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1. Introduction

The increasing demand for high-
quality steels requires continuous im-
provement and strict control of the
process by the steel companies. The last
metallurgical vessel through which mol-
ten steel flows before solidification in the
continuous casting mold is the tundish.
Therefore, the appropriate project and
operation of a tundish are essential to
obtain cleaner steels. To enhance inclu-
sion removal, flow modifiers such as
dams and weirs have been introduced
into the tundish. These devices are de-
signed to direct the steel flow toward the
top surface and to increase the effective
residence time of steel in the tundish.
Both effects intensify inclusion flotation
(Sahai, 2016; Chen et al., 2014; Chatto-
padhyay et al., 2010). In addition to the
flow modifiers, the injection of inert gas
has been considered (Chang et al., 2016;
Zhang et al., 2006).

Several studies suggest that inert
gas bubbling at the bottom of the tundish
enhances inclusion removal. Gas curtains
could play a role similar to the flow modi-
fiers. Some authors also stated the possibil-
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ity of inclusion removal by attachment of
the inclusions to the bubbles. However,
the probability of this event is very small,
even for microbubbles (Rogler, 2004;
Arcos-Gutierrez et al., 2012).

The majority of the studies on
inclusion removal by gas injection have
been carried out through physical and
mathematical modeling. Usually, the pre-
dictions are based on flow characteristics
in the tundish, such as Residence Times
Distribution (RTD) curves (Cwudzinski,
2018; Neves and Tavares, 2017). There
are few studies dedicated to simulating
the inclusion removal in physical models.
Some authors investigated the behavior
of inclusions using mathematical models.
Cwudzinski (2010), using the Euler-
Lagrange mathematical model consider-
ing integral capture of the inclusion at
the free surface, obtained removal rates
from 88% for inclusions of 10 pm. Using
the same approach, Ramos-Bandeiras et
al. (2003) showed that, at least, 70% of
the inclusions were eliminated from the
molten steel. Both results demonstrated
that removal efficiency is almost inde-
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pendent of inclusion sizes. Industrial tests
of gas injection in the tundish (Kumar et
al., 2009; Meijie et al., 2011) have shown
that the number of inclusions found in
the solid metal was significant. Kumar
et al. (2009) observed a reduction of 33
to 70% in inclusions of size greater than
50 pm and a reduction of 13 to 36% in
inclusions of 25 to 50 pm. Therefore, the
classical Euler-Lagrange model seems to
have limitations in predictions of inclusion
removal rates.

Ruckert et al. (2009) and Warzecha
et al. (2013) achieved satisfactory results
in an attempt to overcome the prediction
of overestimated inclusion flotation rates.
The authors proposed a special boundary
condition for the free surface in the math-
ematical model, which limits the capture
of the inclusions based on their velocity.
However, the studies did not include gas
injection in the tundish.

The present study aimed at evalu-
ating the efficiency of removal of inclu-
sions in a tundish equipped with a gas
injection system and flow modifiers using
mathematical and physical modeling.
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The inclusions were simulated by hollow
borosilicate microspheres. The on-line
counting of the inclusions at the exit of

2. Methodology

The present study investigated
fluid flow and efficiency of inclusion

2.1 Physical model

The physical model is a 1/3 reduced
scale of a real two-strand tundish. A
schematic view of the physical appara-
tus is illustrated in Figure 1. The char-
acteristics of the tundish are presented
in Table 1. For the configurations with
gas injection, two porous plugs were
installed at the tundish bottom, equi-
distant from the center. Produced with
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the tundish was carried out using the
Aqueous Particle Sensor 3 probe (APS
III). Furthermore, a special boundary

removal for different tundish configura-
tions. The physical and mathematical

the same material used in industrial
plants, the plugs have dimensions of
0.150x0.02m and thickness of 0.02m,
covering the full width of the bottom of
the tundish. The plugs were located at
0.28,0.56 and 0.84m from the tundish
inlet. The water and gas flow rates were
estimated based on the Froude and
modified Froude numbers according

condition to describe the behavior of the
particles at the free surface was proposed
in the mathematical model.

models are described below.

to geometric and dynamic similarity
criteria Mazumdar et al. (1999). The
water flow rate is 50 L/min and the gas
flow rate is 3NL/min in each porous
plug, corresponding to flow rates of
779L/min and 46.76 NL/min in the
industrial tundish, respectively (Men-
donga, 2016). The configuration with-
out gas injection was also studied.

Amplifier
interface

G ey e G

APS I

..'

" 1
\Conductlwty meter

Figure 1 - Schematic view of the physical model of the tundish.

