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Abstract—Steelmaking tundish is an important metallurgical
reactor, where various processes are carried out in order to make
clean steel. In the present work, a three-dimensional numerical
investigation has been carried out on two-strand slab caster tundish.
The effect of the length of ladle shroud, advance pouring box (APB)
and its wall inclination angle have been studied by analyzing the
various fluid flow characteristic values of the tundish. Furthermore,
tundish with APB has been considered to assess the hydrodynamics
of steel flow and inclusion flow behavior inside tundish. The sizes of
inclusions have been varied to understand the inclusion floatation
phenomenon. The numerical code has first been validated against the
experimental observation performed on a reduced scale slab caster
tundish made with Perspex sheet and water as working fluid. The
results show that ladle shroud length, APB and its wall inclination
angle have a significant effect on the fluid flow characteristic of the
tundish. Further, the effect of these parameters has also a significant
impact on inclusion floatation in the tundish.
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1. INTRODUCTION

Continuous casting of steel has become a widely-used process
for manufacturing steel products. The requirement of high-
performance clean steel and strict control over compositions
made the tundish an extensive field of research[1-3]. In the
last couple of decades, the tundish is seen as the last
metallurgical reactor[4] where alteration can be made
according to the cleanliness[5]. The requirement of clean steel
has made significantly impact on the amount of production of
the stringent quality steel. The increase in throughputs and
requirement of larger product dimensions, the production of
clean steel has become a challenge for steelmakers[6]. Thus,
clean steel and strict composition control are now becoming
the primary concern of steelmakers. The researchers across the
world have made emphasis on the study of fluid flow
phenomenon in tundish in order to optimize the tundish
operation and maximize the quality of output[1,7-10]. The
fluid flow characteristic of tundish can be altered by changing
the various design of tundish furniture i.e., advance pouring
box (APB), shroud length, dam, and weir etc[11]. Various

researchers have worked on the different design of tundish
furniture etc. to optimize the tundish operations and enhance
the quality of tundish output. Further, removal of non-metallic
inclusions is a challenge for steelmaker due to the availability
of very short time period. A modification in melt flow in
tundish can change the course of inclusion floatation and
further it can maximize the inclusion removal. The
modification of melt flow can be done by minimizing the
stagnant volume fraction and optimizing the flow conditions
in the tundish. The change in tundish design has a significant
impact on intermixing phenomenon inside the tundish The
fluid flow characteristics are dependent upon certain design
parameters of the tundish[12,13]. Very little information is
available on the effect of design parameters particularly the
design of APB and shroud depth. These parameters affect the
fluid flow configuration inside the tundish and hence, their
effect on the fluid flow characteristic will be an interesting and
useful observation for the steel industries

In present work, physical and numerical investigations have
carried out on two strand slab caster tundish. A numerical
model has been validate against the experimental results
obtained from water modelling studies. The effect of shroud
depth into tundish bath and wall inclination angle of APB has
been studied by analysing the various fluid flow characteristic
of the tundish. Furthermore, inclusion floatation behaviour
inside tundish and its removal have been studied by
considering different sizes of non-metallic inclusions.

2. PHYSICAL DESCRIPTION

1 shows schematic diagram of experimental setup and
dimensions of full-scale tundish as well as advanced pouring
box (APB) respectively. A reduced scale model (scale factor
of A= 1/3) of six strand boat shape billet caster tundish made
of the transparent thermoplastic acrylic sheet has been used for
water modeling. The dimensional analysis requires similarity
of different dimensionless numbers such as Re, Fr, Ri and We
etc for reduced scale laboratory setup. The flow behavior
inside tundish is largely affected by these dimensionless
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numbers. It is impossible to accurately maintain both
Reynolds and Froude similarity simultaneously in reduced
scale modeling studies using fluid of similar kinematic
viscosity. So, it is assumed that flow phenomena in tundish are
largely dominated by the inertial and gravitational forces (i.e.,
Froude number) rather than the viscous forces (Reynolds
number)[5]. In this case, geometric similarity has been
maintained by keeping the dimensions of the model and
industrial tundish in the same ratio and dynamic similarity is
achieved by considering the inertial, viscous and gravitational
forces. Pure water was used as a fluid medium (at room
temperature) as it has equivalent kinematic viscosity to molten
steel. The water model has a close resemblance of flow
dynamic properties to the industrial size tundish and hence,
sufficient accuracy of theiso-thermal study of steel flow in
tundish is expected[14]. Table 1 shows the characteristic
parameters of reduced scale model and full-scale tundish.
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Fig. 1: Diagram and Experimental Setup

Table 1: Characteristic parameters of the model and full-scale
slab caster tundish at steady state operating condition.

