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Abstract Numerical and hydraulic models were established for a 120 ton elliptical
ladle, and the influence of the arrangement of the purging plugs and the flow rate of
argon blowing on the flow field and mixing time in the ladle was studied. The results
showed that the mixing time was 66 s and dead volume percentage of 18% for the
prototype location of the purging plugs. The arrangement of the double plugs with
120° at 0.6R of the major axis off-centered positions in the bottom of ladle was the
considered to be the optimal scheme, with the mixing time decreased from to 46 s
and dead volume percentage of 16% under the flow rate of 500 NL/min, and the
practical application showed the satisfied performance.

Keywords Refining ladle - Bottom argon blowing - Flow field - Mixing time -
Numerical and physical simulation

Introduction

Argon stirring is one of the most widely used metallurgical methods in the ladle
refining process for the production of clean steel [ 1] due to its performance on uniform
composition and temperature of liquid steel, removal of impurities as well as the
advantage of facilitating operation and low cost [2]. To improve the performance of
the bottom argon blowing ladle refining, many studies have been carried out about the
influence of the purging plugs arrangement and gas supplying system on mixing time
and temperature distribution of liquid steel. Till now, most of the studies have been
conducted concerning the circular (bottom) ladle [3, 4], and there is little research
on elliptical ladle. It is easy to understand, the flow field in an elliptical ladle should
be different to the circular ones, and thus the refining performance is influenced.
Therefore, the present work investigated the influence of the purging plugs
arrangement on flow field and temperature distribution of liquid steel by numer-
ical and physical simulation based on a practical elliptical ladle, for the purpose of
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Table 1 Correspondence of Prototype (m® | Model (m? Prototype (m*® | Model (m3
the bottom blowing gas flow h1) ) h=1) h—1)
rate between the model and
prototype 6 0.02 36 0.14
12 0.05 42 0.16
18 0.07 48 0.18
24 0.09 54 0.21
30 0.12 60 0.23

providing some key technological parameters to improve the performance of bottom
argon blowing in practical production.

Study Methods

Physical Simulation

Based on the similarity principle [5], a 1: 4 scale model ladle of transparent plastic
was fabricated. In the water modeling process, water was used to simulate liquid steel
and air was used to simulate argon. The mixing time was obtained by measuring the
electric conductivity of the aqueous solution using stimulus-responsiveness method,
and the flow field was displayed using color ink as tracer.

According to the similar third law, under the condition that the modified Froude
criterion Fr’ is equal [6], the corresponding relationship between the ladle prototype
and the bottom blowing flow rate of the model is shown in Table 1.

Numerical Simulation

Mathematical Model and Model Hypothesis

The Euler-Euler method was used for numerical simulation. During the process of
bottom argon blowing, the molten steel was in a complex turbulent flow state. In this
paper, 1/2 of the ladle was selected for equal-scale modeling, and the hexahedral
structure grid was used for division. The total number of grids was about 270,000.
This experiment was based on the following assumptions:

(1) The molten steel in the ladle is an incompressible viscous fluid, and the ladle
molten pool is full of the liquid phase in the initial state.

(2) Bubble buoyancy is the driving force that drives the circulating flow of molten
steel. Ignoring the influence of slag on the flow on the upper surface of the
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Fig. 1 Ladle meshing
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molten steel, the upper surface of the ladle is regarded as a non-slip horizontal
plane.

The bubbles are rigid spheres of uniform size with the same diameter. The
aggregation and fragmentation of bubbles are ignored (Fig. 1).

Control Equations and Boundary Conditions

The continuity equation, the momentum conservation equation, and the standard k-¢
model [7] were used in the numerical simulation. The boundary conditions were
given according to the experimental conditions.
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Each argon blowing hole was set as the inlet boundary condition. The volume
fraction of molten steel at the entrance was 0, and the volume fraction of argon
was 1. The flow of argon was determined according to the flow of working
conditions.

The vacuum chamber and the free liquid surface of the ladle were set as the
exit boundary conditions, and the shear stress on the surface was ignored. The
gas reaches the exit boundary and escapes freely at the above floating velocity.
It was the standard that the molten steel cannot flow out there.

The non-slip boundary condition was adopted for all walls, and the pressure
normal gradient was set to zero. The wall function method was used to process
the nodes in the near-wall area.

Study Scheme

Figure 2 is a schematic diagram of the original arrangement of purging plugs and
the arrangement of the ladle bottom venting elements in the design scheme. The
position marked in red represents the layout of the prototype, which is a major
axis off-centered of 0.67R and an included angle of 100°. The blue position is the
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Fig. 2 Schematic diagram
of the dimensions of the
model ladle and the
arrangement of purging

plugs

optimized scheme, located at the major axis off-centered of 0.6R and an included
angle of 120°.

