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Abstract

In this work, a comprehensive model including heat transfer, fluid flow and solidification was used to evaluate the
performance of a novel delivery system for a single-belt steel casting process. This near-net-shape casting, although
still in development, is one of the most promising routes for casting of low-carbon steel in large scale. This paper
focuses on the performance of a low-Re k— model that was employed to simulate the three-dimensional turbulent
flows fully-coupled with heat transfer and macroscopic solidification. Simulations were run for the intended
conditions of caster operation, and the results obtained with the x—¢ were compared with the results obtained with
an ad hoc viscosity model, where the molecular viscosity was boosted 100 times, uniformly throughout the
computational domain. A semi-analytical solution was employed for validating the models and the results showed
that the ad hoc viscosity model overestimated the thickness of the solidified shell and underestimated the size of the
mushy zone. In addition, in a region close to a corner on the top surface of the reservoir, the ad hoc viscosity model
predicted much lower temperatures and premature formation of a solid shell. These findings were confirmed when a
ceramic filter was included in the computational domain, to modify the flow towards the cooling belt. © 1999
Elsevier Science Ltd. All rights reserved.

1. Introduction past decade, as an alternative to conventional continu-
ous casting processes. Among their numerous advan-

Despite major developments concerning the quality tages are: energy and capital cost savings, higher
of steels in the past twenty years, increases in the productivity and better material properties. Various
productivity and efficiency of the various processing processes, like roll processes and belt processes are
steps has been relatively incremental. From the begin- being tested in many different countries [1.2].
ning of the 1980s, much research has been directed Nevertheless, the development of such processes

requires massive investments in research. Mathematical
modelling can considerably reduce the expenditures
needed in the development of these processes, when
used at the design stage and in the analysis of initial

into the development of so-called ‘near net shape cast-
ing’ processes for commercial scale operations. Near-
net-shape casting processes have been developed in the

results.
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Nomenclature

a; coefficients for the discretization equations

by back wall height

C morphology constant

Cp specific heat

Cyu empirical constant for low-Re turbulent
models

D pore size of the porous medium

Da Darcy number

d, thickness of the porous medium

1L liquid fraction

Jfuw fu  empirical constants for low-Re turbulent
models

g acceleration of gravity

hie heat transfer coefficient

N metal head

H enthalpy

HL, HS enthalpy at Tla Tla TS

k thermal conductivity

ki thermal conductivity of the liquid

kp thermal conductivity of the filter

ks thermal conductivity of the solid

K empirical coefficient (Eq. (15))

/ reservoir length

Ly computational domain length

L¢ latent heat of fusion

nz front wall thickness

Nu local Nusselt number

P pressure

q numerical parameter

Rt turbulent Reynolds number

S source term associated to variable ¢

T temperature

T amb ambient temperature

T liquidus temperature

T elt temperature of the liquid metal

Trer reference temperature

T, solidus temperature

u, v, w velocities in directions x, y, z

u; velocity in direction i

Ujs velocity of the solid in direction i
Ujp i-velocity in the filter region

Vb velocity of the belt

|velp| resultant velocity in the filter

Vit inlet velocity

w width of the strip

X; i-coordinate in the Cartesian system
X thickness of the solid shell.

Greek symbols

| effective diffusion coefficient

€ rate of dissipation of turbulent kinetic
energy

€t initial rate of dissipation of turbulent
kinetic energy

q emissivity of liquid steel

€ porosity of the porous medium

K turbulent kinetic energy

Kit initial turbulent kinetic energy

Kp permeability of the porous medium

u viscosity

Hetr effective viscosity

Hefr,p effective viscosity of the filter

A turbulent viscosity

p density

v Forchheimer’s inertia coefficient

¢ general dependent variable.

Subscripts

eff effective

L liquid

p porous medium

] solid.

the liquid metal will be fed onto the cooling belt
and so is responsible for an even distribution of the
metal across the width of the belt and through its
thickness [3]. Trying to predict the flow behaviour of
the steel and heat transfer rates to the water cooled
belt are of undoubted relevance to the final quality of
the strip.

A mathematical model was developed with the main
purpose of exploring some of the difficulties related to
the quality of strips produced by potential single-belt-
strip casting processes. For a proposed metal delivery
system, a comprehensive mathematical model, includ-
ing heat transfer, fluid flow and solidification was used

as a tool to perform this task. This model includes
three-dimensional flow with fully coupled momentum
and heat transfer. Turbulence effects as deduced from
the standard x—e¢ equations, as well as flow through
porous media, are modelled, since the main feature of
such delivery systems is the inclusion of flow modifiers,
such as a ceramic filter. The present paper focuses,
though, on the beneficial effects of a proper definition
for turbulent flow modelling. Since metal flow in the
proposed delivery system involves a sharp contraction
in the flow adjacent to the exit of the nozzle at the
front wall (Fig. 1), the turbulent profile is expected to
change dramatically in this region. This requires a
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Fig. 1. Schematic of the proposed configuration for the delivery system.

more sophisticated treatment of turbulence effects
within the computational domain, than the popular
use of an ad hoc constant viscosity model.

