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Abstract

Secondary steelmaking or ladle metallurgy is one of the important processes that adjust and homogenize the
chemical compositions and the temperature. In this process, argon gas is injected into the melt through porous
plugs to accelerate the chemical reaction and the mixing. One of the indicators for the mixing efficiency is “the
mixing time”. The purposes of this study were to investigate the effects of gas flow rate and purging system on
the mixing time and flow characteristics by using numerical and physical investigation and to predict the velocity
magnitude acting on the refractory wall by analyzing the effects of gas flow rate. A 1:5 scaled water model
and a full-scale ladle model of Millcon steel PLC were used in the study. The numerical simulation modelling
was carried out by using CFD commercial software Flow-3D. The results from the numerical simulation were
in consistence with the experiment results. The simulation results showed that with the highest gas flow rate
the reduction of the mixing time was around 36% and the velocity magnitude increased to approximately 44%
in comparison with the lowest gas flow rate in the full-scale model. The area at the ladle wall near the liquid
surface has a higher chance of the damage than other areas. Besides, employing the dual-plugs system led to
approximately 33—49% shorter mixing time compared to the single-plug system. The results show that the gas
flow rate affects the turbulent kinetic energy directly. However, high turbulent kinetic energy leads to open-cye
size which results in re-oxidation and contamination. Therefore, it is important to optimize the flow rate to
achieve both productivity and steel cleanliness.
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1 Introduction

Secondary steelmaking or ladle metallurgy is the process
that adjusts and controls the chemical compositions and
the temperature as well as inclusion removal from the
liquid steel. In this process, the argon gas is often injected
into the liquid steel in order to stir and mix the chemical
compositions until the homogeneity [1]. The time since
the beginning of the stirring process until the point
where the chemical compositions achieve the desired
or specified degree of homogeneity is called “mixing
time” [2]. Generally, the mixing time is fixed at 95%,
which means the chemical compositions still remain within
5% of the final concentration [2], [3]. The typical
variation of concentration with time and the procedure
for estimating the 95% mixing time is shown in Figure 1.

It is well known that steel plants often reduce the
mixing time by using higher gas flow rates. However,
the high gas flow rate does not always provide good
results. Lakkum ef al. [4] illustrated the disadvantage
of the excessive gas flow rate used in the ladle stirring
process. The results indicated that the excessive flow
significantly increases the turbulent kinetic energy,
which results in the increasing of slag open-eye size
and will promote the oxidation and contamination of
inclusion in the liquid steel.

Opver the past decades, the flow characteristics and
the mixing phenomena in the gas stirred ladle system
has been investigated widely by using the physical
water model [5], [6] and numerical simulation [7], [8].
Many pieces of research give emphasis on the impact
of injector design on mixing and flow characteristics.
Owusu et al. [9] described the impact of six types of
injector on mixing efficiency. They found that the
standard porous plug provides higher intensive bulk
convection and degree of turbulence than the other
tested injectors. Gajjar et al. [10] also investigated the
impact of six types of injector on mixing time, which
correlates with the bulk convection and turbulent
kinetic energy. The results indicated that the relative
deviation in mixing time for all tested injectors is 6.4%.
It can be concluded that the mixing time is independent
of diameter orifices and the types of injector have a
minor effect on the mixing efficiency.

While the numerical simulation has so far been
applied in the ladle refining process. Mazumdar et al.
[11] illustrated the combined Lagrangian-Eulerian
approach to model the submerged gas injection
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Figure 1: The variation of concentration with time and
the procedure to estimate the 95% mixing time [1].

phenomena during ladle refining operations. The results
provided the comprehension of the mathematical model
which leads to the ladle stirred simulations. Madan
et al. [12] presented the physical and mathematical
modeling study to investigate the mixing in a gas
stirred ladle system. The results exhibited that the
comparison of mixing time between the discrete phase
model (DPM) and the experimental measurements in
general agree reasonably well. These prior research
studies lead to a greater understanding of the simulation
used in the gas stirred ladle system.

