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Featuring the advantages of top-blown and bottom-blown oxygen converters, top and bottom
combined blown converters are mainstream devices used in steelmaking converter. This study
adopted the FLUENT software to develop a numerical model that simulates 3D multiphase
flows of gas (air and argon), liquid steel, and slag. Ten numerical experiments were conducted to
analyze the effects that the bottom blowing gas flow rate distribution patterns (uniform, linear
fixed total flow rate, linear fixed maximal flow rate, and V-type) and bottom blowing gas flow
distribution gradients of combined blown converters exert on slag surface stirring heights, flow
field patterns, simulation system dynamic pressures, mixing time, and liquid steel–slag interface
velocity. The simulation results indicated that the mixing efficiency was highest for the linear
fixed total flow rate, followed by the linear fixed maximal flow rate, V-type, and uniform
patterns. The bottom blowing gas flow rate distribution exhibited linear patterns and large
gradients, and high bottom blowing total flow rates increased the mixing efficiency substantially.
In addition, the results suggested that even when bottom blowing total flow rate was reduced,
adopting effective bottom blowing gas flow rate distribution patterns and gradients could
improve the mixing efficiency.
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I. INTRODUCTION

MOLTEN iron produced in a blast furnace contains
a considerable amount of impure elements, such as
carbon, silicon, magnesium, phosphorus, and sulfur,
and features rigid but brittle properties that hinder
processing. Steelmaking is a refining process in which
oxidation is used as the primary measure and oxygen is
employed to oxidize and separate impurities in molten
iron and control the liquid steel properties to conform to
product specifications. A converter steelmaking method
uses the reactions occurring between oxygen and impu-
rities to form slag and increases the molten steel
temperature by using the oxidization heat of impurities.
The slag is then removed, completing the refined and
rapid steelmaking.

According to the classification of gas blowing parts,
converters can be classified into top-blown converters,[1]

bottom-blown converters,[2] and top and bottom

combined blown converters.[3] The blowing point of
pure oxygen top-blown converters concentrates, causing
ineffective liquid steel mixing. Thus, the various reac-
tions between the blown oxygen and liquid steel, and
between the liquid steel and slag are insufficient and
nonuniform. The bottom-blown converters develop-
ment was to improve the disadvantages of top-blown
converters. The advantages of the bottom-blown
method include efficient mixing, a large contact area
between oxygen and liquid steel, and rapid chemical
reactions. However, the bottom-blown method reduces
refractory material lifetime because the high-tempera-
ture area is located at the bottom of the converter.
During the production process, the top and bottom
combined blown converters use top-blown oxygen to
react with liquid steel, and bottom blowing is used to
blow inert gases into the liquid steel. The initial kinetic
energy from the gases and the kinetic energy increased
during the bubble rising process can activate the flow
field in the converter, uniformly mixing the oxygen and
impurities in the liquid steel, and thereby reducing the
impurities. Featuring the advantages of both top-blown
and bottom-blown converters, top and bottom com-
bined blown converters have become the current dom-
inant converters.
There has been much research regarding the com-

bined blown converters in both CFD and physical
modeling conducted in past decades. Li et al.[4] used
multiphase flow models combined a discrete phase
model and VOF to describe the gas and liquid two
phase flow in the combined blown converters. The
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results showed that the stirring energy in the combined
blowing converter is dominated by buoyancy-driven
bottom blowing bubbles. Lv et al.[5] found that the
diameter of impinging cavity on the slag and steel
surface decreases with an increase in the slag thickness.
Li et al.[6] indicated the total momentum transferred
from the top jets into the bath is consumed about a half
to drive the movement of slag, rather than fully
converted as the stirring energy for the liquid steel.
Zhou et al.[7] applied a mathematical model to study the
kinetic energy transfer from a top and bottom gas
injection to the liquid steel in the converter. They
indicated that the energy transfer for the bottom
blowing is much more efficient than that of the top
blowing. Zhong et al.[8] used physical modeling exper-
iments to study the effect of blowing process parameters
and represented that bottom gas injection benefits
mixing in top–bottom-side blown converters.