2. Development of mathematical model
2.1. General assumptions

The mathematical model respected some predeter-
mined design criteria with respect to geometrical

aspects and caster productivity. Other conditions were
also superimposed, such as the elimination of any

Table 1

hydraulic jump in liquid exiting the nozzle. To achieve
this condition, the specific kinetic energy of the flow in
the exit gap (v2/2) was matched to the specific poten-
tial energy of the liquid within the extended reservoir
(gh). In modelling the energy losses due to friction in
the reservoir, these were accounted for using a coef-
ficient of discharge.

Fig. 1 provides a schematic of the computational
domain along the longitudinal axis of symmetry. The
following general procedure was adopted to determine
the primary input data of the model:

1. For a given belt velocity and coefficient of dis-
charge, the metal head was fixed, and the mass flow

Values of dependent variable, diffusion coefficient and source terms for the conservation equations

Conservation equation Variable Diffusion coefficient Source term S,

Continuity 1 0 0

Momentum x-direction U velocity U Hefr T (p54) — (‘(l‘;/i) + P u—ug) — 22
Momentum y-direction V velocity vV Lefr ﬁ(r(p%—fﬂ) - m/:f D + @ =) — %
Momentum z-direction W velocity w Uefr %\_’(1"(,,%) - %L/Z) + v —wy) — 2

Energy h Ter Lyt (Hs — H)) = 52 [pfu(Hy — Hs)uw, — uy)]
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rate was calculated. Therefore, for the same belt
speed, different exit gaps yielded different productiv-
ities. In addition, for the same exit gaps, the belt
speed was varied, again causing changes in pro-
ductivity. The metal height was kept as a standard
parameter.

2. For those cases where the metal height was varied,
the belt speed was kept constant, resulting in a
different inlet velocity.

The conservation of mass, momentum and energy can
be represented by partial differential equations, whose
general form (Patankar [4]) for steady-state flow is:

9 9 3¢
) = 5 (ref.ﬁ) +S, ()

where: ¢ = general dependent variable; u;= velocities u,
v and w in directions x, y and z, respectively; x;=coor-
dinate in the Cartesian system; I'.qz=effective diffusion
coeflicient for variable ¢; S, =source term for depen-
dent variable ¢.

In Eq. (1), the first term, from left to right, is the
convection term, the second term is the diffusion term
and the third is the source term. The variable ¢ stands
for the different quantities involved in the fluid flow/
heat transfer model: velocities u, v and w and enthalpy
H. The values of ¢, I'ey and Sy are given in Table 1,
for the conservation of mass (continuity equation),
momentum and energy. The numerical parameter g is
introduced to avoid division by zero and the diffusion
coefficient for the energy equation has the viscosity
and Prandtl number as main physical parameters.

The most important assumptions adopted in the
model are listed below:

1. The turbulent fluid flow and heat transfer are fully
coupled.

2. The phenomena are essentially three-dimensional
and steady-state is assumed.

3. The metal flow is considered incompressible and the
fluid Newtonian.

4. Columnar dendritic solidification is assumed.

5. A low-Reynolds number x—¢ model was used to
account for turbulence within the flow.

6. The Darcy—Brinkman equation was solved for the
porous flow control region.

7. Thermophysical properties in the liquid, mushy and
solid zones were considered constant.

8. The latent heat is released between the liquidus and
solidus temperature in a uniform manner.

9. Natural convection effects are not included in the
model, since inertial effects are dominant.

10. The metal is assumed to be laid down on the belt

in an isokinetic fashion, i.e., no-slip condition at
temperatures equal or below the solidus.

11. Surface tension effects are not considered in the
present analysis.

2.2. Solidification

In order to take advantage of the benefits of the
fixed grid techniques applied to solidification problems,
the continuum model advocated by Bennon and
Incropera [5] was used in this work. The main assump-
tions of this enthalpy—porosity scheme are [5]:

1. The mixture components may be viewed as isolated
subsystems, if interactions with other mixture com-
ponents are properly treated. However, the appli-
cation of this principle to multiphase, multi-
constituent mixtures must take into account that
while the phases can be generally considered as iso-
lated, their constituents are often inseparable due to
intimate bonding on an atomic level.