In this research, the objectives were divided into
two parts. In the first part, the investigation of the
effects of gas flow rate and purging system on the mixing
time and flow characteristics were carried out by using
numerical simulation, the commercial software, Flow-
3D with experimental validation. A 1:5 scaled water
model was applied in this part. In the second part, the
effect of gas flow rates was investigated in order to
predict the velocity magnitude acting on the refractory
wall by using the numerical simulation. The full-scale
ladle model of an example steel plant, Millcon Steel
PLC was used in this part. This research attempted to
show the importance of the optimisation of the gas flow
rate inside the gas stirred ladle system which has direct
effects on productivity and steel cleanliness.

2 Methodology
2.1 Physical modeling

Due to the difficulty of the measurement in the ladle
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Figure 2: The 1:5 scaled water model station.

refining process such as the high temperature of the
liquid steel, visual opacity of the liquid steel coupled
with the large size of the industrial ladle furnace, the
physical water model has been using to represent the
system of the ladle refining process in order to study
the phenomena in full-scale gas-stirred ladles. In this
study, the main objectives of using the physical water
model were to experimentally measure the mixing
time as well as the tracer distribution inside the ladle.
The physical water model was scaled down 1:5
time of the actual ladle furnace nominal capacity of
75 tons from the example steel plant. Figure 2 shows
the 1:5 scaled water model of the ladle used in the
experiment. The physical water model and the water
jacket were built by using transparent acrylic glass.
The dimension of the 1:5 scaled water model and the
full-scale ladle model are shown in Table 1.

criterion is also known as Froude similarity criteria,
which is derived on the basis of the effect of the gravity
and the inertial force. The relationship of the gas flow
rates between two different models can be represented
as [Equation (1)]:

Qmod = lz'SQfs (1)

where Q0,4 is gas flow rate in the model (m?/s), 4 is
geometrical scale factor (L, Luiiscae)> and Oy 1S gas
flow rate in full-scale ladle (m’/s).

In the present study, the water was employed to
represent the liquid steel and the upper slag phase is
entirely ignored. The physical properties of the liquids
and the operating conditions in the full-scale and the
physical water model are summarized in Table 2.

Table 2: The physical properties of liquids used in
the study [17]

Full-scale 1:5 Scaled
Properties Ladle Model | Water Model Unit
(Steel-argon) | (Water-Air)

Liquid density 6969 1000 kg/m’
Liquid viscosity 0.0055 0.001 Pa.s
Kinematic viscosity |  0.91x10°° 1x10°° m?/s
Liquid temperature 1873 298 K
Injected gas Argon Compressed air -
Gas density 1.6228 1.225 kg/m’
Gas flow rate 100, 200, 300 1.8,3.6,5.4 L/min

2.2 Experimental setup

Table 1: The ladle dimension of the 1:5 scaled water

model and the full-scale ladle model

Full-scale 1:5 Scaled
Properties Ladle Model | Water Model | Unit
(Steel-argon) | (Water-Air)

Ladle diameter (D) 2300 460 mm
Ladle height (H) 3000 600 mm
Liquid height (L) 2200 440 mm
Aspect ratio (L/2R) 0.9565 0.9565 -
Porous plug diameter 97 19.4 mm

As shown in Table 1, many research [13]-[16]
mentioned the criteria of physical dimensions and
operating parameters between the full-scale ladle
system and the physical water model system. This

Figure 3 presents the schematic view of the experimental
setup used to investigate the tracer distribution and
the mixing time. The experimental system consists of
water tap (1) to fill the water into the 1:5 scaled water
model. The tracer was kept in the small container and
injected into the water model by turning the ball valve
(2). The tracer moved directly through the tracer inlet
(3) to the point on the liquid surface. The movement
of the tracer is moved independently according to the
vertical axis. The characteristic of this movement is
efficient to reduce the error due to the changing of the
tracer velocity from the pouring. The gas injection
system were set up to control pressure and air flow rate.
The system consists of an air compressor (4), a pressure
regulator (5) and a rotameter or flow meter (6). The gas
was injected through the porous plugs (7) to generate
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Figure 3: The schematic diagram of water modeling
system setup used to analyze the tracer distribution
and the mixing time.

the air bubble into the water. The conductivity probe
(8) is located at 0.452 meters above the base of the ladle
which used to measure the changing of the electrical
conductivity from tracer (NaCl).The data was collected
typically every one second and simultaneously stored
in the conductivity meter (9) by using the Lutron
Data Acquisition software. The data was converted
and analyzed through the MS-Excel software in the
computer (10). Then, the liquid in the water model is
pumped out into a tank (11). The pump (12) pumped
water out from the tank and the water was drained
away as drain water (13).