In recent years, some studies have explored how to
improve the mixing efficiency of top and bottom
combined blown converters. Among the proposed
methods, adjusting manufacturing process parameters
relevant to the bottom blowing tuyere has been the most
effective. Ganguly et al.[9] used physical and mathemat-
ical models to analyze the effect a single tuyere located
at 0, 0.5, and 0.75 R (R, radius of converter bottom) in a
cylindrical container (diameter, 0.63 m; height, 0.58 m)
exerted on mixing time. The results revealed that when
the bottom blowing gas flow rate increased, the mixing
time decreased. When the bottom tuyere was positioned
at 0.5 R, the minimal mixing time was obtained. Based
on the symmetry of the bottom tuyere positions and
their distance from the converter bottom center, and the
distances between the bottom tuyeres, Choudhary
et al.[10] used a combined blown converter water model
with eight bottom tuyeres to analyze the effect of ten
bottom tuyere positions on mixing time. The experi-
mental results indicated that the bottom tuyeres posi-
tioned at diverse intervals reduced the mixing time.
Singh et al.[11] used water and mathematical models to
simulate a combined blown converter and bot-
tom-blown converter with eight bottom tuyeres. The
pitch circle ratios (PCRs) of the eight tuyeres were 0.4,
0.5, 0.58, and 0.66. The results suggested that the
combined blown converter and bottom-blown converter
achieved a minimal mixing time when the PCRs were 0.4
and 0.5, respectively. Subsequently, a mathematical
simulation involving the use of PCR range from 0.5 to
0.58 showed that a minimal mixing time was obtained
when PCR was 0.56. In addition, Singh et al.[12] used a
water model to simulate a top and bottom combined
blown converter with eight bottom tuyeres, exploring
the effect four patterns of bottom tuyere flow rate
distribution (uniform, linear, V-type, and M-type)
exerted on the mixing time. The results indicated that
when the flow rate distribution was in a linear pattern,
the mixing time was 30–35 pct less than that when the
distribution was uniform. The V-type and M-type
patterns decreased the mixing time by approximately
5 pct compared with the uniform pattern. Studies have
suggested that applying linear distribution patterns for
bottom tuyere flow rates to manufacturing processes can

effectively increase the dephosphorization efficiency. In
2008, Lai et al.[13] used a water model to simulate
combined blown converters with three to six bottom
tuyeres and investigated the effect the bottom tuyere
position (symmetrical, concentrated) exerted on mixing
time. The experimental results revealed that when the
bottom tuyeres were arranged ineffectively, increased
flow rates did not reduce the mixing time. When the
bottom tuyere positions were concentrated, the mixing
energy barrier was lowered. The mixing time of unsym-
metrically arranged bottom tuyeres was shorter than
that of symmetrically arranged tuyeres, because the
unsymmetrical arrangement enhanced horizontal flows.
According to a bottom tuyere design perspective,

previous studies have indicated that if the flow field
distribution generated by bottom-blown gases creates
velocity gradients in a radial direction, the mixing
efficiency can be enhanced. These radial velocity gradi-
ents can be achieved through two methods: (1) designing
the arrangement of bottom tuyeres, and (2) controlling
the flow rate of each bottom tuyere. When ease of
on-site variation is crucial, changing and analyzing the
effect the flow rate distribution exerts on mixing
efficiency should be the optimal method.
This study adopted the FLUENT software to simulate

and analyze the effect the bottom flow rate distributions
in combined blown converters exert on mixing efficiency.
The study first established a 3D multiphase flow numer-
ical model that can simulate gases (air and argon), liquid
steel, and slag, and then calculated the mixing time,
facilitating the evaluation of process performance. This
3D multiphase flow simulation system was used to
calculate the mixing time of various process conditions
based on the different flow rate distribution patterns of
bottom tuyeres (uniform, linear fixed total flow rate,
linear fixed maximal flow rate, and V-type) and gradients
to analyze the mixing efficiency. In addition, the flow
field variations inside the converters and the liquid steel
and slag stirring were observed.

