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Abstract: The cleanness of steel has always been a big problem for secondary refining. In this work,
a new method, which is coupled with slot and porous plugs, is proposed to improve the cleanness
in steel. Water experiments and numerical simulations were performed to study this effect. Results
revealed that when using slot-porous plugs, the flow field was obviously asymmetrical, and the
circulation flow was pushed towards the porous side. Then, the removement of inclusions was
increased to about 22.7% percent, comparing with traditional two-slot bottom stirring and reducing
the dead zone area near the bottom of the ladle; however, the mixing time delay was 16%, comparing
with traditional plugs. Then, in order to explain the reason for these phenomena, we established a
mathematical model through large eddy simulation and discrete particle modeling (DPM). Results
shows that the asymmetry flow field awoke the recirculation flow downwards after using slot-porous
plugs, which would homogenize the flow at the bottom, promoting floating in steel. What is more,
the velocity near the free surface was lowered; therefore, it could also stabilize the surface velocity as
well, which is also beneficial for removing inclusions as well.

Keywords: ladle refining; inclusion; slot plug; porous plug; LES-DPM model

1. Introduction

With the rapid development of the steel industry, especially for electronics, aircraft,
and ships, the requirement of clean steel is getting more and more strict. In modern steel-
making process, the ladle refining plays an important role in adjusting steel components,
removing harmful and dangerous elements and inclusions. Even though the technology of
ladle refining has achieved great success in these years, the inclusions are still not easy to
remove, especially for the smaller ones. As a result, improving ladle refining and enhancing
the purity of steel is a hot topic.

As a bubble-driven tube, the ladle, which is responsible for the desulfurization, inclu-
sion removements, and other chemical-related phenomena, depends on the good mixing
and homogenization of molten steel. Chen et al. [1] investigated the effect of plug positions
on the mixing behavior, showing that the shortest mixing time could be obtained when the
two plugs were symmetrically arranged at half radii in the ladle bottom. Furthermore, Chen
et al. [2] found that the angle of two plugs should be arranged within 60-90 degrees. In
addition, Tang [3] improved the mixing behavior through an asymmetry injection of argon
gas. The geometry of the bubble generator may also affect the ladle refining in the process.
Owusu et al. [4] compared six kinds of injectors and found that more bubbles would be
produced by small orifices, enhancing the mixing behavior in the ladle. Tan et al. [5] built a
water model to show that, with the slit diameter increases, the mixing time and inclusion
removal rate decreases. What is more, the slag eye increases with increasing slit diameter,
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and the slit angle has a positive influence on the formation of the slag eye. Except for the
ladle structures stated above, the bubble generators (or plugs) are also quite essential for
the refining effect. Practical measurements showed that in a slot plug, the velocity increases
sharply with the gas pressure, while in a porous plug, it has a window that, when gas
pressure continuous to grow, the velocity does not increase any more. Therefore, most steel
plants adopted two-slot plug affiliations to improve the mixing of molten steel. During this
process, the bubble floating would induce the buoyancy force to drive steel to flow and also
remove inclusions in this way. There are two mechanisms [6] for removing inclusions now:
One is through the bubble wake and the other one is bubble surface adhesion. Comparing
with slot plug, the porous plug has a special porous structure that can generate more fine
bubbles to entrap inclusions to improve the purity of molten steel. For example, Zheng [7]
investigated the inclusion removement ratio in a wide range of gas flows and found that
the removement ratio was obviously higher than that of the slot plug and the smaller
bubbles were more efficient in removing inclusions. Wang [8] established a mathematical
model that described bubble adhesion of inclusions, finding that the bubbles with sizes of
0.5-2 mm were most efficient to remove inclusions smaller than 50 um, while, for the big
inclusions, they were mostly removed by the bubble wake, which was accomplished more
easily by bubbles larger than 2 mm [8]. Even though they have their own defects, they can
be coupled together to make up with each other’s weaknesses to get a better refining effect.

