-
als <10~ and energy residual <10~’) happened in about
1,800 iterations in mold region, which was followed by 500
additional iterations and in about 800 iterations in sec-
ondary cooling zone, which was followed by 200 addi-
tional iterations.

7 Results and discussion
7.1 Validation

In order to show the accuracy of present work, a compar-
ison performed in heat transfer, fluid flow and phase
change. Simulation of Continuous Casting process by
Thomas and O’Malley [4] was preferred for this purpose.
Although there is a good match in heat transfer but as
mentioned before, their work simulated the process of heat
transfer, phase change and flow separately, so the differ-
ences in flow pattern are expected.

Figures 4, 5 and 6 show and compare the heat flux
distribution on wide wall of the mold, velocity on jet
centerline and solidified shell thickness respectively for
both simulations.

7.2 Casting speed
7.2.1 Mold

The mold of a continuous caster is the most significant part
of it. Choosing most appropriate casting speed completely

3.5 -
3.25 4
3
2.75 4
2.5 4
2.25 4
2
1.75
1.5 -
1.25 4
14
0.75 -
0.5 4
0.25 4

- Result of [5]
= Present Work

Heat Flux (MW)

0
0.09 021 033 046 058 0.7 082 094 1.07 1.19
Distance from top of mold ( m )

Fi

o

g. 4 Heat flux on wide walls of mold
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14 - Result of [5]
-= Present Work

1.2 4

Velocity (m/s)

100 130 160 190 220 250 280 310 340 370 400 430 460 490
Horizontal distance from center of mold ( mm )

Fig. 5 Velocity on jet center line

0.025 -
0.023 - - Simulation of [5]
0.02 4 = Present Work
0.018 4
0.015 4
0.013 4

0.01 4

Shell Thickness (m)

0.008
0.005 A
0.003 4

0O 01 02 03 04 05 06 07 08 09 1 1.1
Distance from top of mold ( m)

Fi

b

g. 6 Shell thickness on wide wall

depends on two factors including Continuous Caster
capability to produce sufficient cooling fluxes on walls of
mold for extracting heat from the system and forming solid
shell and Metallurgical considerations.

7.2.1.1 Heat flux In order to have more casting speed, the
mass flow rate through the nozzle into the mold is
increased. Accordingly, there is less time for the mold
walls to form a shell from the liquid, which is sufficient in
strength, because it is pulled out of the mold faster.
Whereas, this is very important considering metallurgical
concerns (that is not discussed in this paper), it causes a
great enhance in values of heat flux on both narrow and
wide walls of the mold that can be very significant, since
each casting system has restricted cooling potential spe-
cially at the impingement point on the narrow wall where
there is maximum heat flux. Figures 7 and 8 show the heat
flux on narrow and wide walls of the mold for different
casting speed.

2.50 7
2.30 4 —— Casting Speed: 0.015 (m/s)
2104 % = = Casting Speed: 0.020 (m/s)
1.90 Sey mm = Casting Speed: 0.025 (m/s)
1.70 1
1.50 -

1.30 1

Heat Flux (MW)

1.10 4
0.90 4

0.70 4

0.50

0.21 0.29 0.38 0.46 0.54 0.62 0.70 0.78 0.86 0.94 1.03
Distance from top of mold (m)

Fig. 7 Heat flux (MW/m?) on wide wall of mold

4.0 -
39 4 .'/’\
J
e
3.8 4 Y/

3.7 4

= Casting Speed:0.015 (m/s)
=== Casting Speed:0.020 (m/s)
=== Casting Speed: 0.025 (m/s)

3.6 4

3.5 4

Heat Flux (MW)

34 -

3.3 -

3.2

042 050 058 0.66 0.74 0.82
Distance from top of mold ( m)

025 0.33

Fig. 8 Heat flux (MW/m?) on narrow walls of mold

7.2.1.2 Shell thickness Not only casting speed of the
system increases the heat flux needed, but also it can affect
shell thickness along the both narrow and wide walls of the
mold, which are shown in Figs. 9 and 10. So it is very
important to consider the metallurgical and economical
views in choosing the best casting speed for a Continuous
Casting machine.

7.2.2 Secondary cooling zone

As stated earlier, there are three types of heat transfer
involved in this region of a continuous caster, which are
forced convection, natural convection and radiation. It is of
great significance to consider that cooling the hot surface of
slab after exiting the mold by radiation is absolutely free
and imposes no cost to the system for producing cooling
water for spray jets. On the other hand, due to the fourth-
order dependence of the radiation heat flux on temperature,
which stated in Eq. 17, higher surface temperature makes
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the radiation heat transfer more important. Therefore, fol-
lowing parameters are discussed:

7.2.2.1 Temperature As shown in Fig. 11, it is expected
and observed that, the temperature on the wall of the slab
considerably increases by enhancement of casting speed.
But the unexpected phenomenon is the rate of this aug-
mentation in temperature, which is decreasing. Table 4
shows the mean temperature on the wall of the slab after
exiting from the mold and percentage of increase in tem-
perature for different casting speed. The cause can be
discovered in role of radiation heat transfer in total heat
transfer. In other words, by increasing the walls tempera-
ture as result of enhancement of casting speed, the share of
radiation heat transfer from total heat transfer increases and
extracts more heat from the surface with the same flow rate
of cooling water.

7.2.2.2 Metallurgical length It is obvious that by

increasing the casting speed and consequently temperature
distribution on the walls, there will be a great enhancement
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Fig. 11 The effect of casting speed on temperature distribution in
secondary cooling zone

Table 4 Mean temperature, metallurgical length and increase in
them

Casting Mean Increase in  Metallurgical Increase in
speed temperature  temperature length (m) metallurgical
(m/s) (K) (%) length (%)
0.015 1,403.7 6.3125

0.020 1,501.3 6.50 8.2250 23.23

0.250 1,559.5 3.73 10.112 18.66

in metallurgical length. So it will be a very crucial and
fundamental factor in the way of designing the casters.
Figure 12 shows the effect of casting speed on metallur-
gical length on centre plane of a caster. (A: casting
speed = 0.025, B: casting speed = 0.020 and C: casting
speed = 0.015) Metallurgical length and percent of its
increase are shown in Table 4. Once more for the same
reason, as specified for temperature distribution, the rate of
increase in metallurgical length decreases for more casting
speed.
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(A) (B) (©)

Fig. 12 The effect of casting speed on metallurgical length

8 Conclusion

A three dimensional turbulent flow and solidification in a
thin slab continuous caster has been simulated both in mold
and secondary cooling zone. The model coupled and solved
the k—e¢ flow and heat transfer simultaneously and from
this viewpoint has an advantage. The accuracy of modeling
approach demonstrated in comparison to a simulation [5],
although there are little differences because of some
unidentified parameters.

Then, some significant parameters investigated and the
different working condition was shown for them. Conse-
quences of casting speed on necessary heat flux, shell
thickness of mold have been analyzed. Finally, temperature
distribution and metallurgical length in secondary cooling

zone and also, share of radiation in total heat transfer was
discussed.
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