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In the current article, the growth of inclusions by turbulent collision and their
removal in the molten steel of a two-strand tundish was calculated. The fluid
flow was coupled with heat transfer and the concentration field of inclusions in
the tundish. The weir and dam was effective to control the strong stirring
energy within the inlet zone. The collision among inclusions in the inlet zone
was far stronger than that in other zones. The rising velocity of 9.2-um
inclusions was far smaller than the flow velocity; thus, small inclusions
followed the fluid flow well. The concentration of 4-ym, 5-ym, and 9.2-um
inclusions at the outlet were 9.9 ppm, 9.1 ppm, and 30.2 ppm, respectively.
The concentration of other inclusions was within 2.0 ppm—6.0 ppm. The
total oxygen of the molten steel at the outlet after reaching the steady state
was 38.5 ppm assuming all inclusions were alumina. The removal fraction
considering turbulent collision growth was 23.0% more than that without

considering collision growth.

INTRODUCTION

To meet the demands for higher cleanliness of the
steel, inclusions in the steel are always under strict
control.’® As an essential refining vessel, the con-
tinuous casting tundish shows markedly metallur-
gical functions for regulating the flow 0pattern of
molten steel and inclusion removal.®*?2° The gen-
eration and removal of inclusions in a practical
tundish are the combination of multicomplicated
physical and chemical processes. Nonmetallic
inclusions mainly originate from reoxidation, slag
entrainment, mechanical erosion of refractory, etc.
The removal approaches of inclusions from the
molten steel include collision and coalescence, flo-
tation, and adhesion to solid surfaces including the
bottom, side walls, and flow control devices of the
tundish. When the gas purging operation is used in
tundish, small bubbles are also in favor of the
removal of inclusions.?!%

With special operational conditions, for instance,
the high temperature, the visual opacity of molten
steel, and the massive size of an industrial tundish,
it is impossible to deeply understand and predict the
mechanism of inclusion growth and removal in the
tundish by actual operations. The numerical simu-
lation is an alternative approach to predict the fluid
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flow pattern and inclusion transport in the tundish.
Tacke and Ludwig® investigated steel flow and
inclusion removal by floating in a two-strand tun-
dish, and they reported that the removal fraction of
inclusions had an exponential increase relationship
with the rising velocity. Their study was primarily
focused on single-size inclusions and ignored the
influence of temperature. Sinha and Sahai'*
reported that the inclusion removal efficiency was
biggest when weir, dam, and baffle were properly
used in continuous casting tundish, and the removal
fraction of, 25-um—40-um, 45-um-72-ym, and
75-um—150-um inclusions were 83.1%, 84.0%, and
91.7%, respectively. Their study ignored the influ-
ence of the natural convection on fluid flow. In the
actual operation, as heat loss exists, the effect of the
thermal buoyancy in the tundish on the flow is
extremely important. For the non-isothermal pro-
cess, the fluid flow and the inclusion motion are
quite different from that of the isothermal pro-
cess. 117131819 The current author, Zhang, studied
the removal rate of different mechanisms in two
regions separated by a weir in the tundish and
comparing the calculation with industrial mea-
surement.'® Zhang also studied the nucleation and
growth of inclusions by diffusion, Brownian colli-
sion, Stokes collision, and turbulent collision by
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numerical simulation.?*2® However, in these stud-
ies, the effect of fluid flow on the agglomeration
among inclusion particles was not considered,
and the coalescence was only estimated from the
average turbulent energy dissipation rate. To
investigate the collision and growth mechanism of
inclusions, it is of importance to combine these
collision and growth mechanisms with the fluid flow
to correctly simulate the removal of inclusions from
the continuous casting tundish.

In the study, the flow field and temperature dis-
tribution in a two-strand tundish was calculated
first under a non-isothermal condition, and then the
growth and removal of inclusions and the local
concentration of inclusions were simulated by com-
bining the authors’ user-defined subroutines with
the commercial CFD software.