However, there is little imprecision in the use
of conductivity probe in the experimental study. Due
to the complex shape of probe, which causes some
obstruction of fluid flow in the conductivity sensor
area, the 95% mixing time results in the experiment
are higher than the results in the simulation which has
no obstruction of fluid flow in the simulated probe.
Accordingly, the adjustment of the mixing band in
the concentration-time graph was increased from
+ 5% to = 10% to ignore the small fluctuation due
to the obstruction of fluid flow in the experimental
probe. For this reason, the 90% mixing time criterion
was used in this study to indicate mixing phenomena
that provide corresponding results in both simulation
and experiment.

2.3 Mathematical models

The numerical simulation of mixing and flow in the
gas stirred ladle system was primarily carried out by
using the Lagrangian-Eulerian two-phase approach.
In addition, the RNG k-¢ model and the VOF model

were also applied in the simulation. The brief summary
of the calculation procedures relevant to the present
investigation is described as follows:

2.3.1 Lagrangian-Eulerian two-phase approach or
Discrete Phase Model

The combined models “Eulerian-Lagrangian” procedure
by which the liquid flow and the turbulence are calculated
on the Eulerian grid. The motion of bubbles with time
in the liquid is calculated on the Lagrangian frame [1],
[11]. In the simulation, a brief summary of the equations
relevant to the present investigation is presented as
follows:

Equations of continuity and momentum, the
governing differential equations can be expressed as
follows [18]:

Continuity Equation (2):
V.(u)=0 ()

Momentum Equation (3):

%ﬂv.(puu) =-Vp+VuVu 3)
Where u is velocity, p is density, p is pressure, and u
is dynamic viscosity.

Equations of bubble motion and bubble trajectory,
the equations can be expressed as follows [19]
[Equation (4)]:

u,

dt

1
=——VP+g+,B(u—up)|u—up|-£
P P

P p

. Madded (d_u_d&J
m, dt dt 4)
Where u, is particle mean velocity, p is density, g is
gravity and other body forces, u is fluid velocity, p is
pressure, 3 is coefficient related to drag force, m, is
particle mass, and m,,,, is the added fluid mass.

2.3.2 Renormalized group (RNG) k-epsilon model
The Renormalized Group (RNG) k-& model is a more

robust version of the two-equation k-¢ model, and is
recommended for most industrial problems. It extends
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the capabilities of the standard k-¢ model to provide
better coverage of transitionally-turbulent flows,
curving flows, wall heat transfer, and mass transfer.
The equations can be expressed as follows [20]
[Equation (5)]:

Turbulent kinetic energy, k:

0 0 0 u, . ok
—(pk)+—(phku,) =—| (u+—)—
5 (PR o (phu,) ax, {(ﬂ o axj}

+h —pe ®)

The rate of dissipation of turbulent kinetic energy,
¢ [Equation (6)]:

0 0 0 M, | Og
R +— )= — + L)y —
5 (P9 g Pe) = o (v 2

J & J

+%[C1Pk _Cng] (6)

2.3.3 Volume of fluid model (VOF model)

In this study, the VOF model was used to represent
the interface behaviors of top liquid surface and gas
layer in the gas stirred ladle system. The equation
describes the volume fraction can be expressed below
[21] [Equation (7)]:

OF OF
—+u—=0 (7)
ot Ox
Where F is the fraction of the different phase

However, according to the mathematical models
as mentioned above. It is required some assumptions
in order to set the scope of the research and to ease the
complexity of establishing the numerical simulation.
The assumptions applied in this research are shown as
follows:

1) The temperature in both systems was assumed
isothermal in which the temperature remains constant.

2) The flow system is essentially turbulent
and transient, which means the concentration at any
location changes with time till the tracer concentration
homogeneous.

3) The presence of an upper slag layer phase was

Figure 4: The 3D models of the ladle model: (a) Boundary
conditions and (b) Meshing model.

ignored and the bulk liquid-air interface was set as a
sharp interface.