In these years, computational fluid dynamics (CFD) have been widely used to realize
the phenomenon with bubbly flow [8,9]. In the early models [3,9-11], the momentum
equation of the liquid phase was solved using the void fraction of bubbles as in the multi-
fluid model. The bubble aggregation and breakage were not taken into consideration.
Sheng and Iron [12], using the Eulerian-Lagrandian model, considered the bubble breakup
and the lift force in the simulation and compared those with the results of the water model.
Then, Guo and Iron [13] successfully adopted this model in three-dimensional simulations.
Recently, Duan et al. [14] investigated the role of each interphase force on the gas-liquid
flow regime, including the drag force, lift force, virtual mas s force, and pressure gradient
force. The bubble size distribution was considered according to the experimental result of
Xie et al. [15]. In a series of works [16-19] by Liu and Li et al., they conceived CFD-PBM and
LES-VOEF-DPM as well as DBM model for revealing the slag entrainment, naked steel, and
mixing behavior inside the ladle, and laid a solid foundation for recognizing the physical
phenomenon during ladle refining. However, until now, the bubble interactions with
different plugs have not been reported; thus, the bubble characteristics on the flow field as
well as its effect on the inclusion removements still remain to be done.

In this work, the main innovations consist of three parts: (1) to improve the inclusion
removement ratio through coupling with slot and porous plugs, (2) to establish a mathe-
matical model that can be used to show the flow field in these slot-porous plugs, and (3) to
reveal the reason why the removement ratio can be increased using this system. The work
lays the foundation for the theory of a slot-porous plugs coupled system to improve the
secondary refining effect.

2. Mathematical Model
2.1. Similarity Principle for Water Model
An industrial size of a refining ladle of 100 tons was used as a prototype to design

the experimental water model. The scale factor was 1:7, and the main parameters of the
prototype and the model ladle are shown in Table 1.
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Table 1. Geometry parameters and material properties.
Parameters Real Ladle Water Model
Gas flow rate, NL/min 150 + 150 1.242 +1.242
Plug angle ° 114° 114°
Dynamic viscosity of steel, kg/(m-s) 0.0051 0.001
Dynamic viscosity of air, kg/(m-s) 1.79 x 1075 1.79 x 10~
Density of dioctyl phthalate, kg/ (m?3) 2000~3000 986
Radius of ladle bottom 2717 388
Based on the ideal gas law, the Equation (1) was obtained:
p1p8Hp +p0 pg,p(To +273.15) )

Po pg,0'273-15

In this equation, the depth of the molten steel H, = 3350 mm, local atmosphere
pressure pg = 101325F,, the argon density at standard state po o = 1.785 kg/ m°, the density
of steel p;, = 7100 kg/ m?, and the temperature at the inlet of the plug Top = 1558 °C;
therefore, the argon density at the inlet pg , = 0.329 kg/ m°.

With consideration of bubble expansion, the gas flowrate under high temperature is
as follows:

0¢,0
Qep = =25 Qg0 = 2.031 Qg )
Pgp

where Qg ¢ is the volume flow rate of argon at a standard state. According to the principle
of similarity, the flowing mainly originates from the buoyancy of bubbles from the bottom
gas. Therefore, modified Froude numbers (Fr') must be equal besides having geometric
similarity for model and prototype. Modified Fr’ is defined as:

2
pr = Pomtin _ Perlty ©)
p1,m8Hm  p1,p8Hp

Gas flow velocity can be represented as a function of the gas flowrate:

u= 22 @)

D2

The Equation (3) was obtained according to the equation Fr';, = Fr'):
H
Up PLpHpPgm
A4 H..-
Qo _ [Pew PP _ o 609 ©)
Qgp Pl,p'dp'Hp'Pg,m

Based on Equations (2) and (6), the following equation can be obtained:

Qgm = 0.00251Qg,, = 0.00251 x 2.031 x Qg = 0.0051 Qg )

"1

where “m” and “p” represent model and prototype.

The system was made up of a water model, plugs, gas pipe, and air compressor, shown
in Figure 1. The air was injected into the ladle through a compressor at 0.4 MPa, and a water
tap was set above the water model, which injected water constantly at a fixed flow rate.
The liquid dioctyl phthalate was used as a surrogation for non-metallic inclusions in steel.
To homogenize the inclusions into the water model, the dioctyl phthalate was mixed with
pure water and rotated in a stirred vessel with a rather high speed, and then injected in 1 s.
The total volume of the dioctyl phthalate was 60 mL. Once the inclusions were floating to
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the top, the water would flow over the boundary and push the inclusions into the beaker.
We monitored the inclusions in the beaker every 1 min. The monitored time was 10 min.
The transient removement ratio in every minute can be calculated through the monitored
liquid inclusions in every minute, divining with total volume of 60 mL. Two plugs were
used in the ladle, however, with a different match. The first match was composed of two
slot plugs (5-S mode). The second match was composed of one slot plug and one porous
plug (S-P mode). The third match was composed of two porous ones (P-P mode). The type
mostly used in today’s factory is the first mode, aiming at mixing alloy elements. The slot
plug is made up of plexiglass with the radius of 17 mm and the slot thickness is 0.2 mm. By
comparison, the material for making the porous plug is corundum (Al,O3), which can be
used to refine bubbles when they are injected into the ladle.