II. THEORETICAL BASIS

The numerical model of a combined blown converter
process is considerably complex, including the thermo-
dynamic and kinetic reactions occurring between oxygen
and carbon, silicon, magnesium, phosphorus, and sulfur
in liquid steel; the fluid dynamics and heat and mass
transfer phenomena between gases and liquid steel. This
study considered only the flow phenomenon occurring
between gases, liquid steel, and slag. The following
assumptions are proposed.

(1) Liquid steel temperature is fixed at 1873 K
(1600 �C).

(2) The liquid steel is Newtonian fluid with a fixed vis-
cosity value.

(3) Fluid is incompressible

The involved transfer phenomena include gas and
liquid steel flow, gas-resulting stirring in liquid steel and
slag, and surface splashing problems; the transfer is a
multiphase flow problem. Thus, a mathematical model
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and numerical analysis must be able to calculate the
multiphase flow (air, argon, liquid steel, and slag) and free
surface. The commercial package software FLUENT,
which is able to calculate multiphysics, was adopted in
this study because FLUENT can address gas–liquid
coexistence, track multiphase interface positions, and
calculate mixing time by using mass transfer. The main
control equations of fluid flow[14] were as follows:

Continuity

@q
@t

þr � ðqV!Þ ¼ Sm ½1�

Momentum

@

@t
ðqV!Þ þr � ðqV!V

!Þ ¼ �rpþr � l rV
!þrV

!T� �h i

þ q~gþ ~F;

½2�

where q is density; t is time; V
!

is the velocity vector;
Sm represents source terms; p is pressure; l is viscosity;

g! is gravitational acceleration; and F
!

is body force.
The weighted average density and viscosity in each
grid were calculated using the volume fraction aq of
each phase in the grid.

The standard k–e model[15] was used to model
turbulence. To address the surface tension, a continuum
surface force (CSF) model was used.[16] The CSF model
considers surface tension as a continual force crossing
the interface, expressed in Eq. [3].

~Fs ¼ rjra; ½3�

where ~Fs is the body force caused by surface tension; r
is the surface tension coefficient; a is the liquid volume
fraction; and j is the gas–liquid interface curvature
that is directionally oriented to the center of liquid
curvature, which is expressed in Eq. [4]

j ¼ � r � ~n
nj j

� �
; ½4�

where ~n is the normal vector of the gas–liquid interface
that is directionally oriented to the center of liquid
curvature. The normal vector is expressed in Eq. [5]:

~n ¼ r a: ½5�
Multiphase flows were calculated using the volume of

fluid (VOF) method,[17,18] which tracks the free surface
variation and morphology based on the concept of fluid
volume fraction. For interface reconstruction, the piece-
wise linear interface calculation (PLIC) method pro-
posed by Youngs was adopted.[19–21] The interface
within the grids was expressed using a plane in arbitrary
direction; the plane direction was determined based on
the fluids in nearby grids. This method includes three
steps:

(1) Build or reconstruct the interface.
(2) Calculate the velocity field.
(3) Calculate the transfer of the a value and the distri-

bution after the a value is transferred.