4) The discrete bubbles were set to form at the
porous plugs. The size of the bubble forming at the
porous plug is defined as follows [21] [Equation (8)]:

d, = 0.35[%J ®)

Where d, is bubble diameter, Q is gas flow rate
corrected to mean height and temperature of the liquid
(m?/s), and g is gravitational acceleration (m/s?). The
size of a bubble was estimated on the basis of the gas
flow rate and was dynamically adjusted pressure and
size of gas particles in response to pressure in the
surrounding fluid.

5) The interactions between bubble-bubble were
ignored.

6) The standard drag law for spherical shape of
bubble was applied in the simulation.

2.4 Computational conditions

Figure 4 shows the boundary conditions and the
meshing model of the gas stirred ladle simulation.
Both full-scale ladle and 1:5 scaled water model use
similar boundary conditions which consist of specified
pressure (P) and wall (W). The atmospheric pressure at
1.01325x10° Pa was set up at the top and the side wall.
The standard wall function with non-slip condition
was set at the bottom wall. Additionally, the boundary
conditions at the tracer inlet, porous plugs, and liquid
surface were specified. For the meshing model, both
ladle models used one mesh block. The computational
mesh to solve the discrete and continuous phase
equations consists of approximately 704,238 cells.
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Figure 5: The boundary conditions at (A) tracer inlet,
(B) liquid surface and (C) porous plugs.

From Figure 5, at the tracer inlet (position A), a
pulse tracer addition is injected into the liquid with a fixed
velocity for two seconds. At the liquid surface (position
B), the bubbles can be escaped through the liquid surface.
Finally, the sizes of the bubble are defined according to the
different gas flow rates at the porous plugs (position C).

3 Results and Discussion

3.1 Effects of gas flow rate and purging system on
the mixing time

Figure 6 illustrates the arrangement inside both the full-
scale ladle model and the 1:5 scaled water model used
in this part. In Table 3, mixing time from the simulation
results were validated with experiment results. It is
readily evident that the results from the numerical
simulation are in consistent with the experiment results.
It shows that the gas flow rate affects the mixing time
directly. The results indicated that by increasing the
gas injection, the mixing time is decreased. This can
be explained by the fact that the injection of gas flow
rate into the liquid steel promotes the stirring and the
recirculation flow inside the ladle, which accelerate the
chemical composition to homogeneous. When comparing
the two systems, it was discovered that with the same
position of the probe, the mixing time with both single-
plug systems is slower than that of dual-plugs system.
The results exhibited that the number of the porous
plugs significantly affect the 90% mixing time. At this
point, it can be summarized that the dual-plugs system
provides better mixing efficiency than the single-plug
system. The simulation results of the full-scale ladle
model shown in Table 4 present the effects of gas flow

N &
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Probe (0.273,0.302,0.452)
_1

0.154R

0.126R & + P |
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plug plug

0.129R

0.692R 0.692R

Figure 6: The arrangement of the tracer adding point,
the conductivity probe and the porous plugs with
divided porous plugs into left and right plug.

rates, numbers and positions of porous plug, and the
tracer adding point on 90% mixing time which have
similar trend to that of the 1:5 scaled water model.

Table 3: The comparison of simulation results and
experimental results of dual-plugs and single-plug
systems of the 1:5 scaled water model

Purging Gas Flow 90% Mixing Time (s)
Systems Rate (L/min) | Experiment | Simulation
1.8 40 45
Dual-plugs 3.6 34 38
5.4 30 32
Single-plu 1.8 61 70
(Right)p & 3.6 55 59
54 45 48
Single-plu 1.8 5 78
(Le%t) plg 3.6 65 68
5.4 57 60

Table 4: The 90% mixing time of dual-plugs and single-
plug from simulation results in the full-scale ladle model

Purging Systems Gas Flovy Rate | 90% Mixing Time (s)
(L/min) Simulation
100 115
Dual-plugs 200 100
300 80
Single-plu; 100 160
®i ght)p g 200 140
300 120
Single-plu; 100 170
(Le%t) pug 200 150
300 132
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From the Table 4, the reduction rate of mixing time
in dual-plugs system illustrates that when increasing
the gas flow rate from 100 to 200 L/min, a 115 s mixing
time was brought down to 100 seconds (14%), and
from 200 to 300 L/min, it was further brought down
to 80 seconds (22%). In addition, the increasing of gas
flow rate from 100 to 300 L/min results in a decrease
in mixing time from 115 to 80 s (36%). The simulation
results show that the reduction in mixing time is controlled
by the gas flow rate. From the results of both ladle
models, it can be concluded that the increase in gas
flow rate results in mixing efficiency in gas-stirred
ladle system. From the comparison results of single-
plug and dual-plug purging systems, at the same gas
flow rates of 100, 200, and 300 L/min, the mixing time
rates were brought down about 33-39%, 33—40%,
and 40—49%, respectively. These results state that the
dual-plug system offers better mixing efficiency than
the single-plug system under the same total flow rate
conditions.