MATHEMATICAL FORMULATION

The molten steel in the tundish was assumed to
be an incompressible Newtonian steady flow. The
main governing equations for fluid flow and tem-
perature distribution consist of the continuity
equation, the Navier—Stokes equations, the turbu-
lence energy, and its dissipation rate equations. The
effect of natural convection on the fluid flow is
considered by incorporating the Boussinesque’s
term (S(Tg — T)pog;) into the vertical direction of the
momentum balance equation. The heat loss for each
part of the tundish consisted of the fixed values
shown in Table I.

The inclusions are assumed to be spherical alu-
mina with the density of 5000 kg/m?, and they are
uniformly distributed in the molten steel at the
initial time. The total volume fraction occupied by
inclusions is so little that the effect of inclusions on
fluid flow is negligible. The generation of inclusions
in the tundish due to reoxidation, mechanical ero-
sion of refractory, and slag entrainment is ignored.
The effect of the fluctuation of free surface on fluid
flow and inclusion transport is negligible.

The concentration of inclusions in the molten
steel is given below:

0 8n,k
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Table I. The heat flux values for each part of the
tundish'®

Parameters Data (kW/m?)
Heat flux at the top surface 15

Heat loss from the bottom wall 1.4

Heat loss from the long wall 3.2

Heat loss from the short wall 3.8

Heat loss from internal walls 1.75

(dam, weir, stopper rod)
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where the diffusion coefficient of the inclusion par-
ticlﬁs, I', is calculated by the effective viscosity pesr
as:

FZP'DeHZP'ueTffZHeff (2)

where n; represents the number density of the
inclusions composed of k-pieces of primary particles
per unit volume; u; = (w1, ug, ug — V3) is the flow
velocity of inclusion particles, and u, us, and us are
the liquid velocity in the tundish in the x, y and z
directions, respectively, and V; is the terminal
floating velocity of inclusion particles; p is the den-
sity of steel; and S, is the source term for the
inclusion transport including the generation term
and the dissipation term.

For the inclusion particles with radius r;, the
terminal rising velocity, V,, is described by the
Stokes’ law:

%(p—p,) - 72
v, = 80 r) 95”) L (3)

where p,, is the density of the inclusion particle, g is
the acceleration of gravity, and u is the viscosity of
the fluid.

In practice, a large number of small-size
inclusions enter the tundish with the incoming
steel. During the residence time of molten steel
in the tundish, inclusions collide with each other
to form larger ones.!® There are several collision
mechanisms. In most cases, Stokes collision
exists under the laminar flow. Since the fluid
flow in the tundish is always turbulent, Stokes
collision among inclusion particles should be
negligible. In the current article, the turbulent
collision among inclusions is considered. Inclu-
sions were assumed to be removed when floating
up to the top surface.

Based on the Saffman and Turner’s model”’ and
Higashitani’s theory,?® the collision frequency, Ny,
per unit time and unit volume between two inclu-
sions having radius r; and r; in molten steel is

127

N;j=13u- (ri + rj)3-(8/v)1/2-ni 0y (4)

where ¢ is the turbulent energy dissipation rate; v is
the kinematic viscosity of molten steel; n; and n; are
the number density of particles with radius r; and r;
per unit volume, respectively; and « is the agglom-
eration coefficient, correlated by the following
approximate equation:?

3 1/2 —0.242
o= 0727 e/ (5)
A1z

where a; is the radius of the primary particle and
A3 is the effective Hamaker constant of particle 1
in medium 3. In the study, the effective Hamaker
constant of alumina inclusions in molten steel was
defined to be Aj3; = 2.3 x 10720 J.30
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The corrected population balance equation by
Nakaoka is used to predict the size and concentra-
tion distribution of inclusions in the molten steel.
Under the condition, r} =r3 . +r?, and the corre-
sponding equation is:

s, = P izfl (1+6y)-N
E="57 79 i) Vi —
dt 2. & 7 7

1=

1

(14 0i%) - Nir
=1

(6)

where 0;;is the Kronecker’s delta function and given
below:

5,-,-:{1 L=J )

The first term at the right-hand side of Eq. 6
represents the generation of the kth-size inclusion
with radius r;, from the agglomeration of smaller
particles, r; and r,_;. The second term represents
the disappearance from agglomeration into larger
inclusions.