Figure 1 depicts a geometric diagram of the simulated
area in a 150t converter. The diameter of the bottom
tuyere was 80 mm. This study mainly analyzed the effect
that bottom flow rate distributions in combined blown
converters exert on the mixing efficiency and, therefore,
the top blowing section was not considered. The
external shape and process conditions of the converter
were biaxial symmetric. To improve the computational
efficiency of 3D simulation, a symmetry plane was used
for calculations. The symmetry plane is considered a
zero flux boundary for mass and momentum transfer.
The bottom wall and surrounding surfaces adopted
no-slip boundary condition. The top surface used open
boundary. The gas injection from a tuyere (Figure 1(b))
is assumed to have the uniform velocity magnitude.
The grids of the entire simulation system were

tetrahedrons featuring side lengths of 50 mm. To
accurately calculate the flow fields near the bottom
tuyeres, six grid nodes spaced at an interval of approx-
imately 42 mm on the circumference of the tuyere circle

Fig. 1—(a) Converter dimensions and initial height of liquid steel–slag in the simulation system; (b) tuyere position at the bottom of the con-
verter.
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were established. The entire system included approxi-
mately 1.15 million grids.

III. RESULTS AND DISCUSSION

Table I shows the physical properties of liquid steel,
and slag that were determined from literature.[22] The
density of argon was estimated from the ideal gas law.
Table II shows the ten numerical experimental cases
that were examined in this study. Figure 1(b) shows
tuyere position at the bottom of the converter. The
bottom blowing conditions of STD were used as the
reference case: six bottom tuyeres were used, and the
flow rate per tuyere was 80 Nm3/h. When the fixed total
gas flow rate was 480 Nm3/h, the bottom blowing flow
rates of Cases 1 to 3 (Part 1) exhibited linear distribution

and the flow rate gradients increased sequentially.
Although the bottom blowing flow rate of Cases 4 to
6 (Part 2) also exhibited linear distribution and sequen-
tial increase in flow rate gradient, the fixed bottom
blowing maximal flow rate of a single tuyere was set at
80 Nm3/h and the total bottom-blown gas flow rates in
Cases 4, 5, and 6 were 420, 360, and 300 Nm3/h,
respectively. When the fixed total flow rate of gas was
480 Nm3/h, the bottom blowing flow rates of Cases 7 to
9 (Part 3) exhibited V-type distribution, and the flow
rate gradients increased sequentially. The calculation
process consisted of two steps. First, the steady state
flow field (30 seconds) of each case was obtained.
Second, tracers and detection points were placed in the
steady state flow field as shown in Figure 1(a) to record
the time-varying tracer concentrations of detection
points. Consequently, the mixing time of the system

Table I. Physical Properties of Liquid Steel, Slag, and Argon

Physical Property Liquid Steel Slag Argon

Density (kg/m3) 6932 3490 0.4836
Viscosity (kg/m s) 5.1 9 10�3 0.1 4.66 9 10�5

Surface tension (N/m) liquid steel–gas and slag–gas: 1.54

Table II. Bottom Blowing Conditions of Ten Cases (Including the Bottom Blowing Gas Flow Rate Distribution with a Uniform

Pattern, Linear Fixed Total Flow Rate at 480 Nm
3
/h, Linear Fixed Bottom Tuyere Maximal Flow Rate at 80 Nm

3
/h, and V-Type

Pattern)

Types of Bottom Flow Rate Total Flow Rate (Nm3/h) Flow Rate Per Tuyere (A-B-C) (Nm3/h)

STD uniform 480 80-80-80
Case1 linear 480 60-80-100
Case2 40-80-120
Case3 20-80-140
Case4 linear 420 60-70-80
Case5 360 40-60-80
Case6 300 20-50-80
Case7 V-type 480 90-60-90
Case8 100-40-100
Case9 110-20-110

Fig. 2—Comparison of the simulated result with experimental photograph (six tuyeres and a gas flow rate of 25 N ‘/min for each tuyere) (a)
experimental photograph; (b) simulated result.
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Fig. 3—Velocity fields of three cross sections at 30 s.
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and the velocity and dynamic pressure of the liquid
steel–slag interface were calculated.

