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The lance is a critical component of the bottom-blowing pool melting process, and
its placement has an important impact on the pool s gas-liquid two-phase flow. In
this study, a mathematical model of the bottom-blowing process is established,
and the flow pattern, trajectory, wake vortex, and velocity of bubbles under four
lance spacings are simulated. Results show that there are three basic bubble flow
patterns appear in the flow field: bubbles coalesce before leaving the nozzle (Pat-
tern 1), bubbles coalesce after leaving the nozzle (Pattern II), and no coalescence
during the rise of bubbles (Pattern IIl). The bubble pattern varies from Pattern [
to Pattern III with the increase in lance spacing. The intensity of the influence of
the wake vortex on the bubbles decreases. The Q (the Q is the second Galilean
invariant of the velocity gradient tensor Vv) value of the wake vortex is small, but
the vortex structural distribution is complex. Moreover, there is a large velocity
difference between gas and liquid at the beginning of gas injection, but the velocity
difference between them decreases after gas injection, so the average turbulent
kinetic energy in the pool initially increases sharply, and then approaches dynamic
equilibrium. The top and bottom velocities of the bubbles are consistent, and the
velocity fluctuation is orderly. Moreover, the greater the lance spacing is, the great-
er the disturbance in the pool is. The mixing effect of D = 0.2 m is the best among
the four spacings.

Key words: double lances, lance spacing, flow pattern, wake vortex,

turbulent kinetic energy

Introduction

A bottom-blowing melting furnace is a kind of copper smelting technology developed
independently in China, and its melting process involves a complex multi-phase flow and heat
and mass transfer [1, 2]. The gas is injected into the pool by the lance and through the melt as
bubbles, thereby producing a complex gas-liquid two-phase flow. The bubbles drive the melt
flow to promote heat and mass transfer between the melts [3]. Research on the multi-phase
flow in the melt pool provides an improved understanding of the flow field information and a
theoretical foundation for equipment and process development. Hence, the properties of bubble
flow and the effect of bubbles on the liquid-phase flow field have become key research topics.

Many scholars have conducted extensive research on bubble motion, which mainly
includes bubble trajectory, velocity, and deformation. Celata et al. [4] determined the velocity
and shape of bubbles and the correlation between them. Xu et al. [5] obtained the bubble rise
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velocity and rising trajectory through numerical simulation. Liu et al. [6] studied the terminal
rise velocity of bubbles and determined the effects of aspect ratio and diameter on the terminal
velocity of bubbles. Liu et al. [7] and Yan et al. [8] deduced from the motion characteristics of
bubbles on a 2-D plane that the exact motion trajectories of bubbles in 3-D space are mainly lin-
ear, zigzag, and spiral. Cano-Lozano et al. [9, 10] studied the rising trajectory and wake flow of
bubbles through numerical simulation, and their results showed that the unstable rise of bubbles
is caused by the asymmetric shedding of the bubble wake. Cao and Macian-Juan [11] clarified
the mechanism of bubble path instability by analyzing vortex dynamics and shape deformation.

Lance arrangement is one of the factors that affect the movement of bubbles. Yan
et al. [3] reported that the reasonable inclination angle is 17°-22° for a single-row lance and
12°-22° for a double-row lance. Wang et al. [12] obtained the maximum void fraction when the
double nozzle angle is 44°. Zhang et al. [13, 14] performed numerical simulations and orthogonal
tests to optimize the structural parameters of the lance for a bath melting furnace and obtained the
optimal combination of lance diameter, spacing, and inclination angle. They discovered that the
effects of lance spacing, inclination, and lance size on the flow process decrease in turn. Yan et al.
[15] investigated lance spacing in addition lance diameter and inclination angle and reported that
the optimal working condition for a reduction furnace entails a spacing of 950 mm. Yu ez al. [16]
studied the effects of different nozzle structures on the flow process and found that nozzles with
dispersion nozzles are beneficial to improving mixing and reaction efficiency. Yan et al. [17] eval-
uated different nozzle structures with different opening ratios. Considering the dependence on the
opening ratio, they established different prediction models for the ratio of the maximum caliper
distance to the hydraulic diameter of the nozzle outlet and the dimensionless bubble diameter. Li
et al. [18] studied bubble generation characteristics by using a multi-channel lance and the homo-
geneity of mixing by using a multi-orifice bottom-blow lance.

