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Abstract—A numerical investigation was conducted for exploring the steady state transport phenomena
of turbulent flow, heat transfer and macroscopic solidification in a continuous stainless steel slab caster.
The numerical model is based on a generalized transport equation applicable to all the three regions,
namely liquid, mushy and solid, which exist in a slab caster. The turbulence effects on the transport
equations were taken into account using a low-Reynolds number k—¢ turbulence model. The solidification
of molten steel was modeled through the implementation of the popular enthalpy—porosity technique. A
control volume based finite-difference scheme was used to solve the modeled equations on a staggered grid
arrangement. A series of simulations was carried out to investigate the effects of the casting speed, the
delivered superheat and the immersion depth of the twin-ported submerged entry nozzle (SEN) on the
velocity and temperature distributions and on the extent of the solidified and mushy regions on the narrow
and broad faces of the caster. In the absence of any known experimental data related to velocity profiles
in a slab caster, the numerical predictions of the solidified profile on a caster’s narrow face were compared
with limited experimental data and a good agreement was found. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

Over the last two decades, there have been intensive
research activities undertaken worldwide related to
various aspects of continuous casting (CC) processes
for slab, billet and bloom casters. In spite of these
studies, an advanced mathematical model, which can
enhance the quantitative and qualitative under-
standing of the process, is still not available. Math-
ematical models can play a major role in the opti-
mization of the casting parameters, e.g. mold and
spray cooling systems. Modeling of a CC process is
concerned with the liquid—solid phase change prob-
lems in which three-dimensional turbulent convective
heat transfer in liquid side has an important effect on
the growth of the solidified steel shell. Thus, a realistic
model for a CC process should be capable of simu-
lating coupled turbulent fluid flow, heat transfer and
solidification.

Although flows in commercial CC processes for
liquid steel are often turbulent and recirculatory in
nature, a very few number of investigators have con-
sidered the effect of turbulence in their studies. Asai
and Szekely [1] considered a two-dimensional model
for a continuous billet casting system. The turbulent
flow in the liquid zone was modeled using the one-
equation turbulence model (Kolmogrov-Prandtl
model) and the computations of the flow field within
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the mushy zone were carried out on the variable vis-
cosity model. A less satisfactory agreement between
measurements and predictions in their study clearly
reveals the weakness of the one-equation turbulence
model in the calculation of the flow field of a con-
tinuous billet caster.

Thomas and co-workers, in a series of papers [2-4],
investigated the effect of superheat dissipation on the
fluid flow and temperature fields in a continuous-slab
casting system. They solved both the three-dimen-
sional and two-dimensional governing momentum
and energy equations within the liquid pool. These
studies did not couple the process of solidification
with the fluid flow and heat transfer within the caster.
First, the fluid flow and temperature fields were
obtained and later the rate of heat transfer at the wall
was used in the one-dimensional solidification model
in order to find the rate of growth of the solidifying
shell. Since these studies were carried out for a single
phase material, the interactions among liquid, mushy
and solid phases were not appropriately considered.

Flint [5] reported the results of the heat transfer
and fluid flow of the three-dimensional simulation of
a continuous slab caster. He utilized a commercial
code (PHOENICS) and said to have solved the
momentum and enthalpy equations and claimed to
have implicitly accounted for the solidification
process. He cited that the turbulence behavior of the
fluid was modeled using the standard high Reynolds
k—¢ turbulence model. The application of this tur-
bulence model requires a separate wall function
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A Drarcy coefficient

ap, any, b coefficients in the discretized
governing equations

. empirical constants for low
Reynolds turbulent methods
specific heat

€1, €y €

o~

D

C morphology constant

D nozzle hydraulic diameter

Dy extra dissipation term in k-equation
E. extra generation term in e-equation
fi. fo f, empirical constants for low

Reynolds turbulent methods

Si liquid fraction

G turbulent kinetic energy generation in
k-equation

h sensible heat

H total heat (sensible heat and latent
heat)

k turbulent kinetic energy

K permeability

P Pressure

Pr laminar Prandt]l number

Re Reynolds number

Re,  turbulent Reynolds number based on
the turbulent quantities

S source term

So source term associated with @
T temperature

T fluctuation of temperature

T, inlet temperature

T liquidus temperature

T, solidus temperature

NOMENCLATURE

u, velocity component in the ith
direction ; corresponding to u, v and
w

i time-average velocity component in ith
direction

uj fluctuation of velocity in ith direction

Ui inlet velocity

U, casting speed.

Greek symbols

AH  nodal latent heat
AH; latent heat of fusion
& turbulent kinetic energy dissipation

rate
» convective heat transfer coefficient
[e diffusion coefficient associated with @

value

i laminar viscosity

e effective viscosity equal to p+ p,

I turbulent viscosity

@ generalized dependent variable

P mass density

a laminar Prandtl number

g, turbulent Prandtl number

0., 0, empirical constants in turbulent model
equations.

Superscripts

* non-dimensional variables

— time-averaged variables
! fluctuation of variables.

approximation at the vicinity of the solid boundary.
In a solidification process, the implementation of the
near wall functions at the liquid—solid interface is very
difficult since the interface is unknown a priori. It is
not clear from the paper how the wall functions were
implemented.

Recently, Choudhary and Mazumdar [6, 7] have
reported the two-dimensional modeling results of fluid
flow, heat transfer and solidification for continuous
steel billet casters. One of the major weaknesses of
their model is the fact that they have used an empirical
bulk effective viscosity expression to calculate the tur-
bulent eddy-diffusivity in the liquid pool and in the
mushy region. The used empirical viscosity expression
does not have any rational basis as far as the modeling
of a continuous casting process is concerned. These
authors have also arbitrarily divided the compu-
tational domain into a mold and a submold region.
In the submold region, the turbulence level was
believed to be 50% of the mold region and accordingly
the effective viscosity value was reduced by the same
percentage point. The authors themselves have clearly

stated the weakness of their model in which the differ-
ential turbulence model cannot be applied on a zonal
basis since appropriate boundary conditions are
unknown at the junction of the zones. The modeling
approach of these authors, apart from being two-
dimensional, cannot be applied to a continuous slab
caster because it lacks fundamental basis, especially
with respect to the modeling of turbulence phenom-
ena.