A. Verification of the Simulation System

For the numerical model verification, the experiments
of water model were performed by scaling down the 150t
converter by 6.5 times. In the experiment, water and air

are used to represent liquid steel and argon, respectively.
A photograph is taken when the water model is
bottom-blown with a gas flow rate of 25 N ‘/min for
each tuyere as shown in Figure 2(a). The stirring
phenomena and the distribution of gas bubbles can be
clearly seen from the photograph. Accordingly, the
water model is simulated by the present numerical
model with all the parameters corresponding to the
related process conditions as shown in Figure 2(b).
Overall, when the two results are compared, good
consistency can be observed, which assures the reliabil-
ity of the simulation system.

B. Flow Field Pattern

If all velocity vectors inside a 3D converter are
depicted, the flow field graph will be too disorganized to
observe. Thus, during velocity field analysis, only the
symmetry plane of the converter and the cross sections
vertical to the bottom tuyeres were extracted.
Figure 1(b) shows the three extracted sections, which
are indicated by dotted lines. A flow field pattern from 0
to 30 seconds was observed. The velocity vectors in
Section I through III are indicated using black, blue,
and white arrows, respectively.
Figure 3 depicts velocity fields (30 seconds) that were

used to explain the flow field characteristics among the
ten cases. The large white arrow in Figure 3 indicates
the flow field tendency of the inner circle of the six
bottom tuyeres, and the large red arrows show the flow
field tendency of the external circle of the six tuyeres. In
the inner circle, downward vertical components
accounted for most of the STD flow field. The flow
field in Part 1 exhibited large horizontal components,
particularly in Cases 2 and 3 with large gradients, in
which nearly horizontal flow fields were observed at the
bottom of the converters. In addition, the color gradi-
ents indicated that in Cases 1 to 3, the flow velocity
above the right-side bottom tuyeres was higher than that
above the middle and left side. In the external circles, the
STD flow field featured a circular pattern, whereas the
flow fields in Part 1 were in radial patterns. Because the
bottom blowing flow rate distribution exhibited linear
patterns in Part 2, the flow field patterns were similar to
those in Part 1. Comparing the distribution pattern in
Part 3 with the linear distribution patterns (Parts 1 and
2) indicated that in Part 3, increased upward flow fields
existed in the inner circle of the bottom tuyeres.
Figure 4 shows the average dynamic pressure of the

(liquid steel+ slag) system from 0 to 30 seconds. The
average dynamic pressure was calculated by averaging
the dynamic pressure (kinetic energy per unit volume) at
transient time points in the simulation system. The
results showed that the bottom blowing total gas flow
rate, flow rate distribution patterns, and flow rate
distribution gradients affected the system dynamic
pressures. When total flow rate was the same, the
increasing gradients of bottom blowing flow rate distri-
bution and the increasing flow rate of a single bottom
blowing tuyere on the right side in Cases 1 to 3 increased
the system dynamic pressures. Comparing Cases 4 to 6
determined that the system dynamic pressures decreased

Fig. 5—Schematic diagram of calculated slag surface stirring height.

Fig. 6—Highest stirring height of slag surfaces between 0 and 30 s.

Fig. 4—Average dynamic pressure of liquid steel+ slag systems ob-
tained during 0 to 30 seconds in the ten cases.
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with the decreasing total flow rate. Comparing Part 1
with Part 3 suggests that when total flow rate conditions
were the same, the linear pattern of bottom blowing flow
rate distribution had higher dynamic pressures com-
pared with the V-type patterns.

C. Slag Surface Stirring Height

To evaluate the degree of slag splash, the stirring
height was quantitatively calculated, as shown in
Figure 5. The STD was used to illustrate the calculation
method of slag surface stirring heights. First, grids with
slag volume fractions ‡0.5 in each time period were
selected, and the maximum of the vertical coordinate of
these grids was determined. Finally, the slag surface
stirring height at a set time was identified by subtracting
the initial slag surface height from the maximal value.
Figure 6 shows the calculation results of the slag surface
stirring heights, which ranged between 0.183 and
0.269 m. The bottom blowing distribution patterns were