2. All properties of the mixture are mathematical con-
sequences of the component properties. However,
for non-inert systems, the thermophysical phase
properties need to be determined from phase dia-
grams or empirical equations.

3. The mean collective mixture behaviour is governed
by equations similar to those governing the individ-
ual components.

As for the flow in the mushy zone adjacent to the
thickening strip, it was assumed that the mushy zone
behaved as a porous medium. Darcy’s law usually
applies for columnar dendritic structures and the
Carman—Kozeny equation, derived on extension from
Darcy’s law, was employed. According to Carman—
Kozeny’s equation, the permeability x, is related to
the liquid fraction f; according to:

/i

T @

The most significant effect of these permeability source
terms will be that of making the v-velocity (direction
of movement) of the solidifying shell approach the belt
velocity, at the completion of solidification. For the
two other directions, the velocity components relative
to the freezing strip will approach zero at the points of
complete solidification. The source term becomes zero
in the liquid zone, and therefore has no influence on
the fluid flow and heat transfer.

The constant C (Darcy coefficient) defines the mor-
phology and effectively controls the degree of convec-
tion within the mushy zone [6]. Its value should be
large enough to force the velocity in the solid region to
equal the belt speed in the direction of the movement
and to zero in the two other directions. Although it is
known [7] that this coefficient needs to be determined
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according to the material’s microstructure of solidifi-
cation (dendritic, planar, etc.), values in the range of
1 x 10° to 1.6 x 107 have been reported in the litera-
ture. Considering that the cooling rates are very high
in the single-belt process, compared to conventional
casting processes, a value of 1 x 107 was chosen.

As previously noted, the latent heat is uniformly
released between the liquidus and solidus temperatures.
This means that the enthalpy behaves linearly over the
solidification interval:

T
H:J C,dT + Lifi 3)

Trer

where L; is the latent heat of fusion, f is the liquid
fraction and T is 25°C. The liquid fraction fi is
given by:

H — Hs

- T s 4
A= 0
In Egs. (3) and (4), Ty is the reference temperature,
G, is the specific heat, L, is the latent heat of fusion,
H; and Hg are the enthalpy at the liquidus and solidus

temperatures, respectively.
2.3. Turbulence

In this work, a low-Reynolds number model was
used to account for turbulence near the walls (front,
back and sidewalls). This type of model has been
developed recently, to fill the vacuum created by the
inapplicability of the wall function models to ‘low-
Reynolds number’ flows. Within the low-Reynolds
number x—¢ models presented in the literature, the
model proposed by Launder and Sharma [8] was
employed in this work. This model is easy to im-
plement in solidification problems [9], and has often
been used for metallurgical applications [9—11]. The
turbulent viscosity p is given by:

. K2
W= Cpf,up? %)

where x is the turbulent kinetic energy, ¢ is the rate of
dissipation of x and C, is a constant. The function f,
is proportional to the turbulent Reynolds number [8]:

-34
Ju= exp T (6)
1o+ 2T
( +50)
where
2
K
Rr =P (7

In the mushy zone, a mechanism proposed by Shyy [7]
was adopted to damp turbulence:

fu= 1S ®)

where fi is the liquid fraction and f, is the original
value of f,,.

Other low-Reynolds number models were con-
sidered, but the authors did not expect results very
different from the chosen one. This in comparison to
the popular ad hoc approach. So, the Launder and
Sharma model was considered satisfactory for the cur-
rent purpose.

2.4. Porous medium

One of the most important objectives of this math-
ematical model is to simulate the modifications that
result from the incorporation of a flow modifier in the
proposed metal delivery system. In this regard, the first
important point is to determine the nature of the flow.
Therefore, a prior investigation of the magnitude of
these effects was performed.

As suggested by Beckermann et al. [12], the wall
(viscous) effects need to be included in cases of a high
Darcy number. For this model, the Da number can be
calculated by:

where K, = il )

In the equation above, d, is the thickness of the filter
and D is the filter average pore diameter. Since the
permeability of the filters suitable to this kind of appli-
cation (zirconia or alumina) is in the range of 107® to
107° m? and the filter thickness is typically 1 or 2
inches, the Da number will range in the neighbourhood
of 107> to 10~*, which is fairly high.

Therefore, the three flow resistances were initially
taken into consideration.