Table 1 - Characteristics of the physical model of the tundish.

Parameters Value
Width: upper/lower (m) 0.33/0.155
Tundish Steel level (m) 0.276
Length: upper/lower (m) 2.76/2.66
Diameters: internal/ 0.026
Ladle shroud external (m) 0.037
Distance from the bottom (m) 0.18
Distance from the bottom (m) 0.07
Weirs Distance from the centre (m) 0.48
Thickness (m) 0.01
Height (m) 0.12
Dams Distance from the centre (m) 0.75
Thickness (m) 0.01
Tundish outlet Diameter (m) 0.065
Distance from the centre (m) 1.128

The inclusion removal efficiency was
quantified using the APS III (Aqueous
Particle Sensor 3), which counts particles
online during the test. Its operation is
based on the existence of a difference
in electrical conductivity between the
particle and the working fluid. The fluid
with a suspension of particles simulating

inclusion passes through a narrow orifice.
Two electrodes apply a constant electric
current to the orifice. When a particle
passes through the orifice, the voltage leap
is recorded and its magnitude indicates the
particle size (Chakraborty, 2010).

Each test with the APS III was per-
formed in triplicate. In addition to the dif-
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ferent tundish configurations, bench tests
were carried out for reference of particles
size distribution in the tundish inlet flow.

Hollow borosilicate microspheres
were used to simulate inclusions.
They were introduced into the ladle
shroud with a flow rate of 68 ml/min
(1.13x10° m>/s) by a peristaltic pump. The



particle storage had a concentration of
1 kg/m>. Each test lasted approximately
6 theoretical residence times. The effi-
ciency of particle removal was evaluated
according to the methodology applied by
Chakraborty (2010).

Experimental tests for RTD curves

c

C=—
q/V,

tund

where cis the concentration of tracer in the
output (kg/m?) over time ¢ (s), g is the mass
of the tracer injected (kg) and V,  is the

2.2 Mathematical model

In the mathematical modeling,
the air/water fluid flow was described
by the Eulerian-Eulerian approach,
while the trajectories of the particles
(discrete phase) were described by the

a(rp,)
at

where / and g represent the liquid and gas-
eous phases, the term r is the volume frac-

a( A

ot

- (V. r.p, vg) (3)

were also performed on the physical model
to validate the results of the mathematical
model, by comparison of these curves.
The ‘pulse-input” method was employed.
In this method, a salt solution, named
tracer, is introduced rapidly into the wa-
ter supply (ladle shroud) and the change

tundish volume (m?). Additionally, a camera
was used to take images of the gas curtain
in order to evaluate the average bubble size

Eulerian-Lagrangian formulation.

In the Eulerian-Eulerian approach,
both phases interpenetrate and interact
with each other. The continuity and
momentum equations for each phase

ot

tion, p is the density of the fluid (kg/m?), vis
the velocity vector (m/s). Each phase has its

(1) 0=—"""

theoritical

a(rp,) )
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in salt concentration is measured by a
conductivity meter in the tundish outlet.
The RTD curve is a plot of dimensionless
concentration of salt into the dimension-
less time. The curve (C) and dimensionless
time (0) are defined by Equations 1 and 2
(Sahai and Emi, 1996).

()

to be used in the mathematical model. 84
samples of bubbles were measured through
equivalent diameter definition.

are solved together. The continu-
ity equations for gaseous and liquid
phases are given by Equations 3 and
4, respectively.

governing equations. The momentum equa-
tion for the liquid phase can be expressed by:

=-(V.p,rvv)-rVp-(V.1)+rp g+M, (5)

The corresponding momentum equation for the gaseous phase is:

d(p rv

g8 8

ot

)
=-(V.p,r,vyv,)-r,Vp-(V

‘cg)+rgpgg+/\/lg/ (6)

The Boussinesq proposal was used to introduce the effects of turbulence (Seshadri ez al., 2010).

T = r//‘eﬁf[vv/+ (W)l &

where g is the gravity vector, y_ repre-
sents the gas viscosity (kg/m s) Mg 18
the effective viscosity that is the liquid
viscosity y, combined with turbulent
viscosity y,. The term M, (kg m/s) is
the transfer of momentum between
the phases. M, is analogue to M,
(ANSYS, 2015 )

a(rpk)

ot

a(rp, e)
ot

v = [V (V)]

In this study, only the drag force was
considered for transfer momentum. The
Grace model was considered for drag
coefficient calculations (Grace et al.,
1976). This model considers the distor-
tion of spherical bubbles to ellipsoids.
Additionally, the interfacial tension air/
water in the drag model was considered

lueﬂleul+:ut (9)

to be 0.072N/m (Vargaftik et al., 1983).
To describe the effects of turbulence
within the tundish, the k-¢ turbulence
model was adopted (Seshadri et al.,
2010). The conservation equations for
the turbulent kinetic energy k are given
by Equation 10. The turbulent dissipa-
tion ¢ is represented by Equation 11.