Very recently, one of the present authors (MH),
along with his colleague (RG) and a former graduate
student (MRA) [8], carried out a two-dimensional
numerical study to model couple turbulent flow, heat
transfer and macroscopic solidification in the mold
and submold regions of a stainless steel slab caster. In
a later work [9]. these authors extended their coupled
turbulent flow and solidification heat transfer model
by incorporating the macrosegregation of carbon and
taking into account the trajectory of inclusions. They
applied their extended model to simulate various
transport processes that prevail in round and square
billet casters. In both of their works, they applied a
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modified version of the Launder and Sharma low-
Reynolds k—¢ model to analyze the effects of tur-
bulence on transport processes in the liquid and
mushy regions. They also employed the enthalpy-
porosity method to model fluid flow and solidification
in the mushy region. Although the assumption of two-
dimensional modeling is applicable for a round billet
caster, it limits the applicability of the model for
square billet and slab casters. In real continuous billet
and slab casting systems, the transport processes are
essentially three-dimensional in nature and a two-
dimensional model can therefore predict unsat-
isfactory results.

On the basis of the above literature survey, one can
make the following observations:

1. The implementation of the turbulence model in
the liquid-solid region, especially in the presence
of mushy zone solidification, is still a challenge
to be tackled.

2. Most of the previous studies are related to either
one or two dimensions. To model a real slab
casting system, a three-dimensional study of the
fully coupled momentum, energy and sol-
idification is required.

Thus, the present study is concerned with the devel-
opment of a comprehensive model for the prediction
of coupled three-dimensional turbulent flow, heat
transfer, and macroscopic solidification in a con-
tinuous-slab casting process for steel.

2. MATHEMATICAL MODELING

Figure 1 shows the computational domain along
with the physical coordinates system used for a con-

. Inlet flow
Meniscus level

5

outlet

Fig. 1. A schematic view of the caster’s domain modeled
along with grid distributions and coordinates system used.
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tinuous casting machine. In a typical CC machine
molten steel flows due to gravity from a holding
tundish down through a submerged entry nozzle to a
water-cooled oscillatory mold. The primary function
of the mold is to extract sufficient heat from the steel,
so that the solidified shell at the mold exit is thick
enough and strong enough to hold the liquid steel
without bulging or breaking. As the solidifying strand
exits the mold it then enters a spray cooling zone. The
function of the spray zone is to continue to extract
heat from the solidifying section.

In the present study, a twin-ported submerged entry
nozzle (SEN) is considered to be a tube of rectangular
cross-section having horizontal outlet ports. The
nozzle was considered to be inside the computational
domain. As a result, the transport equations for the
nozzle zone were simultaneously computed (although
the results are not shown in this paper) with those
applicable for the rest of the domain.

Due to the physical properties of steel in continuous
casting machine and the magnitude of the liquid vel-
ocity involved, the fluid flow in this process is essen-
tially in turbulent regime. For example, in continuous
casting of a slab with a width of 1.27 m, thickness of
0.25 m and casting speed of 0.02 m s~', the Reynolds
number in the nozzle zone with 0.06 x 0.06 m cross-
section becomes greater than 100,000. Therefore, one
of the complexities involved in the simulation of a CC
process is that the effect of turbulence on the transport
processes must be taken into account. The other com-
plexity involved is the modeling of mushy region sol-
idification in the presence of turbulent recirculating
bulk motion of the melt.

2.1. Assumptions of modeling
The following assumptions were made in the for-
mulation of the mathematical model :

1. With respect to the fixed laboratory frame of
reference, the casting process is at steady state
and can be represented by the steady, three-
dimensional turbulent Navier-Stokes and
energy transport equations.

2. Molten steel behaves as an incompressible
Newtonian fluid.

3. The top surface of the melt is flat and is main-
tained at a fixed level. The top surface is also
covered with a protective slag layer which keeps
the surface thermally insulated from the sur-
roundings.

4. The caster is perfectly vertical with respect to
the gravitational field and the curvature of the
strand is ignored.

5. The effects of mold taper and mold oscillations
are not considered.

6. Equilibrium solidification prevails within the
caster and there is negligible segregation of
solutes.

7. Thermophysical properties of steel are invariant
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and the density and thermal conductivity of the
solid phase are equal to those of the liquid phase.

8. Heat release due to solid—solid transformation
(viz. § - y etc.) is not taken into consideration.
Only the evolution of latent heat due to solid—
liquid phase change is taken into account.

9. In the mold region equi-axed solidification
occurs, while below the mold columnar—den-
dritic solidification takes place

2.2. Modeling of the various aspects involved
Turbulent modeling. In modeling turbulent flows,
the Navier—Stokes equations are assumed to be valid
when instantaneous velocities are used rather than the
time-averaged velocities. Since mathematics cannot
handle such instantaneous quantities, they are split

ta o 7 vah Ao f +1 +
into a time average vaiucand a uu\,Luauﬂg term. USiﬁg

index notation, the time-averaged form of the tur-
bulent transport equations for a single phase can be
written as:

Continuity :

o(pm;)

0x;

= 0. (1

Momentum equation :

o) oP +j_ 6a +au
ox, | ox, ox; # 0x; —p—pu;

/

2
Energy equation:
a(pﬁiﬁ) 7 orT
ox; 6x K@r —puH’ ). )

The averaged equations contain the Reynolds stress
terms pu; and the turbulent heat flux pu;H’; their
determination requires the introduction of a tur-
bulence model.

Most of the general models are based upon the
eddy—viscosity approach which was first introduced
by Boussinesq at the end of the last century. Accord-
ingly, the Reynolds stress can be rewritten as the func-
tion of the turbulent viscosity as:

oa; 0a;
w(ie i) eon @

= _
pu; = —

where i, is turbulent viscosity analogous of the molec-
ular viscosity, w, and k = %(u?u,’) is the turbulent kin-
etic energy per unit mass and the Kroneiker delta J;
assumes the following form:

0 wheni#j
if = { (5)

1 wheni=j;
Similarly, an eddy diffusivity concept is used to relate

the turbulent heat flux to the local mean temperature
gradient as:
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1 — oT
L )
Cp o, 0x;

(6)

where, g, is the turbulent Prandtl number.

