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Influence of argon gas bubbles and non-metallic inclusions
on the flow behavior in steel continuous casting
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Abstract

The present study uses an Eulerian–Lagrangian approach to model the 3D turbulence (k–ε) flow of the steel melt (continuous phase) and the
trajectories of individual non-metallic inclusions and gas bubbles (dispersed phase) in a continuous casting. The dispersed phase is considered
as numerous mass-loaded particles with different classes of diameters and densities. To consider the interaction between the continuous and the
dispersed phases two different methods are studied and compared. The first method, i.e. the one-way coupling, considers only the impact of the
melt flow on the trajectories of the dispersed phases, while the influence of the dispersed phases on the melt flow is ignored. With the second
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ethod, namely the two-way coupling, both bidirectional influences are considered. The presented results indicate that coupling the b
nteractions is essential to get realistic results, especially in the presence of large gas bubbles.

2005 Elsevier B.V. All rights reserved.
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. Introduction

During continuous casting, non-metallic inclusions and argon
as bubbles are brought/injected into the mold. Non-metallic

nclusions are originated from deoxidation, reoxidation and
xogenous processes, while argon gas bubbles are intention-
lly injected into the nozzle to prevent clogging and to avoid
ttraction of ambient air[1,2]. The main concern related to

he existence of non-metallic inclusions and gas bubbles is
heir transport in the molten pool. If the flow pattern is care-
ully adjusted by an optimized submerged entry nozzle (SEN)
nd/or optimized casting parameters, the melt flow may carry the

nclusions and bubbles to the top surface, where they might be
emoved into the liquid slag layer. Otherwise, they will eventu-
lly be trapped by the solidification front and cause defects in the
nal product. The transport of inclusions and bubbles depends
bviously on the flow. Therefore, great modeling efforts were
ade to study the melt flow in the molten pool[1,3–6]and, very

ecently, also to investigate directly the influence of the flow on
he transport of inclusions[7–14]. Most of these publications

consider only one-way coupling, i.e. the melt flow impacts
trajectories of the inclusions, while the influence of the in
sions on the flow is ignored. However, a comprehensive m
should consider bidirectional interactions between the disp
phase and the melt flow.

Models, which are used to simulate the transport of inclus
and/or gas bubbles in liquid melts fall into three categories
quasi single-phase procedure where both liquid melt and i
sions and/or bubbles are handled as one ‘mixture’ phase[9,10]
(the shortcoming of this approach is that the relative mo
between the different phases can only be considered ap
mately); (2) Eulerian two phase approaches where the disp
inclusions and/or gas bubbles are considered as a seco
continuous phase for which an additional momentum equ
is solved[8,10–12]; and (3) Eulerian–Lagrangian two-pha
models where the melt flow is solved in an Eulerian fra
work, while the trajectories of the inclusions and/or bubbles
tracked in Lagrangian framework[7,10,13–14]. The Lagrangia
method has distinct advantages over the Eulerian meth
terms of formulation simplicity, ability to accommodate co
plicated exchange processes, computer memory requirem
∗ Corresponding author. Tel.: +43 3842 402 2225; fax: +43 3842 402 2202.
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and computational efforts[13]. Therefore, in the present work
the Eulerian–Lagrangian method is chosen. Two different ways
of coupling between the continuous and the dispersed phase
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are compared, i.e. one-way and two-way couplings. The one-
way coupling considers only the influence of the melt flow on
the movement of the inclusions and/or bubbles while the back
influence is ignored. The two-way coupling explicitly accounts
for the bidirectional influence. The aim of this work is to study
the role of coupling and its impact on the occurring melt flow
and motion of inclusions and/or bubbles.

2. Model description

Mass and momentum conservation for an incompressible
fluid are given by

∇ · �u = 0 (1)

ρ

[
∂�u
∂t

+ (�u · ∇)�u
]

= −∇p + µeff∇2�u + �F (2)

whereµeff =µ0 +µt is the effective viscosity due to turbulence,
for which the standardk–ε model is used.µ0 is the dynamic
viscosity of the melt,ρ the melt density,�u is its mean velocity
vector,p is the static pressure and�F is a momentum source term,
which accounts for the presence of inclusions and/or bubbles.
Inclusions and gas bubbles are considered as discrete secondary
phases with spherical geometry disperse distributed in the melt.
The trajectories of these discrete phases are computed by inte-
grating the following equation of motion in a Lagrangian frame
o
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This stochastic tracking model includes the impact of instanta-
neous turbulent velocity fluctuations,u′(t), on the trajectories.
The fluctuating velocity components are discrete piecewise con-
stant functions of time. Their random value is kept constant over
an interval of time given by the rotation time of an eddy. This
rotation time,τe, which describes the time a inclusion/bubble
spent in the turbulent motion of the considered eddy, is pro-
portional to the discrete phase dispersion rate. Larger values
indicate more turbulent motion in the flow. For thek–ε model,
the rotation time can be expressed according to[16] as

τe ≈ 0.3
k

ε
(7)