Parameters 2= 1/3 Scale model Full scale tundish
tundish

Inflow rate 0.2x10° m¥/s 6.4x10° m®/s

Bath height 30 cm 90 cm

Length 97.6 cm 293 cm

APB height 6 cm 18 cm

Volume 0.0495 m*® 3.168 m*

Density 1000 kg/m® 7020 kg/m®

Viscosity 0.001 Pa.s 0.0067 Pa.s

3. MATHEMATICAL MODEL

Governing equations

Continuity:
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In equation (8), the integration is carried over a time span 2t
with an equal interval of time step

Fraction of dead volume of the tundish :1—t—’
T (8

Break through time, t, = First appearance of tracer at the

exits ©)
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Fraction of plug volume = p_P (10)
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Fraction of mixed volume= Vin _ 1-| 2+ Ve (11)
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3.2 Turbulence Models

The standard k-¢[3] turbulence model in which the solution of
two separate transport equations, allows the turbulent velocity
and length scales to be independently determined. Governing
equations for turbulent kinetic energy (K) and that for rate of
dissipation of turbulent kinetic energy(€) are as follows:
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The turbulent (or eddy) viscosity, M, is computed by
combining k and ¢ as

KZ
He = pcu ?

where, C, is a dimensionless constant. According to the
recommendations of Launder et al. for turbulent flows,
following values have been adapted for constants[4]

C1,=1.44, C,,= 1.92, C,=0.09, 6,=1 and 6,=1.30

Reynolds stresses are computed by the following Boussinesq
relationship[5]

o (U 0U 2
W= ax] axi 3p u

2
= 2Si; — 3 pk6;

(14)

3.3 Numerical Details

A three dimensional unstructured tetrahedral mesh was used
for numerical simulations. A control volume based technique
has been used to convert the governing equations to algebraic
equations. Second-order upwind discretization scheme was
used to discretize the transport equations. The SIMPLE
algorithm was used for pressure-velocity coupling and body
force (due to gravity) has been considered. The species
equation was solved in the complete flow domain
Computation was carried out for half of the tundish because of
prevalence of symmetry at the centre plane. Fluid flow in
tundish was considered predominantly turbulent, hence, the
standard k-¢ turbulence model was considered. The species
equation was solved in the complete flow domain. The CFD
software ANSYS Fluent 13.0 was used for solving the set of
equations and generating the results. The side walls and
bottom were set to a no slip condition with zero velocity and
the turbulent quantity has been set from the logarithmic law of
the wall of k-¢ models. Turbulence intensity at the inlet was
specified at 2 % and at the outlets, atmospheric pressure was
assumed to be present. At inlet nozzle, the mean vertical
velocity was assumed to be uniform through its cross section
and other two perpendicular velocities are assumed to be zero.
All velocities were set to zero at any wall. The upper top
surface was assumed as a free surface. The top surface was
considered as a shear-stress free plane. The predicted flow
field information was then used as input for the transport
equation for inclusions, which was then solved, taking into

account the buoyancy, turbulent dispersion, and the effects of
particle size and density. Inclusion trajectories were calculated
using a Lagrangian particle tracking method. Statistics were
gathered to quantify the fates of 1000 inclusion trajectories for
each particle size. The percentage inclusion removal from
outlet has been calculated. The inclusion trajectory removal
cases inclusions touching the side wall were assumed to
reflect. Inclusions that were reaching the top surface were
assumed to be trapped and at the outlet they were assumed to
be escaped

A well-designed tundish should be able to promote the
flotation of inclusion particles. In a quiescent melt, for
inclusion particles small enough to obey Stokes’ law, the
terminal rising velocity of the inclusion particles,VS may be

given by Stokes’ relation.