1. The bulk damping resistance due to the porous
structure (Darcy’s law).

2. The resistance due to inertial effects (Forchheimer’s
extension).

3. The viscous resistance due to the boundary walls
(Brinkman’s extension).

The general form of the modified momentum
equations for porous media is [12]:

P Hett,
0= 5 + V(pefs, o Viti) — (TP +

pv | vel, |
TP) (10)

| vely |= \Jug + V2 +w] (11)
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€,D?
K =35 (12)

where: u;= velocities u, v and w, in directions x, y and
z, respectively, in m/s; x;=rectangular coordinates x, y
and z in m; x, = permeability of the porous medium in
m%; e,=overall porosity of the porous medium;
D = average porous media pore size in m; v=inertia
coefficient of Forchheimer’s extension =0.55 [12].

The first results showed, however, that the
Forchheimer term did not yield appreciable change in
the flow results, only increasing computational com-
plexity. Therefore, for the sake of simplicity and com-
putational savings, this term was not employed for the
parametric studies. Indeed, as McDonald et al. [13]
had concluded, for Re less than 300, the flow is lami-
nar inside the porous medium and thus the inertial
terms should not be significant. In the specific
problem, Re, defined on the basis of pore diameter,
ranged typically from 40 to 80.

2.5. Turbulence modelling for flow in porous media

To the best of the authors’ knowledge, there is no
tested nor experimentally validated model for turbu-
lence generated during flow within a porous medium.
Some attempts were reported in the literature, such as
the recent model of Masuoka and Takatsu [14], but
these initiatives have raised much controversy.
Therefore, the basic approach followed in this work
was to apply the k—¢ equations to the whole domain,
including the porous medium. Since the flow was
found to be essentially laminar within the porous
medium region, the solution of the x—¢ equations in
this region was basically unnecessary.

2.6. Boundary conditions and thermophysical properties

The initial and boundary conditions represent one of
the most important aspects of any kind of modelling.
A proper definition of the boundary conditions is man-
datory for the model to be useful in practical appli-
cations. Usually, the boundary conditions originate
from in-plant measurements of the relevant variables,
such as temperature and flow velocity. In addition,
correlations and data existent in the literature are used
with reasonable accuracy.

In the present case, since the model is supposed to
simulate a new design of a hypothetical caster, such in-
formation is not available. Therefore, the relevant ther-
mal boundary conditions were approximated according
to data published in the literature. Nevertheless, the
primary objective of the model is to study the influence
of the most important process variables and the
changes in the fluid flow and heat transfer resulting
from the inclusion of a porous medium in the pro-

posed delivery system, and for that purpose, such ap-
proximations are not critical.

The most important thermal boundary condition in
the present configuration is the overall heat transfer
coefficient between the substrate (belt) and the solidify-
ing shell. This coefficient was considered constant for
these simulations.

The following standard boundary conditions were
adopted for the turbulent fluid flow:

e No-slip on the solid walls, which means that the vel-
ocity components in x, y and z and also x—¢ are
zero. At the moving belt, the velocity in the direc-
tion of the movement, v, will be equal to the belt
velocity while the two other velocity components
plus x—¢ will be zero.

o At the free surfaces of the melt (both within the
reservoir and the exiting strip), the gradients of all
variables with respect to x will be zero and the vel-
ocity perpendicular to the free surface will also be
Zero.

e At the symmetry plane (direction z), the gradient of
all variables with respect to z will be zero as well as
the corresponding perpendicular velocity.

o At the outlet (40 cm from the back wall), fully-
developed flow was considered. This means that the
normal gradient of the v velocity and of the turbu-
lence variables will be set to zero along with the
other velocities. In addition, the outflow is related to
the inlet and the exit gap, to respect continuity for
an incompressible liquid.

e At the inlet, the velocity v is specified and linked to
the outflow. Velocities # and w are set to zero. The
inlet conditions for the turbulence variables were
taken from the literature [15], for extended nozzles:

LS

i« =0.005v; 6 =009 — 1 13
i O 0.03(1m — by) (13)
where v; is the inlet velocity and (h,—b,) represents
the height of the inlet stream.

The energy boundary conditions were, in general:

e The metal loses no heat to the back and lateral
walls, i.e., adiabatic conditions were assumed on
these walls.

e An initial superheat was specified for the inlet flow.

e The metal on the free surfaces of the reservoir and
exiting gap lose heat to the environment by radi-
ation and convection.

e Heat is exchanged by conduction with the side and
the bottom of the front wall. A uniform heat flux
condition was applied to both sites, equal to 50 kW/
m>.

e The metal primarily loses heat by convective
exchange with the substrate (moving belt). Since the
main objective of this work is to investigate the
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Table 2

Thermophysical properties of the low-carbon steel and porous media

Low-carbon steel

Porous media—92% AI1203 foam filters 45 ppi

Porous media—rzirconia ZTA 10 ppi

Density, p=7020 kg/m?

