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Abstract: A validated numerical model was established to simulate gas—liquid flow behaviors in the oxygen-enriched
side-blown bath furnace. This model included the slip velocity between phases and the gas thermal expansion effect. Its
modeling results were verified with theoretical correlations and experiments, and the nozzle-eroded states in practice
were also involved in the analysis. Through comparison, it is confirmed that the thermal expansion effect influences the
flow pattern significantly, which may lead to the backward motion of airflow and create a potential risk to production
safety. Consequently, the influences of air injection velocity and furnace width on airflow behavior were investigated to
provide operating and design guidance. It is found that the thin layer melt, which avoids high-rate oxygen airflow
eroding nozzles, shrinks as the injection velocity increases, but safety can be guaranteed when the velocity ranges from
175 to 275 m/s. Moreover, the isoline patterns and heights of thin layers change slightly when the furnace width
increases from 2.2 to 2.8 m, indicating that the furnace width shows a limited influence on production safety.

Key words: multiphase flow; horizontal gas injection; backward motion of airflow; gas thermal expansion; side-blown
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1 Introduction

Increasing demand for metals and depletion of
high-grade ores have prompted intensive
investigations on more efficient technologies and
devices to extract metals [1,2]. Bath smelting
technologies for lead and copper production have
been used more frequently due to the higher
compatibility to deal with complex secondary
resources such as e-waste, and Pb-battery [3—6].
Upgraded from the Vanyukov copper smelting
furnace, the lead smelting oxygen-enriched side-
blown bath furnace (OSBF) has been newly
designed and successfully implemented in China.

This lead smelting OSBF is able to oxidize not only
the lead concentrate but also the lead paste, which
is the main recycled content in scrapped Pb
batteries. Apart from the recycling feature, the
OSBF is also characterized by the low operating
cost, high oxygen utilization rate, high level of
automation, and high airtightness. Also, its concise
structure and nozzle arrangement create large
potential in increasing its capacity. All these
advantages promote its further
friendly development.

For bath smelting furnaces, the gas—liquid
flow in a high-temperature bath is essential for
the interaction between molten slag and oxygen
airflow [7]. The nozzles of the OSBF are installed in
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the slag layer so that it is able to stir the slag with
high efficiency while not disturbing the settling of
molten metal. This flow characteristic is shared with
other classical side-blown furnaces, such as the
Vanyukov furnace [8,9], the P-S converter [10—13],
and the fuming furnace [14,15]. However, as the
lead slag has a higher density and viscosity, a
unique gas—liquid flow feature may appear and
cause severe problems during the practice of OSBF.
For example, the high-rate oxygen airflow may be
easier to move backward after leaving the nozzles
and staying around them. This phenomenon could
cause the nozzles to be eroded soon, especially
under such a high temperature. Once the nozzles
were eroded entirely, the molten slag would spill
over the plant and create a severe accident. Thus, it
is of significance to fully understand the inner
airflow behavior in the high-temperature bath of the
OSBF so that the life circle of the smelter can be
prolonged.

To reveal the flow phenomena of horizontal
gas injection in the side-blown furnace, previous
experimental research contributes a fundamental
understanding of the airflow trajectory, penetration
depth, and half-value radius [16,17]. LIU et al [18]
and XIAO et al [19] established the cold-state
similarity model of a side-blown furnace and
explored the operating impacts on fluid fluctuation
height, airflow penetration depth, and the
circulation mixing zone. However, the backward
motion of airflow in the horizontal injection or
side-blown furnaces has rarely been investigated
in recent years. THEMELIS [20] deduced the
theoretical trajectory equation of horizontal jet
airflow and connected the flow pattern with the
modified Froude number. Then, the initial angle of
airflow was found to expand when the liquid
density and viscosity increased [21]. Also, the
backward motion was confirmed when blowing the
molten metal [22]. Even though BUSTOS et al [23]
found that the freezing accretion could guide the
airflow pattern and protect the nozzles to some
extent, the risk of severe corrosion caused by
airflow still exists in such a high-temperature bath,
especially when interacting with high-viscosity lead
slag in the OSBF.