linear in Parts 1 and 2. Although the bottom blowing
total flow rate of Part 2 was lower than that of Part 1,
the slag surface stirring heights of both Parts 1 and 2
approximated and were higher than that of Part 3. This
result indicated that the bottom blowing flow rate
distribution patterns were the primary factors influenc-
ing the stirring heights. In addition, large bottom
blowing flow rates did not necessarily cause considerable
stirring. The slag surface stirring heights of Parts 1 and 3
under a fixed bottom blowing total flow rate increased
with the bottom blowing flow rate distribution gradi-
ents. Cases 4 to 6 in Part 2 suggested that despite the
decreased total flow rate, the increased bottom blowing
flow rate distribution gradients resulted in substantial
slag surface stirring. This result revealed that when the
bottom blowing flow rate distribution was in a V-type
pattern, the slag surface stirring was smaller.
When the bottom blowing is performed only in a

single tuyere, the surface stirring height is expected to
increase with the flow rate. However, the calculation

Fig. 7—Distribution of the tracer concentration at 10 s in the ten cases.

954—VOLUME 47B, APRIL 2016 METALLURGICAL AND MATERIALS TRANSACTIONS B



results derived from the six bottom tuyeres suggested
that the slag surface stirring heights were primarily
affected by the bottom blowing flow rate distribution
patterns and gradients, instead of the bottom blowing
total flow rates. This phenomenon was possibly caused
by the mutual effect among flow fields resulting from
each bottom tuyeres. Among the distribution patterns,
the linear patterns generated more substantial stirring
compared with the V-type pattern. Under the same
distribution pattern, larger flow rate gradients caused
more stirring.

D. Mixing Time

In each case, the simulation results at 30 seconds were
used as the initial condition to calculate the mixing time.
The time then was zeroed to compute the mixing time.
Figure 1 shows the positions of one tracer and two
detection points. The property of tracer is the same as
the liquid steel shown in Table I. The tracer was

positioned just below the slag, near the left converter
wall. A detection point was set on the left and right sides
at the half-liquid height.
Figures 7 through 12 depict the tracer variations with

the flow field at times of 10, 20, 30, 40, 60, and
80 seconds. The red color indicated the tracer, and the
dark color represented the concentration level. At
10 seconds (Figure 7), the tracer in Cases 2, 3, 5, and
6 exhibited linear bottom blowing flow rate distribution
patterns and large gradients mainly flowed to the right
side of the converter. The tracer in other cases typically
flowed down along the converter wall toward the
bottom. At 20 seconds (Figure 8), the tracer in Cases 2
to 6 with linear bottom blowing flow rate distribution
patterns approached or passed the converter center. In
addition, the tracer flow was the fastest in Cases 2 and 3.
Most of the tracer in the V-type pattern was distributed
in the left side of the left-side bottom tuyeres at
20 seconds. At 30 seconds (Figure 9), the tracer in
Cases 2 to 6 flowed to the right half of the converter;

Fig. 8—Distribution of the tracer concentration at 20 s in the ten cases.
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in particular, the tracer distributions in Cases 2 and 3
were wider than that in other cases. At 40 seconds
(Figure 10), the tracer in STD, Case 1, and the V-type
patterns (Cases 7 to 9) began to flow to the right half of
the converter. The tracer flow in STD and Case 1 were
slower than that in the other cases. The tracer in Cases 2
and 3 had nearly spread throughout the entire converter
by 60 seconds (Figure 11). The STD and Case 1 had a
low tracer concentration (indicated in light red) on the
right side of the converter at 80 seconds (Figure 12).

In quantitative analysis, mixing time is typically
defined as the time at which the degree of uniformity
U of the tracer concentration at the detection point
ranges between 0.95 and 1.05.[23] The degree of unifor-
mity is defined as

U ¼ Ci

C0
; ½6�

where C0 is the equilibrium concentration and Ci is an
instantaneous concentration.