Flowmeter

Figure 1. Geometry for water model experiment.

2.2. Simulation Model and Boundary Conditions

The computational domain included the fluid domain and two plugs in the bottom
of the ladle, shown in Figure 2. One of them was located on the 0.78 radius of the ladle
bottom and the other one was on the 0.71 radius of the ladle bottom. The angle of these two
plugs was 114°. The free surface of the steel was a 500-mm distance from the top surface
of ladle. The slag layer thickness was 80 mm. Hexahedral mesh was used to perform the
simulation, and the total number was 1.06 million.

Pl 3
e lug 1
Plug 2

(a) (b)

Figure 2. Geometry model and boundary conditions: (a) isometric view, (b) top view.
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d (Pmﬁm,i) +

The geometry of the slab and properties of materials can be found in Table 1.

2.3. Mathematical Model
2.3.1. Mass Conservation Equation

The mass conservation equation for three phases (molten steel, slag, and air) is as follows:

Iom) , IPmllm,i) _
ot + axi =0 (8)

where 1y, ; is the filtered velocity of continuous phases, which can be elaborated as the
integration of the filtered function multiplying velocity u, ;, and t is time. The term pp, is
mixture density, the equation of which can be written as follows:

Pm = 410 + KgPg )

where o) and p; are volume fraction and density of molten steel, as and ps are volume
fraction and density of liquid slag, and &g and pg are volume fraction and density of air
phase. For simplification, we used subscripts “1” to represent steel, “s” to represent slag,

“

and “g” to represent air. The term « is tracked with the following VOF equation:

"
S

d(w;) n (Tl ;)

ot o, O (10)

where py is the density of kth phase and «; is the volume fraction constrained by the
equation o) + ag = 1.

2.3.2. Momentum Conservation Equation

Many previous works [20-24] reported that the large eddy simulation is feasible in
predicting the vortexing flow in detail. In this method, large eddies are directly represented,
whereas smaller ones are modeled to solve. Therefore, the large eddies are mathematically
filtered and the smaller ones are modeled to close momentum equations. Then, the filtered
time-dependent Navier-Stokes (N-5S) equation can be written as follows:

d (P mﬁm,iﬁm,j) _ E)E 0

ax; = o + 2871- Heffect,m (Sij — %51']‘51(1() + pmgi + ﬂzgfi + Fr,; (11)

Here, the term P; is the static pressure, F; is the particle forces acting on steel, Heffectm =
Um + py is the effective viscosity of mixture phase, yim is the molecular viscosity of mixture
phase, dp, is the diameter of argon bubble, and it is the turbulent viscosity of mixture phase.
In the VOF method, all the variables are averaged by the volume fraction of each phase.
The equation of the surface tension force Fr ; can be found in other works [25]. The filtered

strain rate S;; is defined by:
= 1| ou; aﬁ]
Sij = 5 lau] + 91 (12)

where §;; represents the Kronecker symbol. The turbulent viscosity yit = pm L2 ]gi]- |
In this work, the Ly is calculated by:

Ls = min(xd, CsA) (13)

where « is a von Karman constant equal to 0.4, d is the distance to the closest wall, C; is the
Smagorinsky constant of 0.2, and A is calculated based on the volume of the structured cell
using A = V1/3,
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2.3.3. Bubble Transportation Model

In this work, the movements of discrete bubbles are tracked through the Lagrangian
approach. To simulate the effect of bubbles on fluid flow, the interactions between the
continuous phases and discrete bubbles were two-way coupling. For instance, the motion
of particles can be simulated by integrating the force balance equation for each particle,
which can be written as:

dilp, i

Mp it = Fi (14)

where 7, ; and mp, represent the velocity and mass of bubbles and F; represents total forces
acting on bubbles, which can be expressed as:

Fi=F i+h i+F itk ithi+F _mi (15)

The terms on the right side of Equation [15] are gravitational force, buoyancy force,
pressure gradient force, drag force, lift force, and virtual mass force.

