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Abstract: Taking an oxygen enriched side-blown furnace as the prototype, a hydraulic model was established according
to the similarity principle. The influence of three factors on the gas—liquid two-phase flow was analyzed, i.e. the airflow
speed, the submerged depth and the downward angle of the nozzle. A numerical simulation of the hydraulic model was
carried out trying to find the suitable turbulence model which can describe the side-blown two-phase flow correctly by
comparing the simulation results with the experimental data. The experiment shows that the airflow speed has a great
influence on the flow of the water. The submerged depth of the nozzle has a relatively smaller influence on the
penetration depth and the surface fluctuation height in the liquid phase. When the nozzle is at a downward angle of 15°,
the penetration depth and the surface fluctuation height are reduced. It is concluded that the numerical results with the
realizable k—¢ turbulence model are the closest to the experiment for the penetration depth, the surface fluctuation

height and the bubble scale.
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1 Introduction

The oxygen enriched side-blown furnace is the
core equipment of the CSCC-Pb (continuous
side-blown bath smelting of crude lead) technology,
in which the behavior of the gas injection and the
melt motion has significant influence on both the
smelting process efficiency and the accretion and
corrosion of the linings.

To study the processes in such an equipment
with high temperature, hydraulic models are usually
developed according to the similarity principle to
investigate the flow phenomena in the bath.
ZHANG et al [1], YAN et al [2] and CUI et al [3]
analyzed the effects of the lance structure and
arrangement on the flow in the bottom-blown
furnace and optimized the operational conditions. In

order to ensure the sufficient dynamic similarity
between the hydraulic model and the real argon
oxygen decarburization (AOD) furnace, WEI
et al [4,5] and BIURSTROM et al [6] calculated the
gas volume in the furnace according to the theory of
the airflow characteristics for the hydraulic models
of a 18 t and a 12 t AOD furnace, respectively.
ZHOU et al [7] made an experimental study on the
characteristics of the airflow in a side-blown bath,
and obtained a correlation formula of the bubble
departure frequency and penetration depth with the
modified Froude number. LIU et al [8] obtained the
morphological characteristics of the side-blown
bubbles in a hydraulic model by employing the
imaging technique, and established a trajectory
model to describe the immersed side-blown gas jet
in the liquid.

Meanwhile, with the improvement of computer,
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numerical simulations are applied as an efficient
method for studies of fluid behavior in different
processes. LIU [9], XIA [10] and ZHANG et al [11]
performed simulations of two-phase flow in the
oxygen enriched bottom-blown furnace and
obtained the distribution of bubbles and gas volume
fraction in the melt. They also studied how the
lance arrangement and diameters, as well as the
bath depth, influence the effective mixing zone
inside the furnace [12]. Numerical investigations
were also carried out for the combination of the top
and the lateral blowing in a Peirce—Smith converter
by CHINBWE et al [13], and comparisons were
made for the bath velocity and turbulence kinetic
energy. For the behavior of the melt in the side-
blown furnaces, researchers have established
numerical model of some furnaces [14—19], such as
Vanyukov furnace [14], and P-S converter [15—17],
and analysis was made for both the flow of bubbles
and the heat and mass transfer phenomena of the
smelting process.

With most work focusing on the gas—liquid
two-phase flows in the top-blown and bottom-
blown furnaces, numerical simulations of the
oxygen enriched side-blown furnace were much
less reported. Meanwhile, in order to simplify the
experimental apparatus, one nozzle is generally
included in the experimental studies. As a result, the
mutual interference among the nozzle airflows can
be hardly observed. Hence, a hydraulic model of
the oxygen enriched side-blown furnace with six
pairs of nozzles was established in this work, and
the gas—liquid two-phase flow was investigated
experimentally. In addition, numerical simulations
were performed with different turbulence models,
and the results were compared to the experimental
data, in order to identify the model which gives a
better description of the gas—liquid two-phase flow
in the CSCC-Pb furnace.

2 Experimental study

2.1 Experimental apparatus

Generally, the oxygen enriched side-blown
furnace is about 2 m wide, 7 m high and nearly
10 m long with 13 nozzles on each side. The
submerged depth of the nozzle is 0.5 m, and the
diameter of each nozzle is 0.04 m. The velocity of
the air-flow in practice is generally in a range of
150-300 m/s.