Thermal conductivity, £ = 32.6 W/m K
Specific heat, C, =680 J/kg K

Heat of fusion, Ly =270 kJ/kg

Solidus temperature, 7,=1492°C
Liquidus temperature, 77=1535°C
Molecular viscosity, u=0.0068 kg/m s
Heat transfer coefficient/air=10 W/m? K
Emissivity of liquid steel, ¢ =0.28

Pore size, D = 420 pm

Overall porosity, ,=0.84
Thermal conductivity, k,=1.4 W/m K

Pore size, D = 1443 um
Overall porosity, €,=0.87
Thermal conductivity, k,=2.1 W/m K

different approaches for turbulent flow modelling,
and its consequences in the fluid flow and heat
transfer predictions, the overall heat transfer coeffi-
cient was considered constant and equal to 5000 W/
2

m~ K.

e On the outlet, a fully-developed profile was con-
sidered for the enthalpy.

The thermophysical properties of the low-carbon steel
and porous media are presented in Table 2. The values
of heat fluxes applied to the walls and the overall heat
transfer coefficient are based on industrial data and ex-
perimental observation [16].

3. Numerical model

The fully-coupled, nonlinear, partial differential
(conservation of mass and energy and momentum
equations) cannot be solved analytically. Therefore, a

40 - -

20 |

10

—— G42X56X23
------- G72X56X23

V velocity component (cm/s)

i 1 N 1 N 1 .
0 10 20 30 40

Distance from the Meniscus (cm)

Fig. 2. Grid dependence of the velocity v at 5 mm above the
substrate.

control-volume finite difference scheme based on the
SIMPLE algorithm (Semi-Implicit Method for
Pressure Linked Equations) was employed. The conser-
vation equations were then discretized into algebraic
equations and solved with the in-house METFLO
code.

Convergence was achieved when the summation of
the individual residuals of the conservation equations
was smaller than 0.5%, for each variable. The residuals
were calculated based on the inlet quantities. An aver-
age number of 3000 iterations were necessary to
achieve convergence in a Silicon Graphics Challenge L
100 MHz, each iteration requiring approximately 35 s
of CPU time. Grid dependency was investigated for
the standard cases, with and without the filter. For the
case without the filter, a 72 x 56 x 23 grid was chosen,
after calculations showed that finer grids would yield
variations in typical results that were not worth the
extra computational time, as depicted in Figs. 2 and 3.

20 . : i : ‘
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Fig. 3. Grid dependence of the solidified shell thickness.
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Table 3
Standard conditions for the simulations of low-carbon steel
strip casting

Symbol  Description Standard value

dy Exit gap, strip thickness 10 mm
I Metal head 7 cm; 14 cm (filter)

These figures show only the final step of grid refine-
ment, not all variations in grid density. The values of
the velocities and the solidified shell thicknesses were
checked in other positions of the computational
domain, where fluid flow and heat transfer character-
istics were more critical, and the results were con-
firmed. Table 3 gives the standard conditions for the

/ Reservoir length 10 cm simulations of low-carbon steel strip casting.

Ly Computational domain length 40 cm

by Back wall height 4 cm

dp Filter thickness 2.5cm 4. Results and discussion

nz Front wall thickness 2.25cm

W Width of 'the strip 45 em 4.1. Importance of turbulence modelling

Vb Belt velocity 1 m/s

Sh Initial superheat 10°C . . .

m' Inlet flowrate 114 tph One of the main purposes of this mathematical
model was the inclusion of turbulent flow modelling in

(a)

inlet

back [}
wall

aaa '?m;?
(b)

inlet

ST

belt

front wall

exit nozzle

—_—_——

front wall

f exit nozzle

O e

PO P
belt

Fig. 4. Vertical cut along the symmetry axis: (a) ad hoc viscosity model; (b) k—¢ model.
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1492

Fig. 5. Temperature profile at the symmetry axis of the strip, for the first 40 cm of the belt: (a) ad hoc viscosity model; (b) x—¢

model.

the delivery system. As discussed elsewhere [17], the
issue of turbulent fluid flow has inspired various ways
to deal with it.

The easiest and most immediate approach is to
assign an ad hoc factor to boost the molecular vis-
cosity throughout the domain. This way, the kinematic
viscosity will assume a constant value equal to the
molecular viscosity times the ad hoc factor in all
regions of the liquid metal. Using ad hoc viscosity
could work well for cases where the geometry is not
very intricate and no large heterogeneities exist within
the domain. When the flow follows a smoother path,
as for example, in a twin-roll caster, turbulence model-
ling by k—e equations may not be very crucial, as may
be concluded from Tavares’ thesis [11]. In his work,

the adoption of an ad hoc viscosity equivalent to the
averaged turbulent viscosity (initially calculated by the
k—e model) lead to results qualitatively similar to those
obtained with the k—¢ model.