Bubbles that are injected into SEN at room temperature would expand in molten steel,
the density of which can be calculated through the ideal gas law:

Here, the bubble density at 20 °C is 1.78 kg/m?3. The pressure p is standard atmospheric
pressure, which can be assumed to be constant near the mold top. Based on this equation,
the bubble density in the molten steel (1556 °C) is 0.266 kg/ mS.

3. Results and Discussions
3.1. Validation of Mathematical Model

In order to validate the accuracy of the mathematical model, the transient removement
of inclusions is calculated and compared with the water model. The parameters used
in the simulation are shown in Table 1. Two different plugs were used at the same gas
rate of 150 NL/min, and the results are shown in Figure 3. It can be seen from Figure 3
that, although the experiment value was smaller than that of the simulation result, the
simulated and experimental results were quite similar with each other when time increased.
The reason for this phenomenon is because there were some unavoidable inclusions that
adhered to the wall of the ladle at the beginning of the experiment. Except for these
differences stated above, the mathematical model was confirmed to be reliable.
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Figure 3. Comparison of inclusion removements in water model through simulation and experiment.

In order to investigate the effect of plugs on the mixing behavior of steel, the KCl
solution was added near the top of the ladle (Point 1) and the electric conductivity was
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inserted near the bottom (Point 2), which can be found in Figure 4a. The mixing time
was determined as the time when the percentage of KCl concentration variation was less
than 5%.

Experiment
—-—- Simulation

(0= (0.,—9¢)

\/I N o 020 30w s e 70
u Time (s)
(a) (b)

Figure 4. Comparison of mixing time: (a) arrangement of injection position, detection point, and

(b) comparison result.

As the flow reached a steady state during simulation, the species-transport model is
applied to track the liquid mixing in steel. It was assumed that the density of solution is
equal to the density of liquid steel, then the equation can be written as follows:

?ff 4 V- (ttyi¢ — DeV) =0 (17)
where ¢ is the dissolved liquid concentration and D, is the diffusion coefficient. Figure 4b
shows the experimental and numerical non-dimensional variable change at Point 2. The
solution was added at the time that flow reached a steady state and the time that was
shown in the figure was recorded after that. The non-dimensional variable was described
as (¢ — ¢0)/ (¢ — @o) Where ¢ is a steady value of the quantity obtained from both
experiment and numerical calculations, and ¢y is the initial value in the ladle. It can be
seen from Figure 4b that the simulation result was quite similar to the experiment result,
indicating that the mathematical model in this work is reliable.

3.2. Similarity Principle for Water Model

The bubble profiles that were injected from a slot plug are shown in Figure 5. Three
different flow rates were considered: 30 NL/min, 150 NL/min, and 300 NL/min. It should
be noted that in this work, if there were no additional statements, the bubble flow rate
written in this work was for the real ladle, no matter if it was in the water model or the
simulation model. The transformation method can be found in Equation (2).

It can be seen from Figure 5 that, when the injection rate was 30 NL/min, the bubble
size was quite large from the slot plug, and the size distribution was within a quite far
range. With the increase of gas injection, a large number of bubbles was generated; the
bubbles coalesced into many huge ones and also broke into smaller ones, which disturbed
the ladle flow in a large scale.
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A 4 ey
o

(b) (c)
Figure 5. Distribution of bubbles from slot plug: (a) 30 NL/min, (b) 150 NL/min, (c) 300 NL/min.

By comparison, just as shown in Figure 6, the bubble size was quite fine with a round
shape when the bubbles were injected from the porous plug. Additionally, although the size
increased a little with the flow rate, the shape was still kept as round and the coalescence
and breakage of bubbles were quite small.

Figure 6. Distribution of bubbles from porous plug: (a) 30 NL/min, (b) 150 NL/min, (c) 300 NL/min.

Through using image ] software statistics, the bubble size distribution of slot and
porous plugs are shown in Figure 7. No matter which flow rate, the bubble range for slot
plug was far beyond that in the porous plug, and, also, the bubble size was quite larger.
By comparison, when using the porous plug, the bubble size was quite uniform, mostly
ranging from 1-4 mm, which is beneficial for removing inclusions in the ladle [4,7].