Boussinesq’s hypothesis does not provide a com-
plete model for turbulence by itself, because there
remains the determination of y,. Different turbulence
models have been presented based on the additional
PDE’s required for the definition of x,. These models
can be classified as zero equation models, one-equa-
tion models, and two-equation models.

Two-equation k—¢ model. One of the most popular
turbulent models is the two-equation k—¢ model. The
first form of this model was proposed by Harlow and
Nakayama [10]. They suggested that:

kZ
lLl"i = pc;i T (7)

&
where ¢ is the rate of dissipation of turbulent kinetic
energy and ¢, is a function of the turbulent Reynolds
number which is a constant value for high Reynolds
number flows. A detailed derivation of the turbulent
dissipation rate and turbulent kinetic energy equa-
tions is available in the literature (Warsi [11]). The
steady state equations for k& and ¢ in high Reynolds

number k—¢ model are as follows:

2ApUK) 2 )\ ok
= |ttt — )5
0x, ox, [( Jk>ﬁx,:|

ou, oUNOU,
i (ébc, o 6x,) ax;

R ke

X, Ox; g,/ 0x;
¢ (o0, oU\OU, &

_c‘“‘k<ax, + 6x,->0x}, e O
This model is valid only for a single phase flow and is
especially applicable in the region having high tur-
bulent Reynolds number Re, = pk*/ue, and cannot be
applied for the region very close to the wall which

possesses low value of turbulent Reynolds number.
To extend the k—¢ turbulent model to a laminar
sublayer close to a solid wall, a low-Re version of this
model was initially proposed by Jones and Launder
[12, 13]. In the low-Re k—¢ turbulent model, some
additional terms were included in the k and & equa-
tions to account for the effects of viscous diffusion of
k and ¢ and anisotropy due to the wall. This method
has been successfully used to predict the lami-
narization of wall boundary layer flows. In addition
to Jones and Launder model, other investigators pro-
posed several different models. In the present study,
the low-Re k—¢ turbulent model developed by Launder
and Sharma [14], which was seen to yield better results
compared to the different types of low-Re k—& models

examined by Patel ez al. [15], was employed.
A brief formulation of this model for turbulent

®
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Table 1. Coefficients and empirical constants of low-Re k—¢
turbulent model developed by Launder and Sharma

Parameter Value Parameter  Value

2up, 80, 80,

—_— ' 0.09
E p Ox,0x, 0x;0x, €

ok c\/ k

D, 2pu—— ox, ox, ¢ 1.44
7, o34 Rey50) e 1.92
A - 03¢ " o, 1.0
i 1.0 T, 1.3

kinetic energy and rate of energy dissipation is pre-
sented below :

U(puk) ¢ He %
0x; 6' [<Hl+ cr,)@x_,]
o,  0d;\ 0
u (aﬁ )3, p(e+D)  (10)
Hpug) _ 0
6’( 0x,
2
—cfith ( ) Csz +£ (1)
where
k2
= phe, 2

The values for E,, Dy, f,, ¢1, ¢, ¢, /1, f, 01 and o, for
the Launder—Sharma model are listed in Table 1.

Solidification modeling. The solidification of alloys
mostly occurs over a temperature range. Therefore,
for a binary-alloy solidification in a continuous cast-
ing machine, three distinct regions can be dis-
tinguished : namely, liquid, solid and mushy regions.
In the mushy zone, solid and liquid phases coexist and
latent heat of fusion is released during the sol-
idification process. Basically, there are two main
approaches for modeling the solidification of pure
metal and alloys. They are multiple and single domain
methods. In the present study, the solidification was
modeled based on the single domain approach which
does not require to track the unknown interface. An
important feature of the single region formulation is
to incorporate the effect of the latent heat release at the
solid—tiquid interface or mushy region in the energy
equation. Among the various fixed domain techniques
for taking into account the release of latent are : appar-
ent or effective heat capacity methods, and enthalpy
based method. The latter approach was adopted in
the present work. In this technique, the total enthalpy
is decomposed into the sensible and nodal latent heat
in the energy equation :
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H=h+AH (13)

where :

h=Jv¢de (14)

T,

ref

and for constant c,, & = ¢,(T— T,). In order to estab-
lish the region of phase change, the latent heat con-
tribution is specified as a function of temperature i.e.
AH =f(T).

Since the energy equation is valid for the solid,
liquid and mushy regions, the nodal latent heat can
be related to the liquid fraction. It becomes zero in
the solid phase and equals the latent heat of fusion
(AH,) in the liquid phase. In the mushy region, latent
heat is assumed to be a linear function (or can be any
other function) of liquid fraction as:

AH = AH:f, (15)

where f; is the liquid fraction, which is a function of
temperature. The simplest function (linear function)
is formulated as follows:

1 whenT > T,
T—T,

fi= T whenT, 2 T>T,, (16)
0 whenT < T..

where T\ is the liquidus temperature, and T, is the
solidus temperature.

The final form of the energy equation is obtained
by substituting equations (6) and (13) into the energy
equation [equation (3)]:

5(Pﬁ,/ﬁ)_ﬁ KK i}_l _5(Pﬁjm
ox;  ox,|\Pr g, )ox, ox;,

The last term in equation (16) represents the latent
heat exchange due to solid-liquid phase change result-
ing from the turbulent convective flow.