=" (V'plrlvlk)+(v &Vk)-i-ck_ npE (10)
K
(V.p,r,v,s)+(V.'“_fVe)+%(C1Gk— rp,C,e) (11)

(0)
€

REM, Int. Eng, J., Ouro Preto, 73(4), 531-538, oct. dec. | 2020 533



534

G=p[Vv+ (Vv ) ]:Vv

The term G, is the generation
rate of turbulent kinetic energy. The
following values have been taken for

dv
m —2_

Podt

e
p

C, = max ;—4 (1+ O.15Rep°‘687), 0.44) (15) Re

where v is the particle velocity (m/s), m,
is the particle mass (kg), V,is the particle
volume (m?), A is the particle projected
area (m?), C, is the drag coefficient, Re,

where ¢ is a random number.

The boundary conditions for the water/
air flow were established according to
the physical conditions:

Walls: non-slip and free slip condi-
tions were assumed for the liquid and
gaseous phases, respectively;

Free surface: degassing and free
slip conditions were assumed for the
gases and liquid phase, respectively;

Tundish outlet: atmospheric pres-
sure assumed;

Plug gas injection: inlet condi-
tion for gases, the mass flow rate was
specified. Therefore, the average bubble
diameter (2.75mm) was set for all cases

The buoyancy force is defined by
Equation 19. Considering the validity

F =

B

where v, is the terminal velocity (m/s).

The present study proposes to
consider the terminal velocity as a
critical velocity for the particle. The
slip velocity of each particle reaching
the surface is compared with the criti-
cal velocity. If the relative velocity of
the particle is smaller, it is trapped.
Otherwise, the particle is reflected.
To solve the governing equations, the
academic version of CFD software

Physical and mathematical modeling of inclusion behavior in a tundish with gas curtain

; (12)
constants: CF =0.09, 0= 1.0, 0,=1.30,
C,=1.44, C,=1.92.

For the simulation of the move-

is the particle Reynolds number and d
is the particle diameter (m). The effects
of the chaotic behavior of the particles
due to turbulence are described by the

2k\ 1>
5~43)

with gas injection;

Symmetry: two planes of symme-
try were considered.

The particle behaviors were cal-
culated from the converged steady-state
water/air flow simulation. Therefore,
only the particles species were consid-
ered. The coupling of the pair fluid/
particle is one-way, in other words, only
the fluid phases affect the movement of
the particles. Ten thousand particles of
each size were introduced in the tundish
inlet. The reference for the range of
particle size was the bench tests. It was
assumed that all particles are reflected
on the walls. Usually, the majority of

F,-F,

of Stokes Law, the drag force can be
described by Equation 20.

g,-p,) (19

_ 1 g2g PPy
vie 75 % 8 H,

ANSYS CFX 17.1 was used and un-
structured tetrahedral meshes were
employed. The second-order advection
scheme High Resolution was applied
and the root means square conver-
gence criterion was set as 10°¢. For the
mesh independence test, three meshes
were considered: 100000, 142000 and
226000 nodes. Due to the two planes
of symmetry, the calculations were car-
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pg-p/Vpg-‘-?p/CDAp |v/-vp|(v/

p

F =3my, dpvt

k= C,oke (13)

ment of the particles, a discrete phase
model was used. This model is de-
scribed as follows:

- VP) (14)

p/dplvp -V I
H,

(16)

discrete random walk model. In this
model, the random components of the
particle velocity v' are proportional to
the local effective energy of turbulence.

(17)

studies consider the capture of all par-
ticles that reach the free surface. Since
this simplification is not appropriate,
an additional boundary condition was
implemented via a subroutine in Ansys-
CFX. Therefore, the standard boundary
condition results and the implemented
boundary condition results are pre-
sented and compared.

Since the modeling assumes a steady
fluid, the forces acting on the particles
near the free surface can be considered
to be the total buoyancy force and drag
force. In this case, the forces act only
in the vertical direction and the force
balance is equal to:

(18)

(20)

(21)

ried out in one quarter of the tundish.
The particle simulations parameters
were set as 900s for maximum track-
ing time, S0m for maximum distance
and 5000 for maximum number of
integration steps. All computations
were performed with a Windows 10
PC with Intel i7 and 16 GB RAM. The
computation time was approximately 5
hours per each case.