Due to the typical characteristics of high
temperatures and harsh conditions in smelting
processes, obtaining information directly from the
furnace or  conducting precise  industrial

experiments is difficult. As an alternative method,
the CFD modeling is a powerful tool for better
understanding the hydraulic phenomena inside
the large-scale furnaces [24—27], especially the
flow and interactions of the gaseous and metallic
phases [28—30]. Consequently, the corresponding
optimization can be determined. The horizontal gas
injection behaviors in different side-blown furnaces
have been widely investigated [31-33], which
provide various choices of numerical models.
Different CFD multiphase models focus on
different gas—liquid flow phenomena and may
obtain inconsistent results. ZHANG et al [9] used
the VOF model to simulate the Vanyukov furnace,
and the result showed that the airflow moved
backward and attached to the wall. In contrast,
LIU [34] obtained a different flow behavior in the
same furnace by using the Mixture model. Since the
numerical models have their unique features,
establishing a suitable model is essential to
investigate the lead smelting OSBF. Moreover, as
the highly expanded airflow might influence the
flow pattern [35], the gas thermal expansion effect
should be fully considered in such a high-
temperature circumstance. With such a wvalid
numerical model to simulate the hot-state lead
smelting OSBF, airflow behaviors such as the
backward movement can be investigated, and
further optimization of operation and structure can
be made as well.

In this work, a numerical study of the flow
behaviors in the OSBF using the CFD approach
was presented. It aims to establish better numerical
modeling of the lead smelting OSBF, consequently
investigating the impacts of the backward motion.
To achieve this goal, two different homogeneous
multiphase models are used to perform numerical
simulations. The results are examined in terms of
airflow trajectory, half-value radius, and penetration
depth. Then, the model that can better predict the
experimental selected. The
selected model including air thermal expansion is
used to investigate the airflow backward behavior
in a high-temperature OSBF. Note that the airflow
velocity and furnace width are essential to optimize
the operating mode and design of OSBF, the effects
of these two key variables on the nozzle erosion are
particularly quantified to improve the furnace
campaign life. The findings should be useful to
confirm the multiphase model’s applicability in

measurements  is
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simulating the hot-state OSBF, and to better
understand the complex flow behaviors of gas and
lead slag.

2 Simulation method

As typical representatives of the homogeneous
multiphase models, the VOF and Mixture models
are commonly used in the study of horizontal
submerged gas injection, but they have different
characteristics. The Mixture model treats the
multiphase as the inter-penetrating continua, and it
includes the slip velocity between phases to deal
with the large velocity difference. By contrast, the
penetration and slip velocity are not fully
considered in the VOF model, but the clear
interface between the phases can be captured.
Therefore, comparisons should be made first to
establish a suitable model for the CFD modeling of
OSBF.

2.1 Governing equations for multiphase models
The numerical models have been reported in
other literature [28,36], thus only outlined here for
brevity. The governing equations of the VOF and
Mixture models include the mass, momentum, and
energy conservations, which are shown in Table 1,
where a is the volume fraction, p is the density, and v
is the velocity vector. In the momentum equation, p
is the pressure, g is the gravity vector, u is the
viscosity, and F is the body force. In the energy
equation, E is the energy, kerr is the effective thermal

Table 1 Governing equations of mathematical model
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conductivity, and 7 is the temperature. The
subscripts in the three governing equations are
summarized: ¢ denotes the gth phase, m is the
mixture of all phases, k is the secondary phase, and
p is the particle phase. In addition, the va:x denotes
the drift velocity, 7 is the relaxation time, fir, is the
drag force taken from SCHILLER [37], and a is the
secondary phase particle’s acceleration. The
realizable k—¢ model is selected as the turbulence
model according to the literature [18]. In addition,
as the Mixture model can introduce the slip velocity,
the algebraic slip formulation proposed by
MANNINEN et al [38] is used in this work.

2.2 Thermal expansion

In the former side-blown modeling, the effect
of high temperature on gas density is usually
simplified by setting the gaseous property as a
constant [9]. This simplification works reasonably
in the simulation of hydraulic experiments because
the gas and liquid are both at the ambient
temperature (normally 300 K). However, the molten
slag in the smelting bath is usually over 1200 K,
while the injected gas is 300 K. This large
temperature difference would cause an over
three-time expansion in airflow volume. ORYALL
and BRIMACOMBE [35] found that the initial
expansion angle of airflow would increase to
150°-155° in the 293 K gas—metal system. This
angle would be much larger when the temperature
difference increases, which creates a significant
impact on flow pattern. Thus, the thermal expansion
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of airflow is considered in all simulations of the
gas—slag system in this study to describe the flow
field more precisely. The equation of gas density is
expressed as

Py =PopyM, /(RT) )

where p, is the gas density, po, is the operating
pressure, R is the universal gas constant, and M,, is
the relative molecular mass.