A clarification is needed in the usage of this source
term in the present model. One should realize that the
present model is based on the assumption that the
solid fraction and liquid fraction in the mushy region
are moving at the same speed. This assumption can
be substantiated by the fact that in a real continuous
slab caster, in the upper part, a narrow mushy region
seems to develop. This is due to the highly turbulent
state of the molten metal from the inlet nozzle flow.
In this narrow mushy region, one can assume an equi-
axed solidification process to prevail, where an equal
velocity in the liquid and solid regions exists. In the
lower part of a continuous slab caster, the columnar
solidification in the mushy region seems to occur. Due
to the decrease in the momentum of the melt, the
liquid and solid velocities in the mushy region
approach to that of the casting speed. Thus, in the
lower part of the caster, one can safely assume that
the solid and liquid velocities in the mushy region are
equal to the casting speed. On the basis of the above

a7
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argument, the general form of the source term
(6(pa,AH)/0x;) remains the same and can be said to
be valid for both upper and lower parts of the caster.

Modeling of fluid flow in the mushy region. There are
presently two approaches for modeling of fluid flow
in a mushy region, i.e. variable viscosity and D’arcy
source methods. Since the first approach suffers from
the lack of information about viscosity in a mushy
region, in the present study, the second method was
adopted to model fluid flow in the mushy region. In
this approach, it is assumed that the flow in the mushy
region is governed by D’arcy laws for a porous media,
ie.

(18)

where K’ is the permeability, which is a function of
porosity, or, in the case of a mushy region of a binary
alloy, a function of liquid fraction. In this method the
permeability is defined in such a manner that when
liquid fraction decreases, permeability decreases, and
forces all the velocities to zero in the case of a station-
ary solid. Incorporating the diffusive and convective
momentum flux terms, one can write the modified
D’arcy equation in the following form:

i?_(pﬂ,ﬂ,) ¢

A E
Cx; ox;

i H _
(p+ ) ox, o e ‘E(Ui\—u[f

(19)

In the above equation, the coefficient /K’ decreases
from a large value in the solid phase to zero in the
liquid phase and consequently the D’arcy source term
vanishes as the liquid fraction becomes one. In order
to find a suitable function for the permeability of the
mushy zone, one should really consider the physics of
the solidification process. A well-known expression
for obtaining the permeability as a function of liquid
fraction for the mushy region can be deduced from
the Carman—Koseny equation as follows:

A M (20)

K fitg

The value of C in the above equation depends upon
the morphology of the porous media and ¢ is a small
positive number introduced to avoid division by zero.
In the present work, the value of C has been estimated
from the expression given by Minakawa et al. [16] as
C = 180/d* where d is assumed to be constant and
equal to the secondary dendritic arm spacing. The
value of d is of the order of 1 x 107* m. A large value
of C forces the velocity in the solid region (f; = 0) to
be equal to the casting speed, u; .

2.3. Boundary conditions

The schematic of a slab caster representing the com-
putational domain adopted in this work is shown in
Fig. 1. Using two-fold symmetry, the transport equa-
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tions have been solved for a quadrant of the system
as shown in this figure. The grid layout used in com-
putations is also shown in this figure. The following
boundary conditions were applied in this simulation :

Inlet boundary condition. All variables were
assumed to have a constant value at the inlet of the
nozzle.

u=u, t=w=0, h=h,,

k=001xud, &=cki?/0.05D. @

It is noted that the value of & and ¢ were selected from
semi-empirical equations presented by Lai et al. [17].

Free surface. The normal gradient of all variables
were set to zero except the velocity perpendicular to
the surface which itself was assumed to be zero.

v ow ¢k oe  Oh 0
dx  Ox  éx  ox  Ox

u=0. (22)

Symmetry plane. The same boundary conditions as
those of free surface, were used here.

at x—y symmetry plane:

@_61‘_9/{_@_6/1“0 _0 2
fz  éz 8z 0z 0z v= (23)
at x—z symmetry plane:

ou dw Sk dg  Oh

so=go=am == =0 v 0 24)

=~

) oy dy Oy Oy

Outlet. Fully developed conditions were adopted at
the outlet, i.e. axial gradients of all dependent vari-
ables were assumed to be zero.

‘u {v

dw Ok e oh
éx Ox Ox ¢Ox Ox Ox

=0.

(25)

Moving walls. The solidified shell at the moving
walls were withdrawn with casting speed. Therefore,
the following boundary conditions were employed at
these faces:

°h oh v
aV — AL = K(hshha) (26)
where 7 is the average heat transfer coefficient between
the solid surface and the surrounding. In this study,
an averaged heat transfer coefficient was used for the
mold region and a different averaged heat transfer
coefficient was employed in the submold region. The
values of the average heat transfer coefficients were
taken from the work of Lally et a/. [18] and are listed
in Table 3. It is to be noted that in equation (26) A,
represents the enthalpy at the surface and 4, represents
the product of ambient temperature and the specific
heat of steel.

Non-dimensionalization of the parameters. In order
to profit the advantage of generality, the partial
differential equations described above were non-
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dimensionalized using the following dimensionless
parameters:

X y z
== =2, Z==
X D’ Y D’ D’
U v W
U:—w, V:—*’ sz’
Uin in Uin
pPr — P , k*=i(—, 8*_212,
p0uizn |2n ufn
h AH e
= AH* = =P (7
h AFL Al M @7

where D is hydraulic diameter of the nozzle, u, is the
nozzle'’s inlet velocity and AH; is the latent heat of
fusion. It is noted that in the above equations as well
as all subsequent equations all overbars for time-aver-
aged quantities have been dropped for simplicity.
Combination of the turbulent and solidification
modeling with the Navier-Stokes equations and
applying dimensionless parameters [equation (27)]
yield to the general form of the governing equation as

follows :
o(U,d* i oD*
%X—):ﬁ< %X‘)m =123 (28)

The value of ®* and associated value of I'} are given
in Table 2.

Non-dimensional boundary conditions. Inlet bound-
ary condition :

U=1, V=W=0, h*=Hh},
k* =001, &*=c,(0.01)*7/0.05. (29)
Free surface:
a—V=Q—Hf=&=ﬁ=@=0 U=0. (30)
0X 40X 0X 90X oX
Symmetry plane:
at x—y symmetry plane:
0U_oV _ok* & o _ o w_o @1
0Z 90z 90Z 0Z o7
at x—z symmetry plane:
Q:ﬂ/:ﬁzg—@zo V=0 (32)
oY &Y oY 3Y 0
Outlet :
u_ov_w ok ot _an
0X o0X 09X 40X o0X X
Moving walls:
U=U =ufu,, V=W=k*=¢=0,
) (34)
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For the sake of simplicity in the subsequent sections
superscripts (*) sign from all variables are eliminated,
while the variables remain non-dimensional.