The hydraulic model of the oxygen enriched
side-blown furnace was scaled down in a 5:1 ratio
based on the industrial prototype. For observation
of the two-phase flow inside the model, the
transparent Plexiglas was used to make the
container. Black particles were added to the bottom
of water bath to show the agitation of the liquid. Six
pairs of nozzles were fixed along the side of the
container, of which five are horizontal and one
points at a downward angle of 15°. The blowing air
was supplied by the Roots blower. The flow rate
was controlled by the LJRS-A-0015-00621111A
DN50 thermal mass flowmeter, and the pressure
was displayed in real time with the LJYR-
000G-A-F2 digital pressure gauge. Water was used
as the liquid in the experiment, and the LJRS-A-
0015-00621111A DNI15 flowmeter was used to
record the flow rate since air was injected. The air
and water were all at the ambient temperature
(about 20 °C) during the experiment.

The experimental apparatus is shown in Fig. 1.

2.2 Experimental parameters
The experimental parameters (gas velocity)

were determined based on the Froude number of the
gas injections being the same in the experiment and
the industrial furnace. The Froude number is an
important non-dimensional number for modeling of
the fluid flow with free surface [8], and it is defined
as the ratio of the inertial force to the gravity:

P N
Fro = ng3 = oL

where V is the fluid velocity, p is the fluid density, g
is the gravitational acceleration, and L is the
characteristic length.

Experiments were carried out to investigate the
influence of the nozzle submerged depth, the
airflow velocity, and the pointing angle on the
two-phase flow inside the bath (container).
Combinations of four different flow speeds (V=50,
75, 100 and 125 m/s) and three different nozzle
submerged depths (D=100, 150 and 200 mm) were
studied. Besides, two pointing angles were set for
the nozzles, i.e., 0° and 15°, respectively. In the
experiments, all 12 nozzles (in 6 pairs) were used to
simulate the opposite blowing of nozzles in the
actual bath.

The airflow speeds used in experiments were
calculated based on the same Froude number with
the actual smelting bath, as given in Table 1.
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Fig. 1 Schematic diagram of experimental apparatus

Table 1 Airflow speeds in experiments and actual
smelting bath based on same Fr

Froude Experimental Actual
number speed/(m-s ") speed/(m-s")
252 50 158
379 75 237
505 100 316
631 125 395

2.3 Experimental results and analysis
2.3.1 Influence of airflow speed

Figure 2 shows the pictures of the gas and
liquid flow in the bath, in which the air is blown at
different velocities from the nozzles submerged at
150 mm beneath the free surface. As shown in the
pictures, when the airflow is blown at a relatively
low speed, for instance, 50 m/s, large bubbles
generate intermittently near the nozzles and the side
walls. These large bubbles then gradually break into
small ones when rising to the surface. When the
airflow increases to 75 m/s, continuous bubble
flow forms in the water, and violent fluctuation is

Nozzle

Fig. 2 Air blown from nozzles with submerged depth of
150 mm: (a) V=50 m/s; (b) V=75 m/s; (c) V=100 m/s;
(d) V=125 m/s

observed in the free surface. With the speed further
increasing to 100 m/s, two jet flow can be seen
clearly in the bath (container). As the two jets
impinge to the center of the bath, vigorous
movement of the bubbles and water is caused above
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the nozzle, but the black indicator particles at the
bottom are not stirred so strongly, of which only a
few are carried by the water and suspended in the
container. However, when the air speed increases to
125 m/s, the two air jets penetrate and meet at the
center of the bath, bringing lots of indicator
particles from the bottom which then float with the
liquid.

Figures 3 and 4 respectively show how the
penetration depth of the air jet and the fluctuation
height of the free surface change with the airflow
speed under conditions of three different submerged
depths of the nozzles. Here, the penetration depth is
defined as the maximum length that the airflow can
reach along the nozzle axis, and the surface
fluctuation height is defined as the height difference
between the highest position of the surface level in
the fluctuation and the stationary surface level. In
order to avoid the accidental error in the data
collecting, the average of multiple measurements is
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Fig. 3 Change of penetration depth of air jet with airflow
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adopted. As illustrated in the plots, the penetration
depth and the surface fluctuation height increase
with the airflow speed, as the momentum of the
airflow increases proportionally with the speed.
2.3.2 Influence of penetration depth of airflow