There are a few mathematical models for belt-caster
processes in the literature. Among them, different
approaches were followed for modelling turbulent
flow. Farouk et al. [15] used a low-Reynolds number
model developed by Spalding and Launder to predict
turbulent flow in a twin-belt caster. They followed
Asai and Szekely [18], assuming that the molecular vis-
cosity within the mushy zone could be expressed by
the same equation used to describe the molecular vis-
cosity in the liquid core, but multiplied by a factor of
20. Truelove et al. [19] presented a fluid flow model for
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il

1.10e+00

below

Fig. 6. Turbulent viscosity at the symmetry axis of the strip inside the reservoir.

the single-belt caster that had been in development by
BHP Australia. His model included a low-Reynolds x—
e model, but no attempts to include phase-change
phenomena were reported.

For horizontal belt casters, Jefferies [20] presented a
two-dimensional model, with an artificially boosted vis-
cosity. Despite the usefulness of her results, the use of
ad hoc viscosity limits the applicability of her model.
As discussed before, the fluid flow in this configuration
changes dramatically due to the compression to which
it is submitted at the entrance to the exit nozzle. The
existence of a recirculation zone and the so-called
‘dead zone’ near the front wall are also issues of par-
ticular relevance. Therefore, the assumption of ad hoc
viscosity was replaced with a more realistic one, which
in the present case was represented by the Launder
and Sharma xk—e model.

To assess the actual implications of the change in
strategy to deal with turbulence, simulations were run
for the model, taking a constant value of 6.85 x 107!
kg/m s (100 x p) for the viscosity everywhere in the
domain. This relatively high value for u was due to the
very turbulent nature of the flow, especially in the
region of the nozzle. The results were then tabulated
and compared with those given by the Launder and
Sharma x—e model.

4.2. Standard configuration

4.2.1. Fluid flow results

The fluid flow pattern for the case of ad hoc vis-
cosity is shown in Fig. 4(a). The general aspect is the
same for the x—¢ model (Fig. 4(b)). However, some
modifications are noticeable: the recirculation zone is
pushed a little backwards and shrinks. The metal on

the external recirculation circuit (outside the core) is
all dragged down by the cooling belt.

4.2.2. Heat transfer/solidification results

The implications of the ad hoc viscosity scheme on
the temperature profiles may be seen in Fig. 5(a) and
(b). These figures give the temperature profile in the
centre of the strip for the first 40 cm of the belt, for
the ad hoc assumption and the k—e model, respectively.
The higher turbulent viscosity (0.685 kg/m s) in the
melt—belt interface, as compared to the k—e model (see
Fig. 6), causes premature formation of the solid shell,
as predicted by the ad hoc viscosity model. This hap-
pens because the heat diffusion coefficient is corrected
by the turbulent viscosity value. The formation of the
solid shell increases the thermal resistance and there-
fore, a hotter liquid metal is predicted in the region of
the strip inside the reservoir. Almost the entire forming
strip is above 1540°C up to the nozzle exit (10 cm
from the meniscus). In the nozzle exit region, the ad
hoc viscosity in the liquid region is lower than the tur-
bulent viscosity calculated by the x—¢ model. This con-
tributes to the banded solidification profile (relatively
thin mushy zone and relatively thick solid and liquid
phases) exhibited by the ad hoc viscosity model, since
it decreases the thermal diffusion coefficient in the
liquid zone. At the end of the domain, the dissimilarity
is even more evident: on one hand, the solidified shell
is thicker (1.3 vs. 1.1 cm); on the other hand, the
remainder of the strip is much hotter than in the
results given by the x—¢ model, as seen in Fig. 5(b).
This result is explained by the under-prediction of tur-
bulence by the ad hoc model (for this ad hoc factor),
which reduces the heat exchange throughout the
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Fig. 7. Temperature profile in the reservoir—detail of the top edge: (a) ad hoc viscosity model; (b) x—¢ model.

mushy and liquid regions and contributes to a thicker
shell.

Another interesting observation from Fig. 5(b) was
than no mushy zone was found on the top surface of
the strip at the end of the domain. That would under-
score the mechanism of preferential solidification, from
the bottom to the top of the strip. Indeed, at the end
of the domain only 18% of the strip is mushy, against

40% for the x—c solution. In the ad hoc solution, the
flow is not sufficiently turbulent to transmit the heat
losses at the interface shell-belt throughout the thick-
ness of the strip.