3. NUMERICAL SOLUTION

The governing equations [equation (28)] associated
with the boundary conditions [equation (29)-(34)]
were solved numerically using a control-volume based
finite difference method. A hybrid-scheme, which is a
combination of a central difference scheme and an
upwind scheme, was used to discretize convection
terms. The numerical solution procedure was based
on Patankar’s SIMPLE [19] algorithm. The algebraic
form of the general governing equation obtained from
the discretization of equation (28) can be written as
follows:

ap®p = anPy + as@g + ag O + aw Dy

+arPr+ag®y+by.  (35)

The above discretized equation relates the global value
of @ at the node P to its immediate six neighboring
nodes E, W, N, S, T and B with local production
terms. The coeflicients ag, aw, an, as, ar and ag are
called linking coefficients, which connect each neigh-
bor with the nodal value ®,.

The discretized equations were solved iteratively
using an implicit relaxation technique and employing
the well-known line-by-line TDMA solver until a con-
verged solution was obtained. The following con-
vergence criterion was considered in the present com-
putational study :

Ro= Y

allnodes

ap®p — Z Ay @, —b | (36)
nb

The iteration loop was terminated when the sum of
the residuals for each calculated variable were less
than 0.01. In order to accelerate the convergence, the
governing equations were first solved without invok-
ing solidification by assuming that the temperature at
the moving wall is equal to the liquidus temperature.
The results obtained from these runs were later used
as guessed values for the coupled fluid flow, heat trans-
fer and solidification runs. In this method, converged
solutions of the coupled set of equations were
obtained using the underrelaxation factor for energy,
turbulent kinetic energy and energy dissipation rate
of 0.2 or smaller, while for the other variables under-
relaxation factor was as high as 0.5.

Calculations were carried out for a grid size of
30 x 22 x 12 wherein a non-uniform grid was manually
distributed with the finer mesh distributions in the
vicinity of the solid walls. To verify the algorithm,
numerical tests were performed to ensure that the
solutions were grid-independent. An increase in the
number of the grids from 30 x 22 x 12 to 30 x 28 x 19
resulted in a maximum difference of 6% in the sol-
idified shell thickness at the mold exit. This difference
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Table 2. Summary of the non-dimensional governing equations for Launder and Sharma version of the low-Re k—¢ turbulent

model
Equation P* rs S
Continuity 1 0 0
1 op* G, ou A*
U-momentum U —(1 4 ¥ IRl [ o St B DL
R THD ax T ax, <r“’ ax) R
1 P 0 Uy  A*
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in shell thickness was less than 6% further down-
stream.

4. RESULTS AND DISCUSSION

The casting speed and thermophysical properties of
stainless steel 304 used in this simulation are given in
Table 3. All results discussed below are for a 0.34 m
submergence depth (which is defined as the vertical
distance from the meniscus to the center of the outlet
ports of the nozzle) of the nozzle unless otherwise
stated.

In order to ascertain the effects of the casting speed
on the flow patterns and solidification profiles, simu-
lation runs were carried out for two casting speeds
viz., 0.02 and 0.015 m s™'. Figures 2 and 3 show the
predicted velocity fields, solidus and liquidus
isotherms, and temperature contours in three separate
plots for the centrally symmetric vertical plane parallel
to the wide face of the caster for the aforementioned
two casting speeds, respectively. As seen from the
velocity fields displayed in these figures, the molten
steel, supplied through the submerged entry nozzle,
impinges onto the narrow face of the mold. After

impingement, the flow is divided into two oppositely
directed streams, each of which moves parallel to the
narrow face and later forms a large recirculation zone.
The upper recirculation flow is confined by the mens-
icus surface and the wide face of the slab. The lower
recirculation flow travels both downstream and
towards the wide face of the slab and a portion of it
returns towards the submerged entry nozzle. The flow
field in the caster thus can be characterized by the
location of the centers of the upper and lower recir-
culation zones and the impingement point. The two
turbulent recirculating zones lead to the enhancement
of the mass, momentum and energy transport in the
upper region of the caster. A comparison of the flow
fields for the two different casting speeds shows that
an increase in the casting speed results in a minor
change of the downward recirculation length. There
is, however, a change in the magnitude and shape of
the velocity in the axial plane (x—y plane). For exam-
ple, the axial velocity profile at around a non-dimen-
sional distance of 20 from the top free surface shows
that for the lower casting speed, the velocity profile
takes a more uniform shape compared to that seen
for the higher casting speed. This signifies that, for a
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Table 3. Thermophysical properties of steel, geometrical parameters and heat transfer coefficients used for the simulation

Variable Case A Case B
Thermal conductivity (liquid or solid) 3IWm™' K™ 26
Specific heat (liquid or solid) 700 J kg ' K! 720
Latent heat of fusion 264 kJ kg™! 272
Liquidus temperature 1454°C 1531
Solidus temperature 1400°C 1518

Inlet temperature 1470-1490°C 1558
Casting speed 0.01-0.02m s’ 0.0267
Viscosity 0.007 kgm~'s™! 0.0055
Density 7000 kg m~* 6980

Slab width 1.27m 1.05
Mold length 0.75 m 0.6
Slab thickness 0.254 m 0.22
Nozzle port width 0.058 m 56
Nozzle port height 0.1m 45
Caster length simulated 30m 3.0
Nozzle submergence length 0.340.23m 0.1
Heat transfer coefficient in the mold region 1500 Wm—K™! see ref. 20
Heat transfer coefficient in the submold region 750 Wm K™™' see ref. 20

higher casting speed, the effect of the impinging liquid
steel onto the narrow face of the slab is felt at a greater
distance downstream. Moreover, a stronger upward
recirculation zone is obtained in the case of a higher
casting speed, which leads to an increase of turbulence
at the free surface. Figure 4(a) shows the three-dimen-
sional velocity vectors on the two centrally symmetric
planes and the top free surface. An enlarged view of
the flow pattern for the upper part of the caster is
shown in Fig. 4(b). From this figure it is seen that
the reverse flow under the submerged nozzle is weak,
which can be explained from the nullifying effect
between the two oppositely directed flows ; the down-
ward flow comes from the free surface and the upward
flow is supplied by the lower recirculation flow under
the nozzle. The velocity fields in Figs. 2(a) and 3(a)
also show that, for both cases, the axial velocity is
quite uniform in the downstream region and the liquid
steel moves vertically downward in the casting direc-
tion.