In the current study, the tundish is two-strand
and with a capacity of 60 t. The parameters of
tundish geometry, the calculated flow field, and
temperature distribution are taken from Ref. 20.
According to relevant studies,'”?'™33 the smallest
inclusions in Low-Carbon Al-Killed steel are
approximately 1.0 um—4.0 yum. Thus, the initial
radius of the primary inclusions is assumed to be
2.0 ym in the current article. The entire particle
size distribution is divided into 12 groups as shown
in Table II.

The number density of the primary particles is
4.454 x 10'? #/m?® at the initial time, and the cor-
responding total oxygen is 50 ppm.

(1) The boundary conditions for inclusions are as
below: The number density of the primary
particles is 4.454 x 10'? #/m? at the tundish
inlet.

(2) The inclusion particles are assumed to be
absorbed at the free surface by a flux of

Table II. The size distribution of inclusion particles

Group Diameter (um)

OISO WhN =
(o]
(o]

qr = Vi - Cp, (8)

where g;, is the particle flux density in the vertical

direction at the free surface (number of particles

leaving the surface per unit area and unit time); and

C}, is the number density of particles in the grid cell

immediately adjacent to the surface.

(3) The removal of inclusions due to sticking to solid
surfaces, such as the tundish bottom, side walls,
and flow control device, is neglected. A no-flux
condition for inclusions is assumed at the wall
boundaries.

(4) Inclusions enter into the continuous casting
together with the molten steel at the outlet with
a flux of

quw’cy 9)

where w is the liquid velocity in the normal direc-
tion at the outlet and C is the number density of
inclusion particles at the outlet.

The loss flux due to collision and coalescence,
flotation, and removal through the outlet of inclu-
sions were computed by loading the authors’ user-
defined subroutines into the concentration equation
of inclusions. The residuals of number density of all
size inclusions were set to 10~°. The flowchart of the
mathematical models is given in Fig. 1.

FLUID FLOW IN THE TUNDISH

Figure 2 shows the distribution of fluid flow
velocity, streamline, and turbulent energy dissipa-
tion rate at the symmetrical plane of the tundish.
The molten steel from the ladle shroud first
impinges on the bottom of the tundish and then flows
along the bottom. The molten steel flows toward the
inlet zone by installing a weir and dam, and then
two counter flows are formed beneath the inlet. At
the same time, the molten steel flowing back to the
inlet hits against the new incoming steel, so that
their own flow velocities are greatly weakened. The
velocity of the molten steel from the weir and dam is
significantly less than that of the inlet zone. The
strong stirring energy is effectively controlled
within the inlet zone using the weir and dam, as
shown in Fig. 2c. The turbulent energy dissipation
rate in the inlet zone is larger than that of other
zones in the tundish. Furthermore, it is well known
that the turbulent energy dissipation rate is a key
factor for collision and coalescence among inclu-
sions. Thus, the collision and coalescence among
inclusions in the inlet zone should be far stronger
than that in other zones.

Figure 2b also shows that the molten steel from
the weir and dam flows upward and reaches the top
surface. After impinging on the stopper rod, it flows
downward to the middle height of the rod, which
creates two big circulations. Moreover, part of the
molten steel flows toward the outlet along the side
wall. Most of the kinetic energy of the molten steel
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Fig. 1. Flowchart of the mathematical models.
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Fig. 2. Predicted distribution at the symmetry plane in the tundish of (a) velocity; (b) streamline; and (c) turbulent energy dissipation rate.

is dissipated in the inlet zone. Therefore, the molten
steel from the weir and dam becomes smooth, which
is very beneficial to the floating removal of inclu-
sions in the tundish. In Fig. 2¢, compared with other
zones, the distribution of the turbulent energy dis-
sipation rate behind the dam is the smallest and the
collision and coalescence among inclusions should
be much weaker.