In conclusion, current research on lance arrangement mostly focuses on lance number,
diameter, inclination angle, and nozzle structure. Zhang et al. [13, 14] reported that the impact
of lance spacing on the melting furnace flow process is the most essential factor. Therefore,
by establishing a reasonable basic model for the bottom-blowing smelting furnace, this study
applies the multi-fluid volume of fluid (VoF) model to simulate the gas-liquid two-phase flow
process in the bottom-blowing smelting furnace and analyzes the flow field information by
using the vortex identification method. The simulation focuses on the motion characteristics of
bubbles generated by double lances with different spacings. The study also examines bubble
flow pattern, motion trajectory, turbulent kinetic energy change, and velocity fluctuation. The
Q-criterion identification method is used to analyze the flow field information, the vortex distri-
bution, and its variation during bubble motion.

Model building
Numerical model
The multi-fluid VoF model

In this paper, the Eulerian multi-fluid VoF model is used, which combines the respec-
tive advantages of Eulerian and VoF methods, and it can simulate many more complex flows
and has been widely used in the field of multi-phase flow. The multi-fluid VoF model allows
modelling of both dispersed and sharp interfaces while still being able to provide different ve-
locity fields for each phase. The volume fraction equation, like the VoF model, can be solved
with implicit or explicit temporal discretization. Assuming no mass transfer between the two-
phases, the conservation equation in this approach is [19-23]:
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The continuity equation is given:

0 -

a(aipi)"'v(aipivi):o (1

where a, p;, and v; are the volume fraction, density and velocity vector of phase i, respectively.
The form of the momentum equation:

S api)+V(apiv) =-aVp Ve tapg+ L+ R, @)
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where p is the pressure, 7, — the stress-strain tension of the i phase, g — the acceleration of
gravity, > F' — the force on phase 7, including external body force, lift force, wall sliding force,
virtual mass force, and turbulent dispersion force, and R, — the interaction force between the
two-phases. It is important to note that Y o, = 1. Similar equations can be constructed for phase
k. The interaction force between the two-phases, R, is defined:

R, =K, (‘7k - ‘71) (4)

The aforementioned equation represents the average interphase momentum exchange,
excluding any effect caused by turbulence, and K;; represents the interfacial momentum ex-
change coefficient, defined:

K, =S5 f 5)
Tk

where f'is the drag function and 7, is the particle relaxation time. In the multi-fluid VoF model,
the symmetric and anisotropic drag laws are specified, and the drag can be large enough to
balance the velocities of the two-phases at the interface. The symmetric drag law is isotropic,
and for higher drag coefficients, it tends to approach the behavior of the single VoF model.
The anisotropic drag law profits to overcome the drawback of symmetric drag by allowing
sharp-angle interfaces to have higher drag coefficients in the normal direction and lower drag
coefficients in the tangential direction.

The Q criteria method

In this paper, the Q criterion is used to identify and analyze the flow field of the bot-
tom blowing model, relying on the velocity gradient tensor decomposition, where the velocity
gradient tensor AV:

VV=%(VV+VVT)+%(VV—VVT)=A+B (6)

where 4 and B in the previous equation represent the symmetric part (symmetric tensor) and
the antisymmetric part (antisymmetric tensor) of the velocity gradient tensor, respectively, and
then the Q is defined [24-26]:

0~ (I8 -4l ) ™

where || ||~ is the Frobenius norm of the matrix. The symmetric tensor 4 has the effect of resist-
ing the rotation of the anti-symmetric tensor B. Therefore, the physical significance of Q lies in
the fact that the vortex structure not only requires the existence of vortices (anti-symmetric ten-
sor B) but furthermore requires that the anti-symmetric tensor B can overcome the deformation



Tong, X., et al.: Numerical Simulation of Continuous Bubbles Motion Behavior ...
2804 THERMAL SCIENCE: Year 2023, Vol. 27, No. 4A, pp. 2801-2811

effect represented by the symmetric tensor 4. The Q > 0 indicates that the existence of vortex
is a good indicator of turbulent structure. From the perspective of energy, the magnitude of Q
actually represents the energy of unit mass vortex and unit space vortex [27, 28].

Application model validation

Many scholars have verified that the application of the Eulerian multi fluid VoF model
in the study of gas-liquid two-phase flow is feasible, and the model is widely used in the study
of multi-phase flow in various scenarios [29-31]. Song and Jokilaakso [32] used the Eulerian
multi fluid VoF model to simulate multi-phase flow in bottom blown copper smelting furnace,
and used a water model experiment to verify the correctness of the mathematical model, as
shown in fig. 1. Our study is based on the multi-lance simulation of the bottom blown smelting
furnace, which is similar to the research of [32].