2.3 Geometries and boundary conditions

To analyze the applicability of numerical
models, simulations were carried out with two
models to study the horizontal submerged gas
injection in both the experimental hydraulic
apparatus and an industrial oxygen-enriched
side-blown furnace. By involving two geometries in
different scales and conditions, on the one hand, it
is to compare the numerical and theoretical results,
helping to understand the applicability under the
hydraulic experimental condition. On the other
hand, it is to reveal the thermal effect on the
two-phase flow by considering the temperature
difference in the industrial furnace.

The geometry of the hydraulic model used in
the numerical simulations is shown in Figs. 1(a) and
(b). The detail of the experimental apparatus can be
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found in our previous work [18] which established
a 1:5 scaled model of lead smelting OSBF. The
mass flow inlet is used to keep in line with the
modeling of OSBF because the air density will
change with temperature. Meanwhile, the periodic
boundary is also applied to eliminating the impact
of walls on the airflow pattern.

The basic structure of an oxygen-enriched
side-blown furnace has been given and introduced
in Ref. [39]. Since thirteen pairs of nozzles are
arranged in a staggered pattern along both sides of
the furnace, simplification was made by selecting a
slice including four pairs of nozzles like the
previous method in Ref. [39], which is shown in
Figs. I(c) and (d). In this study, four pairs of
nozzles are included in the geometry, but only the
two pairs of nozzles in the middle are used for data
analysis to eliminate the influence caused by the
wall boundary. Also, it should be noted that only
one nozzle on each side is opened to achieve
staggered blowing according to the operating mode
in the metallurgical plant.

The structures and operating parameters are
listed in Table 2 and values in parentheses are used
in the following parametric study. In the simulation
of the hydraulic model, the object is a gas—water
system, and the liquid properties are the common

Fig. 1 Schematic of computational domains (a, ¢c) and mesh (b, d) used in simulation: (a, b) Hydraulic model; (c, d) OSBF
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Table 2 Parameters used in simulations

Object Type Parameter Value
Nozzle diameter/m 0.004
Nozzle submerged
Structure depth/m 0.15
Hydraulic Model width/m 0.40
model i
Air mass ﬂ_c1>w 1.205
Gaseous rate/(kg-s™)
phase  Air velocity/(m-s™) 100
Air temperature/K 298
Nozzle diameter/m 0.032
Nozzle submerged
Structure depth/m 0.500/0.625
. 2.2
Model width/m (2.5/2.8)
Air mass flow 0.218
rate/(kg's ™) (0.170/0.266)
Gaseous 225
BF i i 57!
(ON] phase  Air velocity/(m's™) (175/275)
Air temperature/K 298

Slag temperature/K 1473
Slag density/(kg-m™) 4478

Slag )
phase Spemﬁc heat 443
capacity/(J-kg -'K'™")
Viscosity/(Pa‘s) 0.605

water parameters under 298 K. In the OSBF
simulation, two melt phases are simplified into one
slag phase, as the thin lead layer at the bottom
would not influence the result in this study but
could slow down the computation. The slag density
and specific heat are calculated according to their
mineralogical components, and the viscosity is
determined according to Ref. [40].

The computations were all performed on the
4 x Intel Xeon Gold 6248 (80 cores) platform.
Before starting the numerical research, the mesh
independence test was performed using the hydraulic
model, and the comparative data are shown in
Table 3. The numerical results of three different
meshes were compared with the airflow penetration
depth in Ref. [18]. Based on the accuracy and
computational time, Mesh 2 was selected to be used
in the following study, as shown in Fig. 1(b).

Regarding the Mixture model, the diameter
setting of the disperse phase can influence the result,
which refers to the gaseous phase in our study.
However, limited by the complexity of the

side-blown two-phase flow, relative experimental
data are rare in current literature. Therefore, cases
with bubble diameters of 2, 1, 0.4, 0.04 and
0.004 mm were all examined under the simulation
of the gas—water system. It is found that the
dispersion of the gaseous phase will be limited as
the bubble diameters increase. However, the
difference is no longer significant when the bubble
diameter is smaller than 0.4 mm. Thus, the diameter
of 0.4 mm is selected in the following study after
comparing it with the observed phenomenon in
Ref. [18]. The corresponding diameter used in the
simulation of large-scale OSBF is scaled up
according to the geometric similarity ratio, which is
3.2 mm.