INCLUSION COLLISION AND REMOVAL
IN THE TUNDISH

Figures 3, 4, 5 and 6 show the distribution of the
number density of inclusions of four different sizes
at six different moments. At the beginning, the
collision and coalescence among primary particles
occurred in the entire zone of the tundish, as shown
in Figs. 3 and 4. Meanwhile, the incoming steel
from the ladle shroud contained a great number of
primary particles, which moved together with the
molten steel and agglomerated simultaneously.
Figure 3a shows that the number density of pri-
mary particles in the inlet zone was markedly less
than that in other zones, which was due to the

strong turbulence in the inlet zone promoting the
collision and coalescence among primary particles.
Thus, the primary inclusions continuously disap-
peared, and new bigger sized inclusions gradually
formed. Furthermore, the number density of 5.0-ym
inclusions in the inlet zone was greater than other
zones. For the above two-sized inclusions, their
number density showed an inverse distribution
behind the dam because of the weak turbulence.
According to the previous analysis, inclusions had
high collision frequency due to strong stirring
energy in the inlet zone, and the dissipation of small-
sized inclusions in the inlet zone was much higher
than in other zones. The generation rate of large-
sized inclusions had a similar change tendency.
When reaching the steady state (1901.5 s), the dis-
tribution of the number density of 5.0-um inclusions
was very similar to that of a turbulent energy dissi-
pation rate, showing a maximum value in the inlet
zone and a minimum value behind the dam.
Figures 5 and 6 show that 8.9-ym and 9.2-um
inclusions started to generate at the bottom of the
inlet zone at 11.5 s, and the local strong turbulence
favored the collision and coalescence of smaller
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Fig. 3. The number density distribution of 4.0-um inclusions at different times: (a) 11.5's; (b) 31.5 s; (c) 401.5 s; (d) 601.5 s; (e) 1201.5 s;
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Fig. 4. The number density distribution of 5.0-um inclusions at different times: (a) 11.5 s; (b) 31.5 s; (c) 401.5 s; (d) 601.5 s; (e) 1201.5 s;
(f) 1901.5 s.

inclusions to form bigger ones. According to Eq. 3,
the rising velocity of the largest size inclusions was

1.39 x 10 ° m/s, far smaller than the fluid flow

velocity.

flow well. Large-sized inclusions forming in the inlet
zone moved toward the rear of the dam together

with the
number

Thus, small inclusions followed the fluid

molten steel. At 1201.5 s and 1901.5 s, the
density of 8.9-um and 9.2-ym inclusions

0,

behind the dam was greater than that in the inlet
zone (Figs. 5 and 6).

During the transient calculation, the monitoring

curves of the inclusion number density were
obtained to determine the equilibrium state. In the
study, the position of the monitoring point is at (2.0,

0.7955), and Fig. 7 shows the variation of inclu-

sion number density for three different groups with
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Fig. 5. The number density distribution of 8.9-um inclusions at different times: (a) 11.5 s; (b) 31.5 s; (c) 401.5 s; (d) 601.5 s; (e) 1201.5 s;
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Fig. 6. The number density distribution of 9.2-um inclusions at different times: (a) 11.5 s; (b) 31.5 s; (c) 401.5 s; (d) 601.5 s; (e) 1201.5 s;

(f) 1901.5 s.

time at this point. This figure indicates that the
number density for 4.0-um, 5.0-um, and 9.2-ym
inclusions reached stable after 1000 s,1500 s, and
1900 s, respectively.