4.2.3. Heat transfer/solidification results in the
neighbourhood of the front wall
For the region next to the front wall (Fig. 7(a)), the
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velocities calculated by the ad hoc viscosity model are
lower and therefore, a considerably larger mushy zone
appears as a result. In this region, the temperatures are
5°C lower, on average, than the results given by the x—
¢ model (Fig. 7(b)). This was due to the overestimation
of the turbulent viscosity in this region by the ad hoc
viscosity model, and consequently, to the overesti-

Tyt Sy Sy Ty

belt

Fig. 8. Turbulent viscosity profile in the reservoir—detail of the top edge.

mation of the turbulent heat diffusion coefficient. Fig.
8 shows the turbulent viscosity profile calculated by
the x—¢ model. As seen, the values of p in the neigh-
bourhood of the front wall (always less than 0.5 kg/m
s) are lower than the value adopted for the ad hoc vis-
cosity (0.685 kg/m s).

From the results presented above, one can readily

= oxh vy o#

TS NON AL
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back wall #

WAL
VAL
AW
WL

front wall

exit nozzle

Fig. 9. Vertical cut along the symmetry axis according to the xk—¢ model—filter included.
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Fig. 10. Temperature profile at the symmetry axis of the strip, for the first 40 cm of the belt—filter included: (a) ad hoc viscosity

model; (b) k—¢ model.

conclude that the ad hoc viscosity scheme does not
work very well for the particular configuration. The
existence of a front wall within the computational
domain, and the change in flow direction and intensity
with the sudden contraction at the nozzle gap consti-
tutes severe limitations to such an approach, because
the effect of such heterogeneities in the fluid flow could
not be satisfactorily incorporated by the constant vis-
cosity scheme. Accordingly, an over-prediction of the
solidified shell thickness and an under-prediction of the
mushy zone size is expected using the ad hoc viscosity
scheme, for the ad hoc factor of 100.

Using the average value of u throughout the domain
did not change the results much, since, as mentioned
before, the turbulent viscosity in the region of the

nozzle exit is much higher than the averaged viscosity,
whereas in the corner formed by the lateral and front
walls the values of u, are somewhat lower than the
averaged p. In addition, different values would have to
be assigned for the ad hoc viscosity, for every different
simulation, in a rather troublesome procedure.

4.3. Filter inclusion

4.3.1. Fluid flow results

Fig. 9 shows the steady-state flow field established
within the reservoir zone, for the case where the filter
was included in the computational domain, according
to the k—¢ model. For the case where the ad hoc vis-
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Fig. 11. Temperature profile in the reservoir—detail of the top edge—filter included: (a) ad hoc viscosity model; (b) k— model.

cosity was employed, the general characteristics of the
flow are similar and little changes were observed.

4.3.2. Heat transfer/solidification results

Fig. 10(a) and (b) depict the temperature profile in
the symmetry axis of the strip for the first 40 cm of the
belt, for the ad hoc viscosity and k—¢ models, respect-

ively. The same trend is observed as in the no-filter
case. The ad hoc viscosity model overestimates the
thickness of the solidified shell and underestimates the
size of the mushy zone.

As for the region near the front wall, again the tem-
peratures are predicted to be much lower than in the
k—¢ model, as shown in Fig. 11(a) and (b). In Fig.



Shell thickness (mm)

N

=N

P.G.Q. Netto, R.I.L. Guthrie | Int. J. Heat Mass Transfer 43 (2000) 21-37

ANALYTICAL EMPIRICAL| NUMERICAL, hy= 10,000 W/(n?K)
Model4 | K=10 K=20|Nu=20 Nu=30 Nu=40 Nu=45 Nu=50

N A< S N S-S - W AN -
St
P 4 -
E4> ‘,-m
E
7]
n
23
c
5
=2
-
2
&1
0 e e A dasas e S e

30 40
Distance from Meniscus, (cm)

Fig. 12. Predicted shell thickness for some heat flux conditions—1Jefferies’ work.

0 5 10 15 20 25 30 35 40
Distance from meniscus (cm)

o Analytical —+- Emp. k=10 -=— Emp. k=20 = Model

Fig. 13. Predicted shell thickness by the three-dimensional x—¢ model.

35



36 P.G.Q. Netto, R.I.L. Guthrie | Int. J. Heat Mass Transfer 43 (2000) 21-37

11(a), representing the predictions of the ad hoc vis-
cosity model, a solid shell even appears in the neigh-
bourhood of the front wall.

5. Comparison with analytical and empirical solutions

In order to validate the model and to compare the
results of the ad hoc viscosity model with the x—¢
model, the thickness of the solidified shell was calcu-
lated for some idealized conditions, using a semi-ana-
lytical solution as well as an empirical equation.
Adiabatic conditions were considered for all remaining
regions of the caster, including the walls and free sur-
faces, except for the inlet temperature. Fig. 12 shows
the predicted thickness for the corresponding thermal
boundary conditions, according to Jefferies’ model and
the semi-analytical and empirical solutions, as detailed
in Ref. [20]. To summarize, only the final form of the
equations used to calculate the thickness of the solid
shell is given below.