Table 3 Mesh independence test for geometry model

Mesh size  Mesh size Error to

Mesh ST . Total
around in liquid  experiment/ .
No. time/h
nozzle/mm  zone/mm %
1 0.67 1 3.82 29.9
2 0.67 2 7.83 18.3
3 0.67 4 13.33 10.3

3 Results and analysis

3.1 Comparison and validation of numerical

results

The hydraulic experiment is commonly used to
investigate the flow characteristics in large-scale
furnaces, and it also helps to establish many
mathematic correlations, which are convenient for
the validation of numerical results. In this part, the
multiphase flow characteristics in the cold-state
hydraulic model and the hot-state industrial furnace
were analyzed and compared to determine the
suitable model.
3.1.1 Brief review of conventional description

Conventional descriptions used to analyze the
horizontal submerged gas injection commonly
include the flow trajectory, the airflow half-value
radius, and the penetration depth. Therefore,
classical theory and experimental correlations
referred to in this study are briefly reviewed, and
the schema of horizontal airflow is given in Fig. 2
for the convenience of illustration.

(1) Flow trajectory

The airflow trajectory is one of the most
significant indices to evaluate the flow characteristic.
Based on the mass and momentum conservation,
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Half-value radius: R
/ 2R

|
Penetration depth: L

Fig. 2 Schematic of horizontal submerged gas injection (adapted from Ref. [20])

THEMELIS [20] derived the generalized
dimensionless Eq.(2) to describe the airflow
trajectory of horizontal airflow injection in the
air—water system. Based on this, ZHU et al [41]
modified the volume fraction and derived the
equation for the air—metal system. In this study,
Eq.(2) was used to obtain the flow trajectory
through the Runge—Kutta method, which is also
employed in Ref. [42].

52
dz—yzd =4(Fr)" {—tanz (90/2)}[1 + (dﬁ] } x;C
doxy cos 6, dx,

(2)
where x4 and y4 denote the dimensionless width and
height, respectively, Fr' is the modified Froude
number, 6. is the initial angle of airflow, 6y is the
nozzle angle, and C is the volume fraction.

(2) Half-value radius

The correlation of the half-value radius is first
proposed in the bottom injection by CASTILLEJOS
and BRIMACOMBE [16]. Then, ZHU et al [17]
applied it to the horizontal injection and verified it
with experimental data by modifying the coefficient.
The half-value radius shown in Fig. 2 is determined
from the cross-section of airflow, which is assumed
to be a circle. The correlation is described in Eq. (3),
which has been verified and proved to agree well
with the experimental results in the air horizontal
injection [17].

/5 0.184 048

RLiJ/ _o.79)| &0l 2) (’j‘ ~7) [LJ
dy

> QOpg

0

3)
where R is the half-value radius, Qp is the volume
flow rate, dp is the nozzle diameter, and p; and p; are
the gaseous and liquid densities, respectively.

(3) Penetration depth

HOEFELE and BRIMACOMBE [21] conducted
an empirical equation for the air horizontal injection,
linking the dimensionless depth with Fr’' and
gas-to-liquid density ratio, as described in Eq. (4).
The penetration depth (L) is defined as the length
from the tuyere tip to the intersection between the
centerline and the outer line of airflow, as shown in
Fig. 2.

Lidy =10.7(Fr')** (p/p,)*> 4)

3.1.2 Flow characteristics in gas—water system

In the unsteady flow simulation, the time that
it takes for the multiphase flow to reach a relatively
steady state should be determined first. Thus, the
liquid zone was selected to compute the volume-
weighted mean velocity, as shown in Fig. 3. It can
be seen that the mean velocity increases rapidly in
the time duration of 0—0.5 s and tends to be steady
with slight fluctuation after 0.5s. Therefore, the
two-phase flow is considered to reach a steady state
after 0.5 s, and this steady stage is used for further
analysis.