Figure 8 shows that the number density of
inclusions in the entire tundish changes with time.
It is observed that the bigger sized inclusions were
generated quickly due to collision and coalescence of

the primary particles with high-collision frequency.
Consequently, the number density of the primary
particles decreased drastically (Fig. 8a). The num-
ber density of 5.0-um inclusions increased markedly
(Fig. 8b). The number density of the primary par-
ticles tended to be stable after 1000 s when the net
generation rate due to inflow from the inlet, outflow
from the SEN, collision, and removal from the free
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Fig. 7. Variation of the number density of different diameter inclusions with time at point (2.0,0,0.7955): (a) 4.0 um; (b) 5.0 um; (c) 9.2 um.
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Table III. The concentration of different-sized
inclusions at the two outlets of the tundish

Concentration
Diameter of left and right
Group (pm) outlets (ppm)
1 4.0 9.9
2 5.0 9.1
3 5.8 5.3
4 6.3 5.5
5 6.8 3.8
6 7.3 3.6
7 7.7 3.0
8 8.0 3.0
9 8.3 2.5
10 8.6 2.5
11 8.9 3.5
12 9.2 30.2
35 T T T T T T T T T T T
- —< left outlet
E 307 —— rightoutlet i
g l
@ 25 -
§e]
[]
3 20 -
£ .
5 ] :
§e]
®
£ 10 -
8 i
& 51 -
(@]
0 T T T T T T T T T T T T
4 5 6 7 8 9 10

Diameter of inclusions (um)

Fig. 9. The relationship between the concentration of inclusions and
size at the outlet in tundish.

surface reached zero. Once the number of 5.0-um
inclusions after agglomeration was less than that
of 5.0-um inclusions removed, its number density
decreased. Furthermore, the number density of
5.0-um inclusions increased first to a peak value,
then decreased gradually, and eventually stabilized
at approximately 2.347 x 101! #m?>. Figure 8c
shows that the number density of 9.2-um inclusions
increased all along until 1901.5 s to level off.

Table III and Fig. 9 show the concentration of
inclusions of each size at the outlet of the tundish
after reaching the steady state, which will be the
initial concentration of inclusions entering the con-
tinuous casting mold. The concentration of 4-um,
5-uym, and 9.2-um inclusions at the outlet were
9.9 ppm, 9.1 ppm, and 30.2 ppm, respectively.

The concentration of other inclusions were
2.0 ppm—6.0 ppm. In addition, the oxygen total
content of the molten steel at the outlet is 38.5 ppm
after reaching the steady state. The contribution of

Ling and Zhang

turbulent collision to the removal fraction of inclu-
sions was 23.0%.

It should be noted that the strong stirring energy
can be controlled within the inlet zone of the tun-
dish using weirs and dams, providing favorable
conditions for the collision and coalescence of small-
sized inclusions. Moreover, the molten steel, leaving
the high turbulence zone and entering the outlet
zone, has a long residence time, which favors the
removal of large inclusions by floating.

CONCLUSIONS

In the current study, mathematical models were
developed to predict the growth and removal of
inclusions in a two-strand tundish. The following
conclusions were obtained:

(1) The collision and coalescence among inclusions
mainly depends on the flow pattern of the
molten steel. The stronger the turbulent flow
is, the more beneficial to the generation of large
inclusions and the faster its generation rate is.

(2) The 1"ising5 velocity of 9.2-um inclusions is
1.39 x 107° m/s, which is far smaller than the
flow velocity. Small inclusions follow the fluid
flow well.

(3) The strong stirring energy can be controlled
within the inlet zone using the weir and dam in
tundish, which provides favorable conditions for
collision and coalescence of small inclusions.
The molten steel flows smoothly outside the
high turbulence zone and has a long residence
time in the outlet zone, which helps the floating
removal of large inclusions.

(4) The concentration of 4-uym, 5-um, and 9.2-um
inclusions at the outlet are 9.9 ppm, 9.1 ppm,
and 30.2 ppm, respectively. Other groups are
2.0 ppm—6.0 ppm.

(5) The oxygen total content of the molten steel at
the outlet is 38.5 ppm after reaching the steady
state, and the contribution of turbulent collision
to the removal fraction of inclusions was 23.0%.
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