Liquidus (1454°C) and solidus (1400°C) isotherms
in the wide symmetry plane for casting speeds of 0.02
and 0.015 m s~ are shown in Figs. 2(b) and 3(b),
respectively. From these figures it is seen that a thinner
solidifying shell is obtained within the mold for a
higher casting speed. The reason for this is that, at a
higher casting speed, the dwelling time of the sol-
idifying shell in the mold decreases and the convective
heat transfer between the liquid and solidifying shell
increases.

In order to verify the modeling of solidification, an
additional run, with parameters specified as case B in
Table 3 was carried out. The parameters for this case
were taken from the experimental work of Nakato
et al. [20]. Figure 5 compares the solidified shell
thickness predicted at the narrow face by the present
model with the measured data of Nakato et al. [20].
It is to be noted that the predicted shell presented in
this figure is curve-fitted to the data found from the

simulation. It can be seen from this figure that for
two-thirds of the mold the predicted shell thickness
matches the experimental one quite closely. For the
last one-third of the mold the shell thickness predicted
by our model and the experimental data differs. This
discrepancy is due to two factors. First, the exper-
imental data was for a curved mold while our pre-
diction is for a vertical mold. Secondly, although the
solidified shell profile on the center of the narrow face
along the casting direction was given in Nakato er
al’s [20] study, neither the experimental heat transfer
coefficient nor the experimental heat extraction rate
were reported in that paper. In absence of this infor-
mation we have used in our simulation the standard
heat transfer coefficient for the mold region reported
by various previous researchers in order to predict the
experimental solidified shell profile. In addition to the
above, if one considers the measurement uncertainty
in Nakato et al’s [20] results, the predicted profile in
this figure can be said to be in fairly good agreement
with the measured solidifying shell.

The effect of the casting speed on the temperature
distribution in the liquid region is given in Figs. 2(c)
and 3(c), respectively. In both cases molten steel with
26°C superheat (difference between the inlet and liqui-
dus temperatures) is introduced into the mold. For a
casting speed equal to 0.015 m s™!, liquid steel loses
about 18°C of its superheat upon impingement onto
the narrow face of the slab, while for a casting speed
of 0.02 m s™' the loss in superheat reduces to 15°C.
The available superheat at the impingement area is
sufficient enough to remelt the mushy phase, which is
seen to develop from the top surface on the mold wall.
This phenomena will be described in greater detail in
the relevant section which follows. These figures also
show that large temperature gradients develop near
the solid-liquid interface, while there exists low tem-
perature gradients in the bulk of the melt due to well
mixing from the turbulent convective flows. The vari-
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Fig. 2. Computed results at the vertical centrally symmetric plane paralleled to the wide face for a casting

—1

speed of 0.02 m s

and 26°C superheat: (a) velocity vectors, (b) liquidus and solidus isotherms, (c)

temperature contours.

ation of the temperature gradient in various parts of
the caster is due to the effect of turbulent flow on the
heat transfer mechanism. In the region close to the
wall, where the turbulence effect disappears, a high
heat transfer rate is the manifestation of a high tem-
perature gradient, while far from the liquid—solid
interface, where turbulent thermal diffusivity is domi-
nant, the temperature gradient decreases due to
intense turbulent mixing. The highest temperature
gradient is seen to form near the impingement area on
the narrow face of the mold, which in turn illustrates
the region of the highest superheat removal and the
lowest solidification rate. From the isotherms in Figs.
2(c) and 3(c) it is seen that, at the bottom of the
solution domain for 4, = 0.015 m s~ ' the liquid phase
almost vanishes, while for the higher casting speed

(4, = 0.02 m s™') the liquid metal is very close to the
liquidus temperature. This can be also attributed to
the lower dwelling time of the steel for a higher casting
speed.

In order to study quantitatively the level of tur-
bulence in the slab caster process, the non-dimensional
turbulent viscosity contours on the free surface and
two vertically symmetric planes for a casting speed of
0.015 m s~ and 26°C delivered superheat are shown
in Fig. 6. In this particular case, the turbulent viscosity
varies from zero to 1400 times the molecular viscosity.
A zero value of the turbulent viscosity appears in the
solidified shell as well as on the submerged nozzle
walls, and it increases with the increase of the lateral
distance from the solid shell into the bulk liquid phase.
The highest value of the turbulent viscosity is observed
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temperature contours.

under the nozzle, and decreases by expanding the
closed loop contours towards solid walls. Due to the
wide variations of turbulent viscosity within the caster
and considering the fact that the turbulent viscosity is
a flow property, it can be concluded that an ad hoc
viscosity model, which uses an artificially enhanced
melt viscosity, cannot be an acceptable modeling
approach for the simulation of turbulent flow of
molten steel in a continuous-slab casting process.
Figure 7 shows the developments of the solidifying
shell and mushy region along the wide and narrow
faces of the slab caster for a casting speed of 0.02 m
s~' and 26°C inlet superheat at various transverse
cross-sectional planes downstream from the top free
surface. At non-dimensional axial distance, x = 0.3