Figure 13 shows the variations of STD tracer con-
centration with time. The color gradients corresponding
to tracer concentrations from 10 to 170 seconds with a
20-seconds interval are shown in Figure 13(a). The red,
orange, yellow, green, and blue colors in the figure rep-
resent descending concentration levels. This type of
expression obviously depicted the differences in the
concentrations throughout the entire converter. In
Figure 13(b), red and blue curves represent the detection
point concentrations on the left and right sides, respec-
tively. Thus, the mixing time for STD can be inferred to
be 184.7 seconds.
Figure 14 shows the mixing time of the ten cases, for

which analysis and comparison results are as follows: (1)
The mixing efficiency of linear bottom blowing flow rate
distribution patterns (Parts 1 and 2) and V-type patterns
(Part 3) was higher than that of uniform patterns (STD).
Moreover, the mixing efficiency of linear distribution
patterns was higher than that of V-type patterns. These
simulation results were identical to the water model

Fig. 9—Distribution of the tracer concentration at 30 s in the ten cases.
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experiment by Singh et al.[12] indicating that the mixing
efficiency was highest in linear patterns, followed by
V-type patterns and then uniform patterns. (2) The
linear distribution pattern of the fixed total flow rate
(Part 1) indicated that increasing the bottom blowing
flow rate gradients from STD to Case 2 (STD fi Ca-
se1 fi Case2) facilitated a reduced mixing time. How-
ever, when the gradient exceeded a certain degree (Case
3), the mixing efficiency could not be further improved.
In other words, when the bottom blowing flow rate
gradient reached a critical value, the mixing efficiency no
longer increased with the gradients. (3) Among the
linear distribution patterns with a fixed maximal flow
rate at 80 Nm3/h (Part 2), Case 6 exhibited the shortest
mixing time of 117.4 seconds. The mixing time of Cases
4 and 5 were approximately 131 seconds. Although the
total flow rate of Part 2 was lower, particularly in Case
6, which had the lowest, the mixing time was shorter
than that of STD, V-type patterns, and Case 1. This
result suggested that despite the decreased total flow
rates, the linear distribution patterns combined with

effective gradients could enhance the mixing efficiency.
Literature[13] emphasized that if the bottom blowing
flow rate distribution was poorly designed, a large
bottom blowing flow rate would not result in increased
mixing efficiency. The simulation results of the mixing
times in the ten cases indicated that the mixing efficiency
was most favorable when the bottom blowing flow rate
distribution pattern was linear, gradients were large, and
bottom blowing total flow rates were substantial (i.e.,
Cases 2 and 3). The second most favorable was Case 6,
which exhibited a linear bottom blowing flow rate
distribution pattern, effective gradients, and a low
bottom blowing total flow rate. Using STD as a
reference point, the mixing efficiency of the other nine
cases increased within the range of 18 to 57 pct.

E. Liquid Steel–Slag Interface Velocity and Dynamic
Pressure

A study[13] suggested that linear bottom blowing flow
rate distribution resulted in superior mixing efficiency

Fig. 10—Distribution of the tracer concentration at 40 s in the ten cases.
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because a large radial velocity existed inside the con-
verter. Thus, the current study involved calculating the
average radial velocity of liquid steel in each case.
Figure 15 depicts that in Part 1, linear bottom blowing
flow rate distribution patterns caused larger radial
velocity than did the uniform and V-type patterns with
the same total flow rates. Comparing Cases 1 to 3
suggested that the radial velocity increased with the
bottom blowing flow rate gradients.