Xu et al. [33], Xu et al. [34], and Li et al. [35] in our research group have experi-
mentally verified the calculation results of using the Eulerian VoF model to simulate the rise
of bubbles generated by a single lance, as shown in fig. 1(b). As the verification part has been
discussed in detail in other papers of the research group, this article will not discuss it.

(b)

Figure 1. Verification of mathematical model; (a) verification of multi-lance for
bottom blowing [32] and (b) verification of single lance model for bottom blowing [34]

(a)

Physical model and grid-independent verification
Physical model

In this paper, the bottom-blown copper bath melting furnace is used as the research
background to establish the physical model. The physical model used for simulation is based on
1 the laboratory cold experimental model, which
is simplified to a cylinder of 1 m in height and
1.6 m in diameter. The bottom-blown sub-
merged lance has an inner diameter of 0.018 m
and a submerged depth of 0.02 m, with air in-
side the tube. The physical model and compu-
tational domain boundaries are shown in fig. 2.
The physical properties of the liquid in the pool
refer to those of Deng et al. [36], as shown in
tab. 1.

Figure 2. Physical model and computational
domain boundaries

Table 1. The physical properties of the liquid in the pool
Density [kgm™] Viscosity [Pa-s] Surface tension [Nm™']
Liquid 4440 0.004 0.33
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Grid-independent verification and solution 1.481
set-up é 1480} _/'/
The influence of different grid numbers = I /
on the bubble rise is explored by simulating the ' .

bubble creation process while the lance spac- 1478
ing is 0.2 m. It can be seen from fig. 3 that the

1477 F
time required for the bubbles to travel from the

bottom of the pool to the liquid surface is essen- 1476

tially the same when the grid number reaches 1475k

12-10° or more. Considering the calculation .

load and accuracy, the grid number of 12 - 10° is A e ™ e 0 12 14 16 18 20 2

chosen for simulation. Number of grids [10°]
The bottom-blow lance tube is filled with Figure 3. Grid-independent verification

air, with a gas velocity of 0.5 m/s at its inlet, the

outlet is set to pressure-outlet, and the solid wall is treated as a no-slip boundary. The standard
wall function treatment is used for processing within the boundary-layer near the wall, and the
Standard k-¢ model is selected for the turbulence model. Table 2 shows the setting parameters
of the center distance between the two lances.

Table 2. Lance spacing setting
H Lance spacing, D [m] ‘0.0S‘ 0.1 ‘ 0.2 ‘ 0.4 H

Results and discussion
Bubble flow pattern

By simulating the bubble generation and rising process of the double lances with
different spacings, different bubble flow patterns are obtained when the gas-liquid two-phase
flow reaches stability. We summarize the bubble flow patterns into three main types in accor-
dance with the bubble calescence behavior during the rising process, fig. 4. The three main
flow patterns are: (I) bubbles coalesce before leaving the nozzle, (II) coalescence occurs after
disengagement from the nozzle, and (I1I) two bubbles separate from the nozzle without coales-
cence and rise separately. The three flow patterns obtained from the simulations are in general
agreement with the description of bubble flow patterns mentioned by Yang et al. [37].

Lance spacing affects the flow patterns of bubbles. As the lance spacing increases, the
bubble flow pattern exhibits a gradual change from flow Pattern I to flow Pattern III during the
process of continuous bubble generation. When the lance spacing is large enough, the interac-
tion between bubbles is small, and the flow pattern is always maintained as flow Pattern III.

In fig. 4(a), the two bubbles aggregate and form a large bubble before exiting the noz-
zle. The bubble flow pattern is always flow Pattern I.

In figs. 4(b) and 4(c), the generated bubbles rise away from the nozzle, presenting a
process of approaching and then moving away until collapsing at the liquid surface (flow Pat-
tern III). With the blowing process, the liquid in the pool changes from being relatively static
to being chaotic due to the influence of the bubbles; such a change affects the bubbles. The
bubbles generated by the two nozzles coalesce on the rising path (flow Pattern II). The degree
of disturbance in the pool deepens, and the location of bubble coalescence becomes gradually
low until the bubbles coalesce before detaching from the nozzle (flow Pattern I).
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05 0
1 second

(d)