As the flow reaches the steady state after 0.5 s,
the contours of air volume fraction at =1 s are
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Fig. 3 Mean velocity in liquid zone
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shown in Figs. 4(b) and (c) to make a comparison
with the experimental result in Ref. [18]. In the
experimental result (Fig. 4(d)), the outlines of the
gas jet are sketched out with black lines, and
numerous tiny bubbles can be found dispersing
inside the jet. In comparison, small bubbles can also
be found in the simulation results, but the bubble
quantities are much less than those in the
experimental photo. This is considered to be a result
of two aspects. On the one hand, the experiment
used six pairs of nozzles for air injection. Hence,
the bubbles seen in the photo are actually a
superimposition of all the bubbles along the length
direction. On the other hand, the bubbles caught in
the simulation greatly depend on the mesh sizes. It
means that bubbles smaller than the grids cannot be
captured with the VOF model. Figure 4(c) is the
simulation result with the Mixture model. As the
Mixture model allows the phases to penetrate into
each other, a clear interface cannot be obtained. In
other words, tiny bubbles should be dispersed in the
area where the air volume fraction is between 0 and
1, but they cannot be clearly distinguished in the
result.

To make a further comparison, the simulation
results during 0.5-1.5s were used to get the
average values, so that the accidental error by
taking data at one specific moment can be avoided.

(a)

Air volume fraction

0.90
0.80
0.70
0.60
0.50

- 0.40
0.30
0.20
0.10
0

With the aim of this, the image binarization process
is used to post-process the contours of the air
volume fraction, as shown in Fig.5. The RGB
contours are transferred into grayscale images, and
then the average result could be obtained by
overlaying all the images. Figure5 shows the
example of the Mixture model result, and the same
process is applied to the result of the VOF model.
Through the final binary images, it is easy to get
further data such as the flow trajectory, half-value
radius, and penetration depth.

The jet flow trajectory equations proposed by
THEMELIS et al [20] are introduced to make
comparisons with the numerical results, as shown in
Fig. 6. The dimensionless width and height used
here have been illustrated in Fig.2. The dots
represent the mean values of numerical results, and
the error bars show the largest deviations. As shown
in Fig. 6, the flow trajectory is more similar to the
Themelis’s theoretical result when using the
Mixture model. The flow trajectory of the VOF
only approaches the theoretical result when the x4 is
less than 10, and it goes directly upward after that.
According to the numerical governing equations,
the main reason causing these differences is
considered to be the slip velocity introduced in the
Mixture model, leading the airflow reserve more
momentum in the horizontal direction.

Fig. 4 Snapshots of air volume fraction: (a) Original example; (b) VOF; (c) Mixture; (d) Experiment

(a) L (b)

L@ NC)

Fig. 5 Image binarization process: (a) Grayscale; (b) Binary; (c) Average; (d) Final binary
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The computational curves of the correlation of
ZHU et al [17] and the numerical results are shown
in Fig. 7. It can be seen that the result of the VOF
model shows a significant difference from the
correlation curves, especially when 25 <y <75. For
the Mixture model, the numerical result matches
better with correlation curves. This means that
using the Mixture model can obtain better results of
the half-value radius than the VOF model.
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Fig. 7 Comparison of half-value radius

The penetration depths computed from
correlation of HOEFELE and BRIMACOMBE [21]
are listed in Table 4. The relative errors of mean
values are calculated, and the maximum relative
errors are given as well. It can be found that the
relative errors of mean values are both under 10%,
which is acceptable for the validation of CFD
modeling. Nevertheless, the maximum relative
errors using the VOF model reach 12.71%, which
exceeds 10%. Thus, compared to the VOF model,
applying the Mixture model may obtain more
reasonable results in the modeling of the OSBF.

Table 4 Comparison of air penetration depth

Parameter Value Source
Calculation/mm 86.86 Ref. [21]
Mean/mm 94.21 VOF
Error avg./% 8.46 VOF
Error max./% 12.71 VOF
Mean/mm 92.73 Mixture
Error avg./% 6.76 Mixture
Error max./% 7.61 Mixture

3.1.3 Flow characteristics in gas—slag system

The volume-weighted mean velocity of melt
space is computed as well, as shown in Fig. 8. It
can be found that the mean velocity fluctuates
significantly within the time duration of 0—2 s, and
then it gradually stabilizes at 0.351 m/s from 2 to
5s. Although small fluctuations still exist, the
gas—slag two-phase flow is regarded to reach a
relatively stable state. Therefore, the results after 2 s
are used for further analysis.
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Fig. 8 Trend of mean velocity with time in slag area