5.1. Analytical solution (assuming one-dimensional
solidification)

kq k% : 2ke(Tmelt - Tamb)y
X = ——+ — )+ 14
oY I \/<htf ) pLivy (1)

where: X(y)=thickness of the solidified shell (m);
y = longitudinal position (direction of movement);
v,=Dbelt speed (m/s); ks=thermal conductivity of
the solid shell (W/m K); h,s=overall heat transfer
coefficient = 5000 (W/m2 K); Thers  Tamp=Initial
melt temperature and ambient temperature (K);
p=density of the metal (kg/m®); L;=latent heat of
fusion (kJ/kg).

5.2. Empirical solution

where 1 = 2 (15)
Vb

X(y) = KV,

where K is the solidification constant and it was con-
sidered to vary between 10 and 20 mm min~ "%

In Fig. 12, various values of the ad hoc multipli-
cative factor were tested by Jefferies [20]. In fact, this
factor corresponds to the ratio keg/k;, which corre-
sponds to the local Nu number at the interface solid—
liquid. The two-dimensional ad hoc viscosity model
overpredicts the solid shell by as much as 60%, for the
lowest values of Nu chosen. For Nu equals to 45, the
result approaches the analytical solution at the end of
the domain; however, the solidified shell starts at ap-
proximately 25 cm from the meniscus and rises much
more sharply than the analytical solution. The best
results of the two-dimensional model were given by Nu

equals to 40, where the solid shell starts at approxi-
mately 5 cm from the front meniscus (adjacent to the
back wall of the flow system), surpasses the analytical
solution at approximately 8 cm and reaches a value
approximately 10% higher than the analytical solution
at the end of the computational domain. Despite the
partial success obtained with the use of an appropriate
Nu number, the results of this model are clearly depen-
dent on the right choice of the ad hoc factor and this
parameter, being dependent on the local Nusselt num-
ber, has to be determined for different relative vel-
ocities between the solidifying shell and the molten
metal close to it.

As shown in Fig. 13, the predictions of the three-
dimensional, xk—¢ turbulence model are much closer to
the analytical solution than those of Jefferies. In Fig.
13, not only is the value at the end of the domain
closer, but also the evolution of the solid shell with
time is more harmonious for the three-dimensional
model. Moreover, considering that the mathematical
model solution is not continuous as the semi-analytical
one, due to the use of finite grid sizes, the agreement
between the three-dimensional x—¢ model and the
semi-analytical solution (which itself is not exact) is
rather good.

6. Conclusions

A comprehensive mathematical model was devel-
oped to study fluid flow/heat transfer/solidification
phenomena in a novel extended liquid metal delivery
system for a single-belt steel caster. The importance of
modelling turbulence through the xk—¢ equations was
assessed. The main conclusions drawn were:

e The ad hoc viscosity model over-estimated the thick-
ness of the solidified shell and under-estimated the
size of the mushy zone. Solidification occurred first
in the region immediately over the belt, due to
higher value of the ad hoc viscosity. On the other
hand, in the exit nozzle, the ad hoc viscosity was
lower than that calculated by the x— model
dampening turbulence and decreasing the thermal
diffusion coefficient in that region. As a conse-
quence, an unusual banded solidification was pre-
dicted by the ad hoc viscosity model, with a thicker
solidified shell and a thinner mushy zone.

e With respect to the fluid flow in the extended metal
reservoir, the profile is virtually the same for both
models. However, in the ad hoc viscosity model, the
recirculation zone that occurs in the reservoir is
pushed a little backwards and shrinks. The metal
flow to the recirculating core is drawn down by and
towards the cooling belt.

e In the neighbourhood of the front wall, the ad hoc
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viscosity model predicted higher values for the tur-
bulent viscosity than the x—¢ model. Therefore, the
velocities calculated were lower and as a conse-
quence, an enlarged mushy zone was predicted.

The results for the simulations including the flow
modifier confirmed the findings above. Therefore,
the k—e model proved to be a more precise tool in
the design stage of the proposed alternative delivery
system.

Semi-analytical solutions together with an empirical
equation were employed to validate the model, in
terms of the predictions for the solidified shell thick-
ness. It was found that the thickness of the solid
shell calculated by the improved x—¢ model was in
good agreement with the semi-analytical solution.
This was not observed for the ad hoc viscosity
model.
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