2 seconds

=05 0
4 seconds

Figure 4. Continuous bubble change phase diagram; (a) D = 0.05 m,
(b) D=0.1m, (¢) D=0.2 m, and (d) D =0.4 m

As shown in fig. 4(d), when the spacing is D = 0.4 m, the continuous bubbles always
maintain a certain distance from the nozzle during the rising process and collapse at the liquid
level. With the continuous stirring of the bubbles to the liquid in the pool, the bubbles tend

0.6

.°§’ 0.5k D=02m
=

0.3

0.2

01 D=0.05m

0.0 I I I I I I

0 5 10 15 20 25 30
Number of bubble coalescence

Figure 5. Coalescence time and number of
coalesced bubbles in the pool

Bubble trajectory and wake vortex

to approach then move away from each other
during the rising process, but no bubble coales-
cence occurs (flow Pattern III).

The bubble flow pattern and bubble co-
alescence are affected by lance spacing. As
demonstrated in fig. 5, the coalescence time
and quantity of coalescence bubbles vary for
different lance spacings. The figure indicates
that the time of bubble coalescence is propor-
tional to the lance spacing, D, and the number
of coalesced bubbles is inversely proportional
to D. The larger lance spacing, D, is, the longer
the time required for bubble coalescence is, the
smaller the number of coalesced bubbles is, and
the lower the coalescence possibility is.

The bubble trajectory diagram can reflect the interaction between bubbles. In this
study, the whole trajectory of bubbles is plotted by the position of the largest volume of bubble
shape center after bubble coalescence or fragmentation, fig. 6. As shown in the figure, the tra-
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Figure 6. The trajectory of bubbles in the pool; (a) D = 0.05 m, (b) D = 0.1 m,
(¢)D=0.2m,and (d) D=0.4m
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Figure 7. Velocity vector and Q-criteria diagram in the pool at 2 seconds;
(@) D=0.05m,(b) D=0.1 m, (c) D=0.2 m, and (d) D =04 m
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jectory of bubbles is zigzag and wobbly. The closer the lances are arranged, the easier the bub-
ble coalescence will occur, the tracks of the two bubbles shown in figs. 6(a) and 6(b) coincide,
which is consistent with the results reflected in fig. 5. However, when D = 0.1 m, the trajectory
oscillation after bubble coalescence is relatively intense.

In addition, when the lance spacing D = 0.2 , fig. 6(c), the lateral displacement of
the two bubbles is the largest, and the bubbles attract each other. When the spacing D = 0.4 m,
fig. 6(d), the two bubbles do not coalesce, and the lateral displacement is not large. Therefore,
the influence of interaction between bubbles decreases with the increase of D.

Figure 7 shows the velocity vector distribution and Q criterion diagram in the flow
field at 2 seconds under four conditions. The air is injected into the pool with a certain initial
velocity, and the bubbles push the surrounding liquid to the outside to achieve momentum
transfer from the bubbles to the liquid. The fluid around the bubble flows in all directions, but
the direction is deflected, as shown on the left side of fig. 7. The vortex is caused by the pres-
sure difference in the flow field. According to the Bernoulli effects, the bubbles are attracted to
each other after leaving the two nozzles. Thus, the flow pattern evolution mentioned previously,
fig. 4, and unstable rising path, fig. 5, are generated. However, the influence of the wake vortex
on bubbles is limited by the lance spacing. As shown in fig. 7(d), the bubbles are essentially not
affected by the pressure difference when the spacing is large.

As illustrated on the right side of fig. 7, the introduction of the Q criterion vortex
identification method reflects that left-right symmetric vortices exist in the flow field around
the bubble. The Q contours in the figure show a gradient distribution, with the largest Q value at
the center of the vortex structure. Figures 7(a) and 7(b) show that there are vortices with small
structures but large Q value in the flow field, and the middle and lower parts of the flow field are
not stirred. When D = 0.2 m and D = 0.4 m, figs. 7(c) and 7(d), the vortex dissipation increases
due to the collision between fluids. Thus, vortex structures with small Q value and more com-
plex distribution are present in the flow field. To sum up, the influence ability of the wake vortex
on bubbles decreases as the lance spacing increases. However, the influence of the vortex on
the liquid is enhanced, mainly in the increase of liquid confusion, to avoid the problem that the
dead zone in the pool cannot be stirred.