To compare the gas—slag flow pattern in the
bath, the contours of the air volume fraction («) and
vector distributions are shown in Figs. 9(a, b),
respectvely. The isolines obtained by different
models are extracted, as shown in Figs. 9(c, d). It
should be noted that the isolines are extracted when
the air volume fraction a=0.2, because the result
under this criterion fits the experiment better [43].
Moreover, results without thermal expansion (TE)
effects are marked with monochrome symbols as
comparisons. Apparently, the airflow pattern in the
industrial OSBF differs from that in the gas—water
system, especially when using the VOF model. The
most important difference is that the airflow moves
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backward and attaches to the wall after leaving the
nozzle in Figs. 9(b, d). However, this phenomenon
is not obvious in Figs. 9(a, c), especially when
ignoring the thermal expansion. Because of the thin
layer of the melt between the lining and airflow, the
airflow does not directly attach to the side wall. If
the high-rate oxygen air moves backward and
attaches to the wall in such a high-temperature
bath, it may lead to severe erosion around the
nozzles [35]. Commonly, the nozzles and firebricks
can be protected by freezing accretion [24] when
the airflow trajectory is similar to the outlines in
Fig. 10(a). However, when the airflow trajectory
changes into the state in Fig. 10(b), the nozzles or
even the linings will be eroded. This could happen
when the airflow keeps at a low rate. The photos of
intact and eroded nozzles after using in practice are
given in Fig. 10, and the operating parameters are in
line with the numerical works. Therefore, the result
obtained by the Mixture model is more reasonable
because the thin layer still exists. This can be

-0.5 0 0.5 1.0

-1.0
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©12¢ .
Lo /hm ler
g 0.8 g MRS e ys e
=)
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attributed to the “slip velocity” that makes the
airflow reserve more momentum in the horizontal
direction.

In summary, a complete numerical model
considering thermal expansion is established, which
has been validated with different theoretical and
experimental results, such as the airflow trajectory,
half-value radius, air penetration depth, and
practical nozzles. After introducing the thermal
effect on air density, this Mixture model involved
with slip velocity can be better to obtain reasonable
numerical results of OSBF.

3.2 Influences of operating and structure
parameters on airflow

The backward motion of airflow in a high-
temperature bath can cause nozzle erosion and
severe accidents during production. Examinations
of the flow patterns and thin layers under different
factors are of great significance. In this part,
the influences of airflow rates and furnace widths on
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airflow motion are analyzed. The reference
condition is 225 m/s injection velocity and 2.2 m
furnace width, which has been investigated in
Section 3.1.3. The parameters of control groups are
given in Table 2. Through comparison, it is not only
to ensure production safety under common
operating parameters but also to provide guidance
on OSBF design.
3.2.1 Influence of airflow rate

The flow rate of air injection is one of the
important  operating parameters to control
production, and it is also the critical factor that
directly influences airflow patterns. Thus, three
airflow rates that represent the common range of the
operating parameter are investigated. The airflow
injection velocities are 175, 225 and 275 m/s,
respectively, and the corresponding mass flow rates
can be found in Table 2. The isolines under different
air velocities are extracted from Figs. 11(a, c, e) and
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shown in Figs. 11(b, d, f). The height (H) and
width (W) of the furnace are normalized into
dimensionless Hq and Wj, respectively, by dividing
the nozzle diameter (o).

From Fig. 11, when compared with the result
of 225m/s, the airflow shrinks no matter the
injection velocity increases or decreases. When the
injection velocity decreases to 175 m/s, the inertia
force of airflow will be counteracted by drag
force soon, so the airflow will be dominated by
buoyancy and flow upward. The backward motion
of airflow is more obvious when injection velocity
decreases. However, the airflow does not attach to
the wall, and the thin layer between the wall and
airflow seems to grow larger in the condition of
175 m/s.

In the condition of 275 m/s, the airflow shows
high shrinkage at the height of 0.6—0.8 m. This can
be caused by the violent melt fluctuation. On
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the one hand, a higher velocity of airflow carried
with higher momentum which would lead to more
violent agitation of the melt phase. On the other
hand, higher velocity injected more air volume per
second, and its expansion would create a higher
fluctuation. This intensive fluctuation forces the
airflow near the free surface to attach to the wall,
thus leading to the reduction of a thin layer.