Figure 16 shows the average velocity of the liquid
steel–slag interfaces in the ten cases to evaluate the stirring
force between slag and liquid steel. The average velocity
was obtained by averaging velocities of the grids in the
liquid steel–slag interfaces. Comparing Cases 4 to 6 in
Part 2 indicated that the interface velocity decreasedas the
bottom blowing total flow rates decreased. A comparison
of Part 2 with Parts 1 and 3 also revealed the relevance
between interface velocity and bottom blowing total flow

rates mentioned above. With the same total flow rate
conditions (Parts 1 and 3), when the bottom blowing flow
rate distribution gradients increased in Cases 1 to 3, the
flow rate in the right-side bottom tuyeres increased,
generating increased interface velocity. Among the ten
cases, the interface velocity was the highest in Case 3
because of the substantial bottom blowing total flow rates
(480 Nm3/h) and the highest flow rates in the right-side
bottom tuyeres (140 Nm3/h). These results indicated that
the average liquid steel–slag interface velocity was pri-
marily affected by the bottomblowing total flow rates and
distribution gradients. Figure 17 illustrates a gradient
map of the liquid steel–slag interface velocity at 100 sec-
onds. In the figure, the interface velocity in Part 2 was
lower than that in STD and Parts 1 and 3. From left to
right, in Parts 1 and 3, the red regions indicating high
velocity increased, a trend that is consistent with the
quantitative calculation tendency.

Fig. 11—Distribution of the tracer concentration at 60 s in the ten cases.
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Fig. 12—Distribution of the tracer concentration at 80 s in the ten cases.

Fig. 13—Mixing time of STD (a) from left to right and top to bottom, showing the qualitative analysis performed from 10 to 170 s with a 20-s
interval; (b) quantitative analysis.
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IV. CONCLUSIONS

This study first created a 3D multiphase simulation
system to address converter processes. The simulation
system was used to conduct ten numerical experiments
and analyze the effects of the bottom blowing gas flow
rate distribution patterns (uniform, linear fixed total
flow rate, linear fixed maximal flow rate, and V-type)

and bottom blowing flow rate distribution gradients
exerted on the slag surface stirring heights, flow field
patterns, dynamic pressure of the simulation system,
mixing time, and liquid steel–slag interface velocity.
Based on the simulation results, the following conclu-
sions were obtained.

A. Slag Surface Stirring Height

1. Slag surface stirring heights were primarily affected
by the bottom blowing flow rate distribution patterns
and gradients.

2. Stirring in two linear patterns was greater than that
in V-type patterns.

3. When the bottom blowing flow rate distribution
patterns were identical, more stirring was caused by
more bottom blowing flow rate gradients.

B. Dynamic Pressure of the Simulation System

1. The dynamic pressure of the liquid steel+ slag sys-
tem increased with the total flow rate.

2. The linear bottom blowing flow rate distribution
patterns exhibited higher dynamic pressure than did
the V-type patterns.

3. The system dynamic pressure increased with the
bottom blowing flow rate distribution gradients.

C. Mixing Time

1. The mixing efficiencies, compared according to bot-
tom blowing flow rate distribution patterns, were
highest in linear patterns (fixed total flow rate), fol-
lowed by linear (fixed maximal flow rate), V-type,
and uniform patterns.

2. The efficiencies arranged in order by cases are in the
following sequence: Case 2>Case 3>Case
6>Case 4 ~ Case 5>Case 9 ~ Case 7>Case
1>Case 8>STD. Thus, Cases 2 and 3 that had
linear bottom blowing flow rate distribution patterns
and substantial gradients and bottom blowing total
flow rates exhibited the most favorable mixing effi-
ciency.

3. According to Cases 4 to 6, despite having reduced
bottom blowing total flow rates, linear bottom
blowing flow rate distribution patterns can be com-
bined with effective gradients to increase the mixing
efficiency.

D. Liquid Steel–Slag Interface Velocity

1. The average velocity of the liquid steel–slag interface
was primarily affected by the bottom blowing total
flow rates and bottom blowing flow rate distribution
gradients.

2. The interface velocity was highest in Case 3 because
of the high bottom blowing total flow rate (480 Nm3/
h) and the highest flow rate in the right-side bottom
tuyeres (140 Nm3/h).

Fig. 14—Mixing time of the ten cases.

Fig. 15—Average radial velocity of liquid steel.

Fig. 16—Average velocity of the liquid steel–slag interface.
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