(0.026 m from the top) a very thin layer of solidified
shell is seen to develop on the mold walls. With the
downward distance, as more heat is extracted through
the solidified shell, the thickness of the solid layer as
well as the mushy zone progressively increases. The
solid layer and the mushy zone each take almost a
round shape around the corner of the mold, which is
due to the higher heat extraction rate through the two
sides of the mold walls, i.e. heat transfer from both
of the transverse directions. The wavy shape of the
mushy-liquid interface and remelting of a part of the
mushy region, especially at the narrow face of the slab
at around x = 3.4 is due to the impingement of the
superheated liquid steel from the inlet nozzle on to the
mold wall. The side streams from this inlet flow are
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a)

Fig. 4. Three-dimensional surface plot of the velocity vectors for a casting speed of 0.015 m s™! and 26°C
superheat ; (a) the complete solution domain, (b) enlarged view of the top domain.

responsible for shifting the mushy layer in the direc-
tion of the flow. The remelting of the mushy layer
reduces the sensible heat of the liquid steel and thus
promotes the dissipation of the melt’s superheat. It
can be seen from these figures that the thickness of
the mushy layer at the wide face of the slab caster is
maximum at the central symmetric plane. Relatively
rapid rate of growth of the solid shell and mushy
layer at the center of the wide face, compared to the
corresponding growth rate at the wide face close to
the narrow side, is due to the fact that the center
region is fed essentially by the low superheated melt.
This melt comes from the downflow stream of the
impinging jet at the narrow face. As the downflow
stream moves along the cooled narrow face it loses

most of its superheat and moves up through the center
of the strand towards the SEN. At further down-
stream, liquid steel progressively loses its superheat
and the growth of the mushy layer on the narrow faces
resumes. The decrease of the liquid superheat results
in the reduction of the convective heat transfer at the
solid-tiquid interface, which in turn allows the mushy
and solid layers to grow at a faster rate downstream
of the strand.

Similar trends in the growth rate of the solidified
shell and mushy region as seen in Fig. 7 are also
observed for a casting speed of 0.015 m s~' with an
inlet superheat equal to 26°C. Figure 8 shows these
results in a similar format as Fig. 7. From this figure,
it is observed that liquidus isotherm reaches to the
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this study ( for case B) with experimental data from Nakato
et al. [20].

wide symmetry plane (Z = 0) at around X = 6 below
the top free surface and returns back further down-
stream due to remelting. This location coincides with
the small dead zone seen under the nozzle, which is
influenced by the recirculatory motion of the super-
heated liquid steel. Further downstream from the free
surface, since the liquid temperature is close to the
liquidus temperature, the liquid phase region dimin-
ishes at a faster rate and vanishes at the exit. For this
lower casting speed the solidification rate is also higher
compared to the higher casting speed.

In order to study the effect of delivered superheat,
Fig. 9 is plotted for the same set of parameters as Fig.
3 except for a superheat of 16°C. A comparison of the
Figs. 3(a) and 9(a) show that there is an insignificant
effect on the velocity profile due to a change of super-
heat at 10°C. This change in superheat does not sig-
nificantly affect the thickness of the solidifying shell,
but it does change the extent of the mushy region,
especially at the lower part of the caster.

In order to find the effects of the nozzle sub-
mergence depth on the flow, temperature and sol-
idification profiles, the mode} was run for the same set
of parameters as for Fig. 3 but with a submergence
depth of 0.23 m instead of 0.34 m. The results of
this simulation are portrayed in Figs. 10 and 11. A
comparison of Figs. 10(a) and 3(a) shows that with
the decrease of the immersion depth of the nozzle, the
upper counter-clockwise recirculating zone becomes a
little stronger while the lower and bigger clockwise
recirculating zone becomes weaker. A higher tur-
bulence level at the free surface due to a lower nozzle
immersion depth may result in an unwanted entrap-
ment of mold flux within the melt and can significantly
affect the quality of the cast. The decrease of the
immersion depth results in a corresponding decrease
of the impingement point of the jet on the narrow face.
A comparison of the liquidus and solidus isotherms in
Figs. 10(b) and 3(b) reveals that for a shallower
nozzle, the liquid steel dissipates its superheat faster
which may be attributed to the higher turbulence mix-
ing in the case of a shallower immersion nozzle. The
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Fig. 6. Three-dimensional surface contour plot of non-
dimensional turbulent viscosity for a casting speed of 0.015
m s~ and 26°C superheat.

appearance of the mushy zone across the whole width
in the upper part of the submold region is a testimony
of the above fact. For a smaller nozzle submergence
depth, the liquid steel loses its superheat earlier during
its downward flow, a thicker solidified shell is seen to



4418

S. H. SEYEDEIN and M. HASAN

2 .34 “« .85 - "
1 ) - - © O
¢ -
z Z ° 7
Y 4 Y 1~
2 4 2 A
7 3 1400
4 .-
5 1 s -

1400 L e - §
|i 7 1400 7 4 !

%X=0.3 X=0.9 =2.2
- @ a . oag @« .oy
- « © © - - -

0 0" -

z 11{z/ z

4 Y 14 g Y 14
2 - 2 -

$

1+ 3 - W
n 4 é 4
5 5
s - s -

l ] L RN

X=53 X=71 X=13.6

- o L .I >| c At o
[ R -
z z ° z
14 Y 14 Y
i | 4

X=3.4 X=4.1 X=47
@ .2 s . 230 2. 3%
TS i S S LS 9
0 01 -
Z Z Z
/ Y 1 Y 14 Y
3 24 |8 24 |§
3 4 34
4 - 4 -
5 5
g g
3 k s 8 - \
14 1L 7 -l -
X=20.2 =26.7 X=33.3

Fig. 7. Contours of solidus and liquidus temperatures at various transverse cross-sectional planes (Y-Z
planes) for a casting speed of 0.02 m s~ and 26°C superheat.



[ 1454

| 400

X=0.3

1454

1400
s

\

X=6.3

- o
[ I S S |
11 z
]
21
3'] 1454
4
5 -~
1400
e (T
7 \
X=0.9
a - g <
[ S S
0 - Z
19
2
3
‘1 1454
5
1400
6 -
7
X=7.1

3D simulation of coupled turbulent flow

15

1400

=2.2

0.5

X=13.6

‘T
5
-

7

1400

X=20.2

‘T
6
7

1484

X=4.1

1454

L

X=26.7

4419

1454

1400

X=4.7

1454

]

X%=33.3

Fig. 8. Contours of solidus and liquidus lemperatures at various transverse cross-sectional planes (¥-Z
planes) for a casting speed of 0.015m s~ ' and 26°C superheat.