However, when comparing between the left and
the right plug of the single-plug systems, an interesting
finding is that the tracer adding point directly affects
the mixing time. The results from both ladle models
indicated that the mixing time from the right plug case
is faster than the left plug case. This is because the
tracer adding point is located closer to the right plug
than the left plug as shown in Figure 6. At the area
near the purging plug, there is high turbulent kinetic
energy, which promotes the stirring efficiency and
results in a decrease in the mixing time. This result is
corresponding to the previous finding of Zhu [22].

3.1.1 Effects of positions of the probe on the mixing time

In the study of the effects of positions of the probe, the
arrangement of the probes was changed from Figure 6
to Figure 7. The position of the probe can not be
located close to the purging plug area as the bubble
can disturb the measurement. The experiment and the
simulation were carried out by using the 1:5 scaled
water model in the dual-plugs system. The results are
described as follows:

As shown in Table 5, it can be seen that the results
from the simulation and the experiment are in good
agreement. Only minor differences around 6-13% was
found due to the small asymmetry and imprecision
of the positions of the purging plug and conductivity

Tracer inlet 0.351R
0.486R
* Porous plug + Porous plug
1
0-126R —@- 0.709R (0.267,0.107,0.452) (1 0.129R
Probe
0.223R
0.692R 0.692R

Figure 7: The arrangement of the probe after changed
positions.

probe. The results show that the 90% mixing time of
the new position is slower than the results of its original
position. The mixing time after changing the probe
positions are retarded as the new position is located
near the affected region of the rising plume flow of
porous plug. Thus, it can be concluded that the change
in probe positions is sensitive to the mixing time.

Table 5: The comparison results of the effect of probe
positions from the simulation and the experimental of
the dual-plugs system of the 1:5 scaled water model

] 90% Mixing Time (s)
l;l;,l;%;;g R;;;:S(E;:)nv:n) Before Changed| After Changed
Exp Sim Exp Sim
1.8 40 45 46 50
Dual-plugs 3.6 34 38 40 43
5.4 30 32 34 37

3.2 Effects of gas flow rate and purging system on
the flow characteristics

The simulation shows similar prediction results of both
models. To present the flow characteristics in the ladle
which represent the actual phenomena inside the ladle
of the example plant, the full-scale model is therefore
chosen to present the effect of gas flow rate and purging
system on the turbulent kinetic energy, the velocity
flow field and the velocity streamlines in this part.

3.2.1 The turbulent kinetic energy

Figure 8 shows the 2D turbulent kinetic energy at the
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Figure 8: The turbulent kinetic energy with different gas flow rates in dual-plugs system of the full-scale ladle
model: (a) 100 L/min, (b) 200 L/min, and (c) 300 L/min (The blue circle is the position of the tracer inlet).
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Figure 9: The turbulent kinetic energy at 300 L/min with different purging systems system of the full-scale
ladle model: (a) Left-plug, (b) Dual-plugs, and (c) Right-plug (The blue circle is the position of the tracer inlet).

liquid surface of the full-scale ladle model, respectively.
It can be seen that the trend of the results in both
ladle models is similar. The results indicate that the
increase of the gas flow rates subsequently increase the
turbulent kinetic energy which affects the mixing time
directly. The turbulent kinetic energy of the full-scale
ladle model at the highest gas flow rates of 300 L/min
are illustrated in Figure 9. The results show that, as
there are two plumes region in the dual-plugs system,
it can be obviously seen that there is larger area of
turbulent kinetic energy than the single-plug system.
In addition to the comparison of the turbulent kinetic
energy areas of both systems, it was found that the
maximum turbulent kinetic energy occurs in the middle
of the plume region due to a large group of bubbles.
The areas of the turbulent kinetic energy distribution
are expanded and gradually decreased from the center
of the plume regions.