The values of the fluctuations in 3Du′, v′ andw′ that prevail dur-
ing the lifetime of the turbulent eddy are sampled by assuming
that they obey a Gaussian probability distribution, so that

u′ = ς

√
2k

3
, v′ = ς

√
2k

3
, w′ = ς

√
2k

3
(8)

whereζ is a normally distributed random number. The discrete
phase crossing time is defined as

tcross= −τ ln

[
1 −

(
Le

τ|u − up|
)]

(9)

whereτ is the discrete phase relaxation time andLe is the eddy
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= 18µ0

ρpd2
p

CD Re

24
[(�u + �u′) − �up] + �g(ρp − ρ)

ρp
(3)

ere,�up is the velocity vector,dp the diameter andρp the density
f the considered discrete phase.�g is the gravity vector and�u′

s the vector of the fluctuating velocity components define
q. (8). The trajectory of an individual discrete object is ba
n the forces acting as it moves through the flow. The term

he right-hand side of Eq.(3) represent drag force and buoya
orce. For the drag coefficient,CD, the following approach
aken[15]

D = a1 + a2

Re
+ a3

Re2 (4)

ere,a1, a2 anda3 are constants that apply to smooth sp
cal inclusions/bubbles over several ranges ofRe. The relative
eynolds number,Re, is defined as

e = ρdp|�up − �u|
µ0

(5)

he momentum transfer from the discrete phases toward
elt is computed by examining their momentum change a

� =
N∑
i

18µ0CD Re

ρpd2
p24

(�up − �u)ṁp�t (6)

ere,N is the number of inclusions and/or bubbles in a com
ational cell and ˙mp is the mass flow rate of inclusions and
as bubbles.

The dispersion of the inclusions and/or bubbles due to
ulence in the melt is treated using a stochastic tracking m
e

l.

ength scale. The inclusion/bubble is assumed to interact
he melt eddy over the smaller of the eddy rotation time an
ddy crossing time. When this time limit is reached, a new v
f the instantaneous velocity is obtained by applying a new v
f ζ in Eq.(8).

. Simulation details and boundary conditions

The 3D turbulence flow in and around the SEN of a thin
ontinuous casting is simulated. A trifurcated SEN is consid
ispersed particles, i.e. non-metallic inclusions and argon
ubbles, are injected from the top of the SEN, following the
tream through the three nozzle ports into the mold. The geo
ical and process parameters are given inFig. 1andTable 1. This
ork considers the isothermal situation. Therefore, the visc
nd density are assumed to be constant. The material da
onsistent with low carbon steel at the casting temperatur
re referred to literature[5]. Due to the twofold symmetry

he center planes, only a quarter of the casting is calcu
he computational domain in the liquid pool region is
retized with a structured mesh and in and around the SEN
ith an unstructured mesh. Non-conforming-mesh interf
etween the structured mesh zone and unstructured mes
re defined. The whole grid consists of around 500 000
he time step for the simulation is chosen as small as 0.00

For the melt, a constant velocity inlet boundary conditio
he top of the SEN and a constant pressure outlet condition
ottom of the calculation domain are applied. The top sur
f the liquid melt pool being in contact with the slag is assu

o be flat. Here, a free-slip condition is used. All side wall
he liquid pool are considered as ‘moving wall’ with a giv
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Fig. 1. Schematic representation of the physical domain of the thin slab steel
caster.

constant velocity (casting speed), and a no-slip condition. The
boundary condition between the melt and the SEN wall is also
chosen to be no-slip, but the SEN itself is of course considered
to be stationary.

Three classes of inclusions with diameters ofd = 10, 500
and 1000�m and one class of gas bubbles with diameter of
d = 4000�m are defined. Each class is injected from different
positions. The positions are chosen to be uniformly distributed
at the inlet surface. An escape boundary condition is defined
for the outlet, and a reflecting boundary for the side walls of
the casting. At the top surface and at the walls in and outside
the SEN, the inclusions and gas bubbles are modeled as to b
caught.

Two computations one with one-way coupling and another
with two-way coupling are performed. The geometry and the
other conditions are chosen to be exactly equal. As mentione
above, one-way coupling means that the influence of the fluid
flow on the movement of inclusions and gas bubbles is con
sidered but not the opposite. On the other hand, the two-wa
coupling allows the fluid flow to be affected by the presence of
the inclusions and/or bubbles.

Table 1
Geometrical and process parameters

Slab width (mm) 1250
S
S
S
S
C
S el
F
F
G
I
I
I
G
G
G

4. Results and discussions

4.1. Melt flow behavior

Fig. 2shows the typical flow pattern at the central plane of the
continuous casting. Here, the impact of inclusions and bubbles
on the flow is not considered. The main streams of the two side
jets bend upwards and build two symmetrical vortices. The jet
from the middle port of the SEN flows directly downwards with
a velocity as high asv = 2.15 m/s. This high-speed downward
jet is gradually slowed down in the lower part of the melt pool.