3. Results and discussion

Regarding the mesh independence
test, the chosen one was the mesh with
142000 nodes in which there was no
more variation in RTD curves. The ex-
perimental RTD curves of the tundish
were used to validate the mathematical
model. Figure 2 presents the RTD curves
for the configuration with the gas injec-
tion of 3NL/min at 0.560m from the ladle
shroud. The calculated curve adequately
represents the experimental curve.

The flow patterns of the fluid water
are presented in Figures 3 and 4. The
velocity fields and the contours of the
velocity at the free surface and symmetry
plane of the tundish are plotted. Figure
5 presents the trajectories of 30 pm par-
ticles. For shortening, only two cases are
presented: tundish without gas injection
and tundish with a gas injection having
a flow rate of 3NL/min at 0.560m from
the ladle shroud.
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From Figures 3, it is observed that
the weir and dam promote a recirculation
zone between them. With the gas curtain
(Figure 4), a more pronounced flow from
the bottom towards the free surface can
be noticed and a new recirculation zone
is formed between the plug and the dam.
The particles trajectories reflect these
characteristics of the flow. In Figure
6 (b), the particles move to the free surface
following the gas curtain.

Figure 2 - Comparison of the RTD curve from the mathematical
model with the experimental RTD curve, according to Equations 1 and 2.
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Figure 5 - Trajectories of 30 um particles in the tundish without gas injection
(a) and in the tundish with gas injection of 3NL/min at 0.56m from the ladle shroud (b).
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The removal particle index is defined by the Equation 22,

where N, is the number of particles of
a particular size range injected within
the tundish and N, is the number of
particles of that particular size range
leaving the tundish. In the physical
model, the N, was quantified through
the bench tests and the N, was counted

(2) RO

Particle removal index =

by the APS III, located in the tundish
outlet. Regarding the mathematical
model, the N, is setand the N is a result
of the simulations.

The removal indexes obtained with
the standard boundary condition and the
implemented boundary condition of the

N. -N
—in__out 4 100%

(22)

mathematical model are compared to the
experimental removal indexes in Figures
6 and 7. The experimental indexes are
presented with their respective error
bar, which corresponds to one standard
deviation. The abbreviation BC refers to
boundary condition.
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Figure 7 - Results obtained from the tundish with gas injection at 0.56m (a) and 0.84m(b) from the ladle shroud.

The standard boundary condition
overestimates the particle removal results
when compared to the experimental
data. It is observed that the proposed
boundary condition considerably reduces
the particle removal indexes for all the
cases. The comparison indicates a good
agreement between the measured and
the calculated removal indexes. For the
case without gas injection and the case
with the plug located at 0.84m from the
tundish inlet, the proposed mathematical
model predicts indexes greater than the
experimental data. The tundish without
gas injection presents higher velocities
near the free surface when compared to

the other configurations. Possibly, the
capture criterion should be stricter, with
the critical velocity being less than the
particle terminal velocity. Additional
studies regarding the definition of the
critical velocity are needed.

Another limitation of the model is
related to the reversal of bath inclusions.
It could explain the case with the plug
located at 0.84m from the tundish inlet.
The gas curtain implies certain agitation
at the free surface that could provoke the
return of trapped particles to the bath.
This effect could be an issue to the above
case given the fact that the plug is close to
the outlet tundish. It is noteworthy that
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the implemented subroutine restricts the
particle entrapment based on their slip ve-
locities, but does not consider the reversion
of the particles that are already trapped
at the free surface. In the discrete model,
once trapped, the particle is not tracked
anymore. Although feasible in physical
models, the reversal of bath inclusions is
unlikely in industrial practice, given the in-
clusion/slag thermodynamic interactions.

When the gas injection is present,
unlike the standard boundary condi-
tion, the proposed boundary condition
exhibits removal indexes dependent on
particle sizes. These dependencies were
also observed in the experimental data



and industrial tests (Kumar e al., 2009;
Meijie et al., 2011).

It is verified that gas injection with
flow rate of 3L/min leads to a significant
gain in the efficiency of particle removal

4. Summary and conclusions

The inclusion removal in the tundish
with gas injection was evaluated through
physical and mathematical modeling. The
results suggest that the gas curtains in-
crease the efficiency of inclusion removal.
However, the plug location seems to affect
the inclusion removal index. The greater
indexes were achieved with the plugs
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