However, high turbulent kinetic energy does

not always provide good results on the mixing. The
contamination of the liquid steel can occur in ladles
when open-eye area is expanded due to the increase of
turbulent kinetic energy. As shown in Figures 8 and 9,
it can be concluded that the gas flow rate should be
optimized in order to improve the cleanliness quality
of the liquid steel by decreasing the turbulent kinetic
energy. It should be noted that the optimum limit value
of turbulent kinetic energy for avoiding the problem
of contamination can not be indicated from this study,
but it is interesting for future work.

3.2.2 The velocity flow field

The simulation results of velocity flow field with
different gas flow rates inside the ladle in Figure 10
show that the liquid velocity of the entire ladle is
increased when increasing the gas flow rate. The
increasing of the flow velocity has a direct influence on
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Figure 10: The velocity flow field with different gas flow rates in dual-plugs system of the full-scale ladle

model: (a) 100 L/min, (b) 200 L/min, and (¢) 300 L/min.
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the mixing efficiency. The plume regions are formed
and floated upward, then expanded to the liquid surface
as illustrated in the red square frame. Intensive plume
regions with high velocity value of the upward flow
are caused by higher gas flow rates. However, higher
velocity value can generate the open-eye on the surface
of the liquid (Figures 8 and 9), which may cause
contamination to liquid steel. Figure 11 shows the velocity
flow field with different purging systems inside the full-
scale ladle model. The flow field characteristics changes
due to the different of purging systems which can be
explained that the velocity flow field characteristics are
significantly affected by the numbers of the porous plug.

3.2.3 The velocity streamlines

The comparison of the 3D velocity streamlines distribution
inside the full-scale ladle model are shown in Figure 12.

(b)
Figure 11: The velocity flow field at 300 L/min with different purging systems of the full-scale ladle model:
(a) Left-plug, (b) Dual-plugs, and (¢) Right-plug.

(©)

The simulation results of both models indicated that
when gas flow rates increase, the velocity of each path
line is increased. The recirculation fluid-flow pattern
is generated by gas injection through the porous plugs
located at the bottom base. The flow characteristics
can be divided into two patterns: an upward flow and
a downward flow. The upward flow driven by the gas
flow rates flows down from the top of the surface
from both sides of the porous plugs before forming the
downward flow. Figure 13 illustrates the comparison of
the fluid-flow pattern between dual-plugs and single-
plug of the full-scale ladle models. The results showed
that the fluid-flow pattern inside the ladle changed due
to the changing of the purging systems. It can be seen
that the dual-plugs system causes a large circulation
flow from both sides of the porous plugs while the
single-plug generates a different flow pattern. From
this point, it can be summarized that the number and
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Figure 12: The velocity streamlines with different gas flow rates in dual-plugs system of the full-scale ladle
model: (a) 100 L/min, (b) 200 L/min, and (¢) 300 L/min.
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Figure 13: The velocity streamlines with different purging systems of the full-scale ladle model: (a) Left-plug,

(b) Dual-plugs, and (c) Right-plug.

the position of porous plugs have significant effects
on the fluid-flow pattern in the ladle.

3.3 Effects of gas flow rate on the velocity magnitude
acting on the refractory wall

In this research, the velocity magnitude acting on the
refractory wall is used as an indicator to represent the
probability of the erosion occurred at the wall of ladle.
The study was carried out by using the full-scale ladle
model to predict the velocity magnitude. The arrangement
inside the ladle is shown in Figure 6. In order to
measure the velocity magnitude acting on the refractory
wall, the probe must be fixed at the wall of the ladle.
The positions of the probe are located vertically
near the porous plugs on each side of the ladle wall.
Thus, in this study, the arrangement of the probe to
measure the velocity magnitude is determined as
shown in Figure 14. The lowest probes are located
0.3 meters above the base of the ladle. The following

(©

As G
A B,
()i =e) A, B
Leftplug  Right plug 3
A, B,
i Al ‘ ‘4 B]
Left plug Rigl;t plug

Figure 14: The arrangement of the probes to measure
the velocity magnitude at the ladle wall of the full-scale
ladle model: (a) Top view and (b) Side view.