4.2. Motion of non-metallic inclusions and gas bubbles

Fig. 3 shows the distribution of the non-metallic inclusions
and gas bubbles at different times. The gas bubbles are repre-
sented with red dots and the non-metallic inclusions with black
dots. Both bubbles and inclusions are injected from the top of the
SEN into the liquid melt simultaneously. The injection duration
lasts onlyt = 100 ms. Although three different size classes of the
non-metallic inclusions are introduced, the simulation results
show no significant difference in their motion. Therefore, in the
following discussion we will not make a distinction between the
different size classes.

In principle, all inclusions and bubbles follow the verti-
cal flow stream in the SEN. They are then diverted into three
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lab thickness (mm) 135
lab length (mm) 3000
EN length (mm) 832
EN submerged depth (mm) 160
asting speed (m/min) 2.5
teel composition Low carbon ste
luid dynamic viscosity (kg/m s) 0.00555
luid density (kg/m3) 7020
ravity acceleration (m/s2) 9.81

nclusion density (kg/m3) 3700
nclusion diameter (�m) 10, 500, 1000
nclusion mass flow (kg/s) 9.87E−4
as density (kg/m3) 1.6228
as bubble diameter (�m) 4000
as volume flow (l/min) 4
e

d

-
y

ranches. It is rather clear that the inclusions/bubbles follo
he downward jet are brought very quickly downwards, e
ially in the first 2 s. The inclusions/bubbles following the s
ets bend upwards similar as the melt flow does. Some of
ise to the top surface (meniscus) and are ‘captured by the
hile most of them continue to follow the flow and are d
ersed in the vortices. At aboutt = 5 s, some inclusions are a
ranched from the side jets, bend downwards, and are grad
ispersed in the lower rolls.

The difference between the non-metallic inclusions and
as bubbles is significant. In the SEN (seeFig. 3for t = 1.0288 s

he gas bubbles move much slower than the non-metallic i
ions. The bubbles rise quickly upwards as they get out o
ozzle side ports. Those gas bubbles are also influenced
xisting vortices, which leads to a bubble dispersion in the u
egion of the melt pool. Most of the gas bubble can rise to
op surface, and are ‘captured by the slag’ very soon. The
les following the downward jet move much slower than
on-metallic inclusions. At aboutt = 5 s, the rising speed of th
ubbles has balanced with the melt flow. With time those
les will also rise to the upper region of the melt pool. The la
uoyancy force drives the bigger and lighter bubbles to rise m
aster than the non-metallic inclusions.

.3. Coupled simulation versus uncoupled simulation

The comparison simulations demonstrate that the two
erent ways of couplings do have a considerable influenc
he motion of inclusions and bubbles. Both the trajectorie
he inclusions/bubbles (Fig. 3) and the flow patterns (Fig. 4) are
ignificantly different.
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Fig. 2. Flow pattern in the plane of symmetry.

At t = 1 s, all the gas bubbles are still in the SEN. In the case of
one-way coupling, it is found that all bubbles which are injected
at the same instant move with almost the same speed. However,
in the case of two-way coupling some bubbles in the center part
of the nozzle move slower. For comparison,Fig. 4 shows the
velocity profiles across the SEN sections for both cases at the

top surface level (‘slag’ level). The buoyancy force causes the
bubbles to rise relative to the melt flow, and by the momentum
exchange the melt flow is decelerated. If this effect on the flow
is taken into account, the velocity profiles are curved in a ‘W’-
form. In contrast, the velocity profiles in the SEN are almost
even for the case with one-way coupling.
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Fig. 3. Distribution of the non-metallic inclusions (black dots) and gas bubbles (red dots) at different times. Left: one-way coupled simulation; right: two-way coupled
simulation.

As the inclusions and bubbles get out of the nozzle ports,
the two-way coupled simulation results shows that they are
more dispersedly distributed compared to the case with one-
way coupling. It seems that with the consideration of momentum

exchange, the bubbles can rise more easily upward and at the
end they are more dispersedly ‘captured by the slag’ on the top
surface. We also compared the velocity patterns in the melt pool
of the two cases. It is found that the macroscopic flow patterns
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Fig. 4. Comparison of the velocity profiles in the SEN at top surface level
t = 1.0288 s after the first inclusions/bubbles injections.

are similar, but the exact velocity magnitudes are to some extent
different. Examination on corresponding details is out of the
scope of this paper.

5. Conclusions

Simulations with an Eulerian–Lagrangian model for the
transport of the non-metallic inclusions and gas bubbles in the
SEN and the melt pool of a steel continuous caster has been
performed. The comparison of a simulation which takes into
account the impact of the melt flow on the motion of inclu-
sions/bubbles with a second simulation with accounts also fo
the back influence, indicate that, especially for the presence o
large gas bubbles, two-way coupling is essential for a prope
prediction of inclusion/bubble trajectories. This conclusion is
based on the following findings:

(i) The uneven velocity profile in the nozzle causes a wider
spreading of inclusions and bubbles.

(ii) With the two-way coupling, inclusions and gas bubbles are
more dispersed in the melt pool.

(iii) The flow pattern of the steel in the melt pool is influenced
by the buoyancy force acting at the gas bubbles.

(iv) The two-way coupling shows that during gas injection the
downward melt velocity in the center of the SEN is slower
compared to the simulation with one-way coupling.
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