1.0 1.0
—#— 50 NL/min —#— 50 NL/min
0.8 F —&— 150 NL/min| 0.8 —e— 150 NL/min
—A— 300 NL/min —=&— 300 NL/min

e
ES
T
g
=N

e S

[ IS
T T

o <
[ S} £
T

e
=3

o
=)
T

012345678 9101112131415 0123456728 9101112131415
Bubble diameter d (mm) Bubble diameter d (mm)

(a) (b)

Mass fraction of bubbles larger than d (%)

Mass fraction of bubbles larger than d (%)

Figure 7. Bubble distribution curve in the ladle with different plugs: (a) slot plug and (b) porous plug.
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3.3. Flow Characteristics in Ladle

Figure 8 shows the transient behavior of the flow phenomenon inside the ladle. The
black ink was injected to trace the flow stream of the fluid injections from two plugs. Easily
seen, the injection fluid moved upward quickly to the top and crashed near the middle
of the top. This may cause much kinetic loss in a real flow process. By comparison, if we
replace one of them with a porous plug, the impingement area significantly offset to the
replaced direction side. Additionally, the bubbles were greatly refined and distributed
inside the mold, which may help remove more inclusions floating to the top.

Figure 8. The characteristics of flow field with different bottom stirring mode traced by ink: (a) S-S
mode, (b) S + P mode, and (c) P-P mode.

3.4. Bubble Distribution in the Ladle

The distribution of bubbles with different plugs is shown in Figure 9. It can be seen
from Figure 9 that the bubble plume presented like a line when using the double slot
plugs, while it transformed like a horn when one was replaced by a porous plug, as shown
in Figure 9b. In addition, when the two double plugs were all porous plugs, shown in
Figure 9c, then the plumes were obviously larger than that in Figure 9a. The reason for
this phenomenon is because small bubbles were large in number, which will be dispersed
more uniformly inside the ladle. This is why porous plugs were more efficient in removing
inclusions. However, the double porous plugs had disadvantages in the fast mixing of
molten steel; therefore, it is important to find a new plug system to solve the problem.

(a)
Figure 9. The characteristics of flow field with different bottom stirring mode traced by ink: (a) slot +
slot plug, (b) slot + porous plug, and (c) porous + porous plug.
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The distribution of bubbles is shown in Figure 10. It can be seen from Figure 10 that
the bubbles were mostly large, and floating up and down to the top, impinging the top
surface, which is beneficial for forming the big recirculations of steel in the ladle. The
bubbles injected from the porous plug were quite uniform while the bubbles injected from
slot plug were large, which agreed quite well with the results in the water model, shown in
Figure 9.

@) (b) ()

Figure 10. Bubble distribution with different bottom stirring mode: (a) S-S mode, (b) S-P mode, and
(c) P-P mode.

3.5. Flow Field and Velocity Distribution of Free Surface

Figure 11 shows the streamlines that were injected from two plugs. Obviously, when
two plugs were of the same type (double slot or double porous plugs), the vortices were
symmetrical about the center line of the ladle, as shown in Figure 11a,c. However, due
to the fact that the kinetic energy induced by a slot plug was much higher than a porous
plug, then the velocity induced along the slot side was higher than that along porous side,
which can also be found in Figure 11b. This is why the vortex core along the slot side was
higher than that on the porous side. When the vortices were symmetrical, the streamlines
were mostly near to the top of the ladle. This may lead to the fact that the kinetic energy
loss caused by symmetry flow was greater than that by the asymmetry flow. The reason
for this phenomenon, as shown in reference [3,26], is because much of the energy loss was
found near the free surface of the ladle. Comparing with Figure 11a,b, it can be seen that
the streamlines caused by the slot-porous matched plugs were much lower than that by the
double-slot plugs. A similar phenomenon was also shown in references [3,26]; however,
different from their works, the injection rates in the two holes in our work were equal. As
a result, the asymmetrical flow was mainly caused by using different plugs, rather than
different flow rates. This is important for the inclusion removal since it can promote bubble
distribution in the ladle. Similar streamlines are also found in Figure 11a,c, and this is why
a similar phenomenon can also be found comparing with Figure 11b,c.