probes are located above the lastest probe with the
incremental scale of 0.5 meters. The results can be
described as follows:

Figures 15-17 presents the velocity magnitude
acting on the refractory wall according to the different gas
flow rates of 100, 200, and 300 L/min, respectively. The
results showed that the level of the velocity magnitude
is accelerated with the increased gas flow rate. Similar
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Figure 15: The velocity magnitude with different purging systems at 100 L/min: (a) Left-plug, (b) Dual-plugs,

and (c¢) Right-plug.
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Figure 16: The velocity magnitude with different purging systems at 200 L/min: (a) Left-plug, (b) Dual-plugs,

and (c) Right-plug.
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Figure 17: The velocity magnitude with different purging systems at 300 L/min: (a) Left-plug, (b) Dual-plugs,

and (c¢) Right-plug.

to the study of A. Huang ef al. [23], the higher erosion
rate increases obviously with the increase of gas flow
rate. In the dual-plugs system, the results of this current
studyshow that the highest level of velocity magnitude
occurred at A5 and BS5, the probe point located near
the liquid steel surface on the ladle wall with every
gas flow rate when compared to the other points.
Increasing the gas flow rates from 100 to 200 L/min,
200 to 300 L/min, and 100 to 300 L/min at the highest

probe point (A5 and B5), resulted in the increase in
velocity magnitude to approximately 25, 20, and 44%,
respectively.

In the single-plug system, the highest value of
the velocity magnitude occurred at the highest probe
point in the area of the lining near the purging plug.
On the other hand, the other side of the ladle wall does
not have a direct effect from the gas flow rate but is
still affected from the recirculation flow of the liquid
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steel inside the ladle. The results from the current study
show that in the area of the lining wall near the liquid
steel surface at the purging plug has higher chances of
damages, which lead to the erosion of the refractory
wall, from the gas stirring than the other areas.

4 Conclusions

The first part of this study aimed to investigate the
impact of the process parameters namely the gas flow
rates, the numbers and positions of porous plugs, and
the positions of the probe in order to predict the 90%
mixing time. The study was investigated experimentally
ina 1:5 scaled physical water model and validated with
the numerical simulation. The results from the numerical
simulation are in consistence with the experiment
results. Both results show that the gas flow rate has a
significant effect on the mixing time. In the full-scale
model, the mixing time at the highest value of gas flow
rate was approximately 36% shorter than the lowest
one. The increase of gas flow rate directly affects the
fluid-flow velocity and the turbulent kinetic energy
in the entire ladle. The high turbulent kinetic energy
enhances the probability of the open-eye are at the
liquid surface, which results in re-oxidation and slag
entrainment on the liquid surface. The results also
reveal that numbers and positions of porous plugs
have significant influence on the mixing time. The
changing of purging systems from single-plug to dual-
plugs reduces mixing time in all cases. The changing
purging system directly affect the fluid-flow pattern,
which affects the velocity flow field and pattern of
velocity streamlines. Moreover, the mixing time is
sensitive to the positions of the probe. When the probe
is located near the rising bubble plume, the mixing
time is retarded.

In the second part, the effect of different gas flow
rates was investigated by using numerical simulation
in order to predict the velocity magnitude acting on
the refractory wall. The study was carried out by using
a full-scale numerical ladle model which applied the
geometric properties of the actual model at Millcon Steel
PLC. The findings show that the velocity magnitude
tends to increase when the gas flow rate is increased.
The highest level of velocity magnitude occurred near
the liquid surface which is a result from the effect of
backward flow acting on the refractory wall. For this

reason, the area at the ladle wall near the liquid surface
has higher chances of damages than the other areas.
Increasing the gas flow rates from 100 to 200 L/min,
200 to 300 L/min, and 100 to 300 L/min at the highest
probe point (A5 and BS5), resulted in the increase in
velocity magnitude to approximately 25, 20, and 44%,
respectively. The results shows both advantages and
disadvantages of using high gas flow rates. By increasing
the gas flow rates, the mixing time is decreased and
the turbulent kinetic energy is increased. However,
high turbulent kinetic energy can expand open-eye size
which results in re-oxidation and the contamination
of the liquid steel. Therefore, it is important for the steel
plant to optimize the gas flow rate in order to achieve
both productivity and quality of the liquid steel product.
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