Figures 5 and 6 respectively show how the
penetration depth of the airflow and the surface
fluctuation height change with the submerged depth
of the nozzles under conditions of four different
airflow speeds.
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Fig. 6 Change of surface fluctuation height with
submerged depth of nozzles

In general, the jet penetration depth and the
surface fluctuation height decrease with the
submerged depth of the nozzles, but the magnitudes
of the changes are very limited. For example, when
the submerged depth of the nozzle is doubled, the
penetration depth of the air jet reduces by only
20.8%, and the fluctuation height of the surface
changes by only 9.8%. These results indicate that
the influence of the nozzle submerged depth on the
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agitation of water is not so significant when nozzles
are submerged within a certain range of depth.
2.3.3 Influence of pointing angle of nozzles

Figure 7 shows the penetration depth and the
surface fluctuation height changing with the airflow
speed at different nozzle pointing angles. It can be
clearly seen that the jet penetration depth and the
surface fluctuation height are relatively small when
the nozzle is of a downward angle of 15°. This is
due to the decrease in the horizontal component of
the velocity when the nozzle axis deviates from the
horizontal direction. Therefore, adjusting the
nozzles to a non-horizontal state will not help to
improve the agitation of the water in the container.
On the contrary, the jet penetration depth will
decrease and the gas—liquid interaction in the bath
will become weaker.
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Fig. 7 Change of jet penetration depth (a) and surface
fluctuation height (b) at different downward angles of
nozzle

3 Numerical simulation

3.1 Computational domain and conditions
In order to investigate the details of the

gas—liquid flow inside the bath, numerical
simulation was also performed. As the fluid flow in
the bath is typical turbulence, selecting a right
turbulence model is very important for the
numerical simulation. In most simulations, the k—¢&
model is adopted to solve the turbulent flow.
However, due to lots of bubbles and eddies existing
in the water as observed in the experiment, this
model was questioned whether it is suitable for the
simulation in this study. As a result, three different
turbulence models (the standard k—¢ model, the
realizable k—& model and the SST k—w model) were
used for the simulation of the turbulent gas—liquid
flow in the container, and the results were compared
to the experiments to determine which model gives
more reasonable results thus to be used in the future
work.

To reduce the gird numbers, only one pair of
nozzles was included in the computation domain,
and the cross-sections of either side of the nozzles
were defined as the periodic boundary so that the
effects of other nozzles were considered. The
hexahedron grids were adopted for the meshing of
the domain. The schematics of the computational
domain and the mesh are shown in Fig. 8.

Three cases with different turbulence models
were computed respectively under the
boundary conditions. The submerged depth of the
nozzles was 150 mm and the airflow speed was set
to be 150 m/s in the computation. The boundary
conditions defined in the computation are given in
Table 2.

same

3.2 Numerical results and discussion

For the convenience of analysis, the cross-
section where the axis of the nozzles lies is selected
and named as Section C, to illustrate the simulation
results (as shown in Fig. 9).

With the results of each case, the jet
penetration depth and the surface fluctuation height
in Section C are calculated and compared with the
experiment. The relative errors and the sum of the
squared relative error are given in Table 3. The
relative errors of the penetration depth between the
simulation and the experiment are all less than 5%,
and the relative errors of the surface fluctuation
height are less than 10%. Meanwhile, the sum of
the squared relative error in Case 2 is the smallest,
which indicates that the simulation result with
the realizable k—& model meets with the experiment
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Fig. 8 Schematic of computational domain (a) and mesh (b) used in simulation

Table 2 Turbulence models and boundary conditions in numerical simulation

Case No. Turbulence model Xi?/ii;y So_t;) Priszﬁarteiv(;f;gsl:;gpa Description of end walls
1 Standard k—¢ 100 0 Periodic
2 Realizable k—¢ 100 0 Periodic
3 SST k—w 100 0 Periodic

Fig. 9 Schematic diagram of Section C

the best for the prediction of the jet penetration
depth and the surface fluctuation height. Hence, it is
suggested that the realizable k—¢ model is to be used
as the turbulence model in the future simulation of
the gas—liquid two phase flow in the side-blown
bath.