Turbulent kinetic energy and bubble velocity variation

The turbulent kinetic energy of the liquid in the pool under four conditions is com-
pared and analyzed, fig. 8. From the overall trend, the turbulent kinetic energy rises dynamical-

0.050 ly. The turbulent kinetic energy with D = 0.05
g 0045} mand D =0.1 m showed a steady upward trend.
= 0040} However, when D = 0.2 m and D = 0.4 m, the
§’ 0035} change of turbulent kinetic energy is more in-
< oo3of tense than that in the other two conditions. This
£ oo} indicates that increasing the spacing between
£ o020} the lance can improve the mixing effect of lig-
2 oo0isf uid. According to the figure, the turbulent ki-
? ootok netic energy in the liquid with D = 0.2 m and D

0005 = 0.4 m rises sharply within 0-1.8 seconds, and

0,000 N the former first reaches the peak. After reaching

00 05 10 15 20 25 3.0 35 40 45 50 55

Tme IS the peak, the turbulent kinetic energy of both
Figure 8. Variation of turbulent Kinetic energy conditions decreases, but the turbulent kinetic
for four working conditions in the pool energy of D = 0.4 m is higher than that of D =
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0.2 m at 2.25-2.76 seconds. After 2.75 seconds, the turbulent kinetic energy with D = 0.2 m
shows a substantial oscillation upward trend. Conversely, the turbulent kinetic energy with
D = 0.4 m is in dynamic equilibrium until 4.2 seconds, after which it slowly increases. Ac-
cording to figs. 7 and 8, the vortex structure distribution is the most complex, the increase of
turbulent kinetic energy is the most intense, and the ability of gas-liquid mixing and stirring is
the best when the lance spacing D = 0.2 m.

A close relationship exists between turbulent kinetic energy and velocity fluctuation,
namely, the higher the turbulent energy is, the higher the velocity fluctuation is. Figure 9 shows the
top and bottom velocity variations of the continuous bubbles, and the overall velocity fluctuation
is reflected by the velocity fluctuation at the top and bottom of the bubbles. The bottom velocity of
the two bubbles changes more violently than the top velocity when the lance spacing is D = 0.05 m
and D = 0.1 m, figs. 9(a) and 9(b). Under the two conditions, because of the instability caused by
the coalescence of the left and right bubbles, the bubble velocity change is fluctuant and disordered.

As shown in fig. 9(¢), the trends of the top and bottom velocities of the generated bub-
bles are the same when D = 0.2 m, with the velocities reaching the maximum near 3.4 seconds
then decreasing to the minimum near 3.55 seconds and slowly increasing afterward.

As shown in fig. 9(d), the overall velocity trend of the bubbles generated by lance
spacing D = 0.4 m is consistent, with a small increase in each velocity, followed by a steady
decrease at about 3.1 seconds and basic stability after 3.4 seconds.

Figures 7-9 indicate that turbulent kinetic energy is the most violent, velocity oscilla-
tion is the most orderly, and the vortex distribution in the flow field is the most complex when
lance spacing D is 0.2 m, as a result, the liquid in the pool is stirred the most extensively.
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Figure 9. Variation of bubble velocity in the pool; (a) D = 0.05 m,
(b) D=0.1m, (c) D=0.2m, and (d) D =0.4 m
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Conclusions

In this study, the multi-fluid VoF model is used to simulate the motion of continuous
bubbles under four different lance spacings. The flow patterns, rising trajectories, turbulent ki-
netic energy, and velocity fluctuations during the rise of continuous bubbles are obtained. The
conclusions are as follows.
® The continuous bubble flow patterns produced by the double lances can be divided into
three types according to whether the bubbles coalesce and where they coalesce. With the in-
crease in lance spacing, the flow pattern shows a trend from flow Pattern I to flow Pattern II1.

® The wake vortex is generated during the ascent of the bubbles. The stronger the wake vortex
is, the stronger the attraction between bubbles is. With the increase in lance spacing, as shown
in the Q-criterion diagram, the distribution of the wake vortex becomes increasingly complex,
the degree of disturbance in the liquid is increased, and the dead zone in the pool is reduced.

e With the increase in lance spacing, the turbulence intensity in the pool is significantly in-
creased, and the top and bottom velocity changes of the continuous bubbles gradually become
consistent. When the spacing, D = 0.2 m, the increase in turbulent kinetic energy is the most
intense, and the change in bubble top and bottom velocities is the most regular and intense.

e Comprehensive analysis of the Q-criterion diagram, turbulent kinetic energy change, and
bubble velocity change shows that the dead zone in the pool is minimized and the mixing
effect is the best when D = 0.2 m.
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