V. - g(p-p,)d°
18u

The mean local inclusion velocity components, W, needed to
obtain the particle path, are obtained from the following force
balance, which includes drag and buoyancy forces relative to
the steel

du
d—t"zFD(u—up)Jr o

(15)

X (16)

4. VALIDATION

Before proceeding with the computation of two strand slab
caster tundish, the numerical code has been validated against
the experimental result of a water model of two strand tundish
for the RTD curve validation in Fig. 2. The experimental
result and the computed result nearly match with each other.
Thus it is evidently confirmed that the FLUENT based model
is able to simulate the observed flow phenomena fairly
realistic, as the extent of mismatch between the two curves are
not very high.
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Fig. 2: Comparison between experimental and
computed RTD curves
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5. RESULTS AND DISCUSSIONS

The numerical investigations have been carried out on various
design parameters of two strand slab caster tundish. The effect
of RTD parameters have been calculated and are summarized
in table 1. The depth of shroud is an important parameter that
affects the melt flow profile. It can be seen from Table 1 that
the value of t.;, has increased when the shroud depth was
increased. It is observed that an increase in shroud depth has
also significant impact over the reduction of dead volume
fraction inside tundish.

Table 2: RTD parameters and the associated volume fractions in
a two strand bare tundish system
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The minimization of dead volume of melt can enhance the
tundish operation efficiency and reduces the chances of melt
solidification inside tundish.

Fig. 3 shows the velocity vector profile obtained at the inlet
plane (ZY) of tundish at different depth of shroud. It is noted
here that shroud depth has significantly change the course of
melt flow in tundish. The small recirculation of melt can be
seen when shroud depth is low
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Fig. 4: RTD curves obtained on different design of
tundish shroud depth

Fig. 4 shows the C-curve obtained on different design of
steelmaking tundish. It is seen here that the peak concentration
value of F-curve varies according to shroud depth.
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Fig. 5: RTD curves obtained on different design of
APB wall inclination angle.
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Fig. 5 shows the RTD curve obtained on various wall
inclination angle of APB. It is seen that a lower wall
inclination angle have more diffusion of incoming melt in
tundish. However, an increase in angle has decreased diffusion
and mixing tundish.
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Fig. 6: Percentage removal of inclusion particles in a two
strand bare tundish at different shroud length.

In addition to this, inclusion removal and floatation study has
been carried out on two parameters of tundish design viz. on
shroud depth and wall inclination angle. In this study, various
diameters of inclusion has been taken to study the effect of
inclusion sizes on floatation phenomenon. Fig. 6 shows the
relationship between shroud depth and removal percentage of
inclusions. It is seen that maximum percentage of inclusion
particles are trapped at shroud depth of 25%.
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Fig. 7: Percentage removal of inclusion particles in a two strand
tundish at different APB wall inclination angle.

However, an opposite phenomenon has been seen when
inclusion size is larger i.e., 150um. It can be also noted that
the larger shroud depth i.e., (40%) has no significant impact
on inclusion removal from steelmaking tundish. Hence, a
lower shroud depth can cause more mixing of inclusion
particles in steel products. Furthermore, APB wall inclination
angle has also greater impact on inclusion removal. Fig. 7
shows the relationship between APB wall inclination angle

and inclusion removal percentage. It is seen that an increase in
APB wall inclination angle increases the inclusion removal
percentage. However, there is very little impact over the
removal of large inclusion diameter

6. CONCLUSION

Physical and numerical investigation has been carried out on
two strand slab caster tundish. The numerical code has been
validated against the experimental result obtained from
reduced scale slab caster tundish. In present study, the effect
of shroud depth and wall inclination angle of APB has been
studied. The effect of aforesaid parameters have been studied
on the basis of characteristic RTD parameters and on removal
of inclusion particles from tundish. The sizes of inclusions
have been varied to understand the inclusion floatation
phenomenon. It is observed that shroud depth and APB wall
inclination angle have significant impact on characteristic
RTD parameters. The peak value of dimensionless time,
mixed and dead volume is greatly affected by the change in
each design parameters. Further, the effect of these parameters
has also a significant impact on inclusion floatation in the
tundish.
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