4420

10

20 -

Velocity scale 4
—_—
B T 0 W W T
T—=
xWosoo==3% ¢
”’,,,.._~\\|;
A
!‘ ] .
s
.-..--\\~s.,,|“.
TR PYFET
AR NNNL
e e e s
LLLTRE I I Y I A B B B
#0400 > 4 2 ¢ ¢ 4 & 1 4 ' w
T U I T T T T B T T B B B
Fe00 4 4 3 & & & ¢ & 0t v 4
LY T R R R R T N S B T SRR
LU R I R T T T S A T B B B N
YT T T T T S T T B N B B N
LT I I T BT R IR I AT BN DA B B
YT LI T R T T R T Y B B BN B
8948 1 5 8 5 8 4 & % ¢ & b AW

(a)

S. H. SEYEDEIN and M. HASAN

104

20 ~§

1400

(b)

10+

15+

20 -

? '; f:‘ M e Vo ~
(m
Xg 14576
i}
_ 1463
\,‘Q‘
-5
o
e
%
b

(©

Fig. 9. Computed resuits at the vertical centrally symmetric plane paralleled to the wide face for a casting
speed of 0.015 m s™' and 16°C superheat: (a) velocity vectors, (b) liquidus and solidus isotherms, (c)

temperature contours.



10

oo o

15 s o

e o

e

YT

e

354 e s s

e

0

Fig. 10. Computed results at the vertical centrally symmetric plane paralleled to the wide face for a casting
speed of 0.015 m s~', 26°C superheat and SEN = 23 c¢m; (a) velocity vectors, (b) liquidus and solidus

(a)

3D simulation of coupled turbulent flow

ro
- 1
-3
L4
=
-6
-7

104

15

30 4

1400

35

(b)

isotherms, (c) temperature contours.

15

30 4

35

4421

(©



4422

18
os

- L] L 3¢ " .2
g [Or S -’ A Y )
0 0~ 0
z ¥4 2
14 Y 14 Y 4
1 < 2 - 2
3 4 o454 3+ 3 4
1454
4~ 'e ’1454 ‘-
S 8 5 -
s ¢ e -
1400 1400 1400
' A ]
X=0.24 X=0.7 X=1.7
Q. = i 3 e 2 - S e
[ ' [ - 1
[ 0 A Oj
1 Y - Y 14
2 1454 2 4 14e4 2 -
34 31 39 1454
| T 4 | -1400 4
s 4 s 5 +,uoo
o ¢ - 8
7 - 7 - 7 - ‘
S g‘
X=4.1 X=5.6 X=12.5

S. H. SEYEDEIN and M. HASAN

I 2 .36 -
Lo a2 [N [ -]
° [ 0 [
11z 10 z 1Mz
14 Y '1 Y 1 Y
2 2 - 2 4
1454 1454
3 3 4 34
1454
4 4 - 4 -
s § 5
- L s
L] 1400 1400 o 1400
7 7 - 7 <
X=2.6 X=3.1 X=36
2 .25 2 .36 -
i [ S S} [T S '
04 0 oo L
z Zz 4
1+ Y 4 Y 1 Y
2 2 2
34 1454 34 34
4 - 4 - e
$ § 5 -
1400 1400 [ 1400
6 L 8
7 < \ 79 \. 7 - AN

X=19.4 X=26.3 =331

Fig. 11. Contours of solidus and liquidus temperatures at various transverse cross-sectional planes (Y-Z
planes) for a casting speed of 0.015m s~', 26°C superheat and SEN = 23 cm.

form in the lower part of the caster, which can be seen
through a comparison of Figs. 8 and 11.

5. CONCLUDING REMARKS

In this study, a three-dimensional control volume
based finite-difference model, along with the associ-
ated computer code, have been developed to obtain
the numerical solution of the coupled turbulent flow,
heat transfer and macroscopic solidification in the
mold and submold regions of an industrial size con-
tinuous caster for steel slabs. A low Reynolds number
k—¢ model was used to account for the turbulence
effects in the liquid metal and an enthalpy—porosity
scheme was employed to model solidification of the
mushy region. Numerical accuracy of the model was
tested by comparing the predicted solid shell with the
only known experimentally measured solidified shell
thickness for a slab caster. A very good agreement

was obtained between the theoretically predicted and
experimentally measured solid shell thickness. By
rationally varying the parameters, the model is then
used to predict the effect of casting speed, delivered
superheat and submergence depth of the nozzle on
flow pattern, shell thickness and growth rate of the
mushy region, and temperature and turbulent vis-
cosity distributions in the liquid and mushy regions
within the caster. The model predicts that most of the
inlet superheat is removed in or just below the mold.
The model also shows the growth, melting and
regrowth of the mushy region at the center of the wide
face at a level below the inlet jet impingement region
on the narrow face within the mold. Results show a
relatively rapid rate of growth of the solid shell and
mushy region near the center of the wide face com-
pared to the edges. Results also indicate that, except
for the vicinity of the jet impingement region, the inlet
superheat has minimal effect on the growth rate of the
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solid shell and mushy layer while the casting speed
has the most important effect. Except for the central
portion of the strand underneath the nozzle, a 50%
increase in the casting speed from 0.01 m s™' has
shown no change in the turbulence level at the top
part of the mold. The nozzle with a smaller sub-
mergence depth is seen to enhance the solidification
rate, especially in the submold region of the caster.
The present study clearly signifies the importance and
need for a three-dimensional, conjugate turbulent
flow, heat transfer and solidification modeling study
for a continuous-slab casting process. Prior modeling
studies related to continuous casting processes, which
have employed their ad hoc effective thermal con-
ductivity or ad hoc effective viscosity approach or
have uncoupled the process of solidification from heat
transfer and fluid flow, cannot provide realistic results,
particularly for a slab caster.
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