Velocity
Contour 3
0.196
0.184
0.171
0.159
0.147
0.135
0.122
0.110
0.098
0.086
0.073
0.061
0.049
0.037
0.024
0.012
0.000
m/s

Figure 11. Velocity and streamlines in the ladle with different plugs: (a) S-5 mode, (b) S-P mode, and
(c) P-P mode.
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Figure 12 shows the velocity and streamlines on the free surface of liquid steel. Dif-
ferent plugs were selected to compare with each other. It can be seen from Figure 12
that, with the double slot type, the flow field was almost symmetrical with two plumes
impinging on the center line of the surface. However, if one plug was replaced by a
porous one, the streamlines were pushed towards the porous side. Additionally, if double
porous plugs were adopted, the flow field was symmetrical, again to the center line of the
ladle. The reason for these phenomena is because of the bubbles size distribution under
different plugs.

Velocity, m/s

(a)

Figure 12. Velocity and streamlines on the free surface of liquid steel: (a) S-S mode, (b) S-P mode,
and (c) P-P mode.

Similar phenomena are also found in Figure 13, which shows the velocity and stream-
lines injected from two plugs. It can be seen from Figure 13 that the two vortices were
formed after the gas was injected from the plugs, which was beneficial for the transporta-
tion of the alloy into the whole ladle. More importantly, due to the fact that the vortices
were biased to the bottom due to velocity differences of the plugs, the mixing of steel was
improved, as shown in Figure 13b, because the dead zone (the region with the velocity
smaller than 0.01 m/s) was smallest among the other two. Therefore, it can be concluded
that this new type of plug is beneficial for the mixing of molten steel.

Velocity
Contour 3

0.196
0.184
0.171
0.159
0.147
0.135
0.122
0.110
0.098
0.086
0.073
0.061
0.049
0.037
0.024
0.012
0.000

m/s

(a) (®) (©

Figure 13. Velocity and streamlines in ladle with different plugs: (a) S-S mode, (b) S-P mode, and
(c) P-P mode.

3.6. Mixing Time in Water Model

The mixing time of different plug arrangements are shown in Figure 14. The arrange-
ment of experiment is shown in Figure 4a above. It can be seen from Figure 14 that, with a
traditional type of two-slot plugs, the mixing time was about 50 s, while, after replacing
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with one porous plug, it was extended to about 58 s, which is about 16% longer than
that of the traditional plugs. Additionally, after using two porous plugs, the mixing time
reached a maximum at 67 s, which would deteriorate the fast mixing of molten steel and
delay the process of continuous casting. Therefore, it is not suggested to be used in the
current platform.

85

80 F

-3
[=2]
T T

(o] (o)) ~
o ()]
T T

Mixint time (s)

\

o1
S
T
|
i
i
i
©

[N
ol
T

40

S-S mode S-P mode P-P mode

Figure 14. The Comparison of mixing time of bottom-stirring with different plugs (Arrangement for
injection and detection point can be seen in Figure 4).

3.7. Transient Behavior for the Removal Ratio of Inclusions in the Ladle

The removement ratio in the water model was different under different flow fields,
which can be seen in Figure 15. It can be seen that the removement ratio varied with time
and mainly decreased with time. On the one hand, replacing one plug can increase the
ratio of removement, while, on the other hand, the replacement may also stabilize the
removement speed because the decline ratio is delayed. Overall, the replacement of a plug
can significantly increase the ratio of inclusion removements.

N
(e}

—#— S-S mode
—&— S-P mode
—&A— P-P mode

(98]
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Figure 15. The Comparison of inclusion removements of bottom-stirring with different plugs.

4. Conclusions

In this work, a new method, which takes advantages of slot and porous plugs, was
proposed to improve the cleanness in steel. A Water model and mathematical model were
established to study the flow characteristics, mixing behavior, and inclusion removements
in the ladle. The Main conclusions are as follows.
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(1) When using slot-porous plugs, the flow field is obviously asymmetrical and the
circulations’ flow enlarges to the porous side. The removement of inclusions is 22.7%
higher than traditional two-slot bottom stirring and homogenizes the flow field at
the bottom of the ladle; however, the mixing time was delayed 16% comparing with
traditional plugs.

(2) The location of the recirculation flow is moved downwards after using slot-porous
plugs and moves the recirculation flow downwards, which is helpful for homogeniz-
ing the flow at the bottom and promoting inclusion floating in steel.

(3) The flow field is obviously asymmetrical after using a slot-porous ladle. The reason
for this is because the bubble sizes are quite different with each other. The asymmetry
flow field improves the mix ing behavior near the bottom of the ladle and, thus,
deserves to be promoted.
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