The air volume fractions in Section C at the
computational time of 1 s in three cases are shown
in Fig. 10. It can be seen that in the results
computed with the standard k—¢ model and the
realizable k—¢ model, many small bubbles appear
above the nozzle, and small bubbles break into
smaller ones themselves. In the results with the SST

k—w model, the gas accumulates at the nozzle outlet,
forming large bubbles and then detaching from the
nozzle when it is large enough. Meanwhile, the
bubbles in the upper part of water are relatively
large and concentrated, which is different from the
results observed in the experiment. Therefore, it
seems that the standard k—¢ models and the
realizable k—¢ model give a better description of the
bubble scale in the side-blown bath.

Figure 11 illustrates the velocity contour and
vectors of three cases at the time of 1 s. Relatively,
in Case 2, the velocity in the central part of the
water is rather small, which is a result of the less
penetration depth of the gaseous phase. The
velocity distribution in Case 3 is more concentrated,
due to the fact that the largest bubble is generated in
the liquid phase. Particularly, the area with the
velocity close to zero is mainly distributed in the
middle part of the two nozzles, which is marked
with the red triangle in the Fig. 11. This means the
gas flow in this area is weak, and it is hard to stir
the liquid here at such a low velocity.

As shown in the diagram of the velocity
vectors, the liquid flow above the nozzles is
complicated. Two vortexes are formed near the side
walls due to the movement of the bubbles, and it
may be one of the factors that cause the erosion to
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Table 3 Numerical values of penetration depth and fluctuation height

Penetration depth Fluctuation height )
Condition Sum of squared relative error
Value/mm Relative error/% Value/mm  Relative error/%
Experiment 86.00 - 48.00 - -
Case 1 87.50 1.74 52.25 8.85 8.14x107°
Case 2 81.12 —5.52 50.00 4.17 4.79x107°
Case 3 83.75 —2.62 53.00 8.85 8.52x10°°

(a) (b)

Air. volume fraction

Fig. 10 Air volume fractions in Section C in three cases: (a) Case 1; (b) Case 2; (c) Case 3
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Fig. 11 Velocity contour (a—c) and vectors (d—f): (a, d) Case 1; (b, ¢) Case 2; (c, f) Case 3
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Fig. 12 Iso-surface of air volume fraction at different time in Case 2

both side walls. Moreover, as indicated by the
vectors in the bottom part beneath the nozzles, a
weak flow may exist there.

Comparatively, the results with the realizable
k—e¢ turbulence model meets better experiment data
no matter in the jet penetration depth, the surface
fluctuation height or the bubble size. So, the
realizable k—¢ turbulence model is recommended
for future numerical simulation of the side-blown
furnace.

For further investigation of Case 2, the
iso-surfaces of air volume fraction equal to 0.5 at
different time are shown in Fig. 12. The whole
blowing process from the beginning can be divided
mainly in three stages. The first one is the initial
blowing stage, in which the airflow penetrates
through water horizontally, and the time duration is
about 0.1 s. The second stage is the bubble floating
stage from 0.1 to 0.4 s, in which the initial large
bubbles rise up to the free surface by the buoyancy
until they break up. The last one is the stable stage
after 0.5 s, in which lots of small bubbles are
formed at the upper part of the nozzles because of
the movement of the water. With the simulation

results, the gas—liquid two-phase flow in the
air—water system seems to reach a stable state after
the air keeps blowing for about 0.5 s.

4 Conclusions

(1) In the hydraulic experiment, a bubble
flow is obtained when the airflow velocity is at
50 m/s with a nozzle submerged depth of 150 mm.
The bubbles are found large and discontinuously
float from the nozzles. With the airflow velocity
reaching 100 m/s, the jet flow is formed, and many
small bubbles are continuously generated. When the
airflow velocity is 125 m/s, the black indicator
particles are stirred, floating in the water of the bath
(container).

(2) The experimental results show that the
airflow speed has a great influence on the liquid
flow. The submerged depth of the nozzle has
relatively smaller influence on the jet penetration
depth and the surface fluctuation height of the water.
When the nozzle is of a downward angle of 15°, the
jet penetration depth and the surface fluctuation
height both become decreased.
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(3) The hydraulic experiment is numerically

simulated using different turbulence models with
Fluent. The result of the realizable k—¢ turbulence
model is closer to the experiment, in the results of
the jet penetration depth, the fluctuation height of
the free surface and the bubble scale. It is then
concluded that the realizable k—¢ model is more
suitable to describe the turbulence flow in this study
and is recommended to be used in future simulation
of the gas—liquid two phase flow in the side-blown
bath.
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