Results and Discussion

Influence of Bottom Blowing Arrangement on Mixing Time

Figure 3 shows the influence of the arrangement of purging plugs on mixing time
under various flow rates of the bottom gas blowing. It is observed that the mixing
time was changed with the included angels under the various blowing gas flow rate
for all the three radial position of the purging plugs, and it is observed that the
included angel of 100°-120° showing minimum values of time. In addition, it is
observed that the mixing time slightly decreased with increasing the radial position
of the purging plugs from 0.5R to 0.67R. As well known, it is necessary to consider
the circulation of molten steel in the ladle and the washing of the gas on the ladle
wall, and the position of the purging plugs is generally arranged at 0.5R-0.67R.
Comprehensively considering the stirring performance and gas washing to the ladle
wall, it is considered that the arrangement of the double purging plugs with 0.6R and
the included angle of 120° is the optimized scheme.

Figure 4 shows the comparison of the mixing time between the original scheme
and the optimized ones under various argon blowing flow rates. It can be seen that
the mixing time decreased sharply with increasing argon blowing flow rate to 300
NL/min for both schemes, and then decreased gradually. Therefore, it is considered
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Fig. 3 Influence of bottom blowing arrangement on mixing time under various gas flow rates
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that the proper flow rate of argon blowing should be around 300 NL/min for ladle
refining. It is also observed from the figure that the mixing time is obviously shorter
for the optimized scheme comparing to the original ones in the low argon blowing
flow rate region (less than 300 NL/min), this result indicates that the optimized
scheme should have a better refining performance.
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Fig. 5 Influence of the purging plug arrangement on circles of the flow field

Figure 5 shows the streamline diagram of molten steel in the original scheme and
the optimal scheme. The molten steel forms a gas—liquid two-phase flow driven by
the bottom blowing argon gas, and the surrounding molten steel was continuously
drawn in due to the large center velocity of the stream. At the liquid level on the
top of the ladle, the gas escapes the molten pool. After the molten steel reaches the
liquid level, it returns to the molten pool and flows down the sidewall of the ladle. The
molten steel is driven by the gas to form a cycle again and again. The velocity of the
molten steel in the gas—liquid two-phase flow area is the highest, but the circulation
has a small effect on the center area of the vortex and the angle area between the
bottom of the bag and the bag wall. The molten steel has a low flow rate and poor
activity, that is, a dead zone is formed.

The ladle is elliptical, so the influence of the circulation on the molten steel in
the long axis direction is very important, and the corrosion of the ladle wall in the
short axis direction should be considered. When the angle between the two purging
plugs was 0.6R at 120°, the formed circulation can effectively improve the flow of
molten steel in the long axis direction and reduce the erosion of the ladle wall by
the gas in the short axis direction. Since the purging plugs of the original scheme
were installed on the circumference of 0.67R, the formed eddy current corrodes the
ladle wall surface more seriously, and the included angle of the purging plugs of
100° was not conducive to improving the mixing effect. When the optimized scheme
was adopted, it was beneficial to reduce the dead volume percentage and improve
the mixing effect to reduce the corrosion of the ladle wall surface. When the angle
between the two purging plugs was 0.6R at 120° the argon blowing flow rate is 500
NL/min, the dead volume percentage was the smallest, which is 16%.

Practical Application

Considering the mixing time in the bottom blowing process, the scouring of the gas—
liquid mixed flow on the ladle wall, the fluctuation of the liquid level, and the volume
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of the dead zone, the bottom blowing hole are selected at a distance of 0.6R from
the center of the bottom of the ladle, and the included angle of the purging plugs
is 120°. Renovate the original ladle bottom blowing system. Using the optimized
scheme increases the inclusion removal rate of Q345B steel by 4% and the inclusion
removal rate of 82B steel by 3.5%, which is a significant improvement compared
with the original scheme.

Conclusions

Through the establishment of the physical model and numerical, the influence of the
bottom blowing flow rate on mixing time and dead volume percentage were studied.
Through the analysis and calculation of the data, the mixing time and dead volume
percentage of the ladle were obtained and the conclusions are as follow:

(1) The mixing time and dead volume percentage in the ladle were affected by the
angle of the purging plugs and blowing flow rate. Under the same Circle radius
and blowing conditions, the mixing time decreased first and then increased,
with the increase of the angle from100° to 180°. The mixing effect was perfect
when the double plugs with 120° at 0.67R of the major axis off-centered
positions and the flow rate of 500 NL/min.

(2) By measuring the mixing time at different angles of 0.5R, 0.6R, and 0.67R, it
can be seen when double plugs were arranged at a distance of 0.6R from the
major axis off-centered positions of 120°, and the flow rate of 500 NL/min, the
mixing time in the ladle Shorten to 46 s. The mixing efficiency of the ladle has
been significantly improved, and the erosion of the ladle wall can be effectively
reduced.

(3)  When purging plugs were arranged at 0.6R and the angle of 120°, the proportion
of dead zone in the ladle decreases first and then increases with the increase
of the argon blowing flow rate. When the argon blowing flow rate was 500
NL/min, the proportion of dead volume percentage in the ladle was 16%. The
dead volume percentage of the original scheme was 18%. Compared with the
original scheme, this scheme reduces the dead volume percentage.

(4) The impurity removal rate of Q345B steel produced by the optimized scheme
was increased by 4%, and the impurity removal rate of 82B steel was increased
by 3.5%.
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