To deeply analyze the thin layer, the isolines
are enlarged to make a comparison, as shown in
Fig. 12(a). It can be found that the height of the thin
layer increases with the decline of air velocity,
while the width varies in the range of 1-3db.
Increasing air injection velocity brings more air
volume and momentum per second, making the
agitation more violent. The larger airflow expansion
and higher melt fluctuation also lead to the
reduction of the thin layer, especially for its height.
This means that the airflow may still directly attach
to the wall when the injection velocity exceeds
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275 m/s. Meanwhile, decreasing injection velocity
is not a foolproof measure to avoid the “attaching
phenomenon”, because the low-speed airflow may
be squeezed directly to the wall.

The reduction of the thin layer can be reflected
from the height and the area, and both of them are
defined in Fig. 12(b). Figure 13 shows the areas and
dimensionless heights of the thin layer under three
conditions. It can be found that both the area and
dimensionless height show a downward trend with
the increase in air injection velocity. Based on this
downward trend, the thin layer may disappear when
the injection velocity increases to a certain extent.
The shrinkage of a thin layer could be dangerous as
the nozzle and lining could be eroded, but
production safety could be guaranteed when the
injection velocity is in the range of 175-275 m/s.
3.2.2 Influence of furnace widths

Due to the unique design of OSBEF, it is
convenient to increase the furnace length to meet the
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higher capacity need. However, an excessively long
furnace may result in difficulty in the tapping
process. Thus, adding the furnace width for a larger
production capacity is urgent, and the influence of
furnace width on production safety should be
analyzed. The furnace widths investigated in this
study include 2.2, 2.5, and 2.8 m, but the injection
velocities are all 225 m/s. The contours and isolines
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Dimensionless height, H

0 10 20 30 40 50 60 70
Dimensionless width, W

Zhen-yu ZHU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2671-2685

under different furnace widths are shown in Fig. 14.
It can be found that the curves of three thin layers
are similar, which are about 3dy width at the height
of 13—23dy and 1d, width at the height of 23—-31d,.
Also, the heights of the thin layers vary in a small
range.

The areas and heights of thin layers under
different furnace widths are given in Fig. 15. It can
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Fig. 14 Flow patterns with contours (a, c, ¢) and isolines (b, d, f) with different furnace widths

0.05

(a)

0.04}
0.0356

0.0319

0.03} 0.0276

0.02}

Thin layer area, S,/m?

0.01F

22 2.5 2.8
Furnace width/m

40

(b)

31.1 31.6 31.7
= 30¢
£
=
(o]
= 20t
o
&
£
£ 10f

0
22 25 2.8

Furnace width/m

Fig. 15 Areas (a) and heights (b) of thin layers with different furnace widths



Zhen-yu ZHU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 26712685 2683

be found that the results of the three conditions are
similar, and the results fluctuate with the increase in
furnace width. The reason should be attributed to
the maintenance of air injection velocity and nozzle
submerged depth. On the one hand, the same
injection velocity produces the same momentum
and guarantees similar results in the airflow pattern.
On the other hand, the same nozzle submerged
depth shares the same static pressure that influences
the airflow consistently. Therefore, the increase in
furnace width shows a limited effect on the
backward motion of airflow, which indicates that it
could be a potential scheme for increasing the

capacity.
4 Conclusions

(1) The Mixture model facilitated with slip
velocity and gas thermal expansion effect is
established. By comparing the numerical results
with theoretical correlations of the airflow trajectory,
half-value radius, and air penetration depth, this
model is considered to obtain a more accurate
simulation of the gas—liquid flow phenomenon in
the OSBF.

(2) The flow pattern under a high-temperature
bath is analyzed and demonstrates its possibility
from the practice. A thin layer between the wall and
airflow is found and considered to protect the lining
from the erosion of high-rate oxygen airflows.
Moreover, the thermal expansion effect of the
gaseous phase significantly influences the
gas—liquid flow pattern in the OSBF and may lead
to severe backward motion of airflow. This could be
a potential risk to production safety.

(3) With the increase in the air injection
velocity, the thin layer between the wall and airflow
shrinks. However, as the thin layer still exists,
production safety can be guaranteed when the air
injection velocity ranges from 175 to 275 m/s. On
the other hand, as the thin layer shows small
difference in the isoline pattern and height, the
influence of furnace width on production safety is
limited when the furnace width ranges from 2.2 to
2.8 m.
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