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Abstract

As the core factor of flotation, bubbles have an important effect on flotation. The rotor speed, initial gas parameters and
impeller structure of the flotation machine will affect the formation and movement of bubbles. It is very important to study the
influence mechanism of operating parameters of flotation machine on the bubble breakup process for flotation machine design
and structure optimization. This paper takes KYF-0.2m® flotation machine as the research object, establishes a single bubble
analysis model, adopts the VOF (Volume of Fluid) method to analyze the influence of different initial positions of bubbles on
the bubble breakup behavior, and studies the influence of impeller speed and initial position of bubbles on the bubble breakup.
Result show that the breakup of bubbles mainly occurs near the stator region. With the increase of rotational speed of the
impeller, the centrifugal force and the disturbance of the convection field will become greater, the time of the bubble breakup
become shorter, more bubbles breakup and generate more smaller ones. With the bubble position is closer to the rotating axis
of the impeller, the impact of reflow becomes stronger and the bubble breakup effect will be better, and if the bubble initial
position closer to the impeller cover, the influence of impeller on the bubbles become greater and the distribution of bubbles
will be more uniform.
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1. Introduction

Flotation machines are extensively used in industry for sepa-
rating valuable minerals from a mixture with gangue minerals. It
uses bubbles as carriers to attach to hydrophobic particles due to
strong adhesion force and lift them into a froth layer, whilst
hydrophilic particles settle to the bottom of the flotation device
and come out in the tailings. This selective process is achieved

based on the difference in hydrophobicity of particles, where
valuable mineral particles are generally hydrophobic in nature
or may be rendered hydrophobic property by the addition of
collector compounds. which are utilized in petrochemical refin-
ing, water treatment, mineral processing, and deinking of recy-
cled paper, and many other applications [1-3]. The interaction
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between bubbles and particles plays a crucial role in determin-
ing the efficiency of the flotation process [4]. The collision pro-
cess between particles and bubbles primarily relies on the fluid
dynamics factors within the flotation tank, as well as the size
and quantity of particles and bubbles [5, 6]. The regions with
high local energy dissipation are key areas for achieving bubble
dispersion and particle separation during micro-processing [7],
the particle-bubble attachment predominantly occurs in regions
with high energy dissipation rates [8]. The effectiveness of flota-
tion machines largely depends on the initial contact between
bubbles and mineral particles and the distribution of bubbles
significantly affects particle flotation [9-11].

Currently, research on the complex dynamic process within
a flotation machine is mainly conducted through numerical
simulation and experimental methods. Early research simpli-
fied the particle as point masses, neglecting their impact on
bubbles and the surrounding fluid [12]. Bubbles were also
considered rigid spheres, assuming no deformation occurred
during collision and attachment processes [13]. However, as
research advanced, our understanding of the particle-bubble
interaction process deepened. The gravity, and roughness of
particles, as well as the size, deformation, and surface mobility
of bubbles, gradually became part of the scope of study [14].
The frother and salt within flotation can enhance bubble
breakup and the solid phase within the flotation cell promotes
bubble breakup and attachment [15-18], frother induced bub-
ble breakup usually results in smaller-sized bubbles [19-21].
Improving gas-liquid shear mixing can effectively change the
aspect ratio of bubbles, thereby reducing their rise velocity,
increasing the gas content of the liquid, and enhancing the
bubble surface area flux [22]. Given the complex interactions
occurring in the flotation process, many researchers have in-
vestigated the effect of turbulence on the flotation process [23-
25], the influence of turbulence generation inside the flotation
machine on bubbles and particles both are significant, turbu-
lence affects the evolution process of bubbles, ultimately im-
pacting their distribution and the presence of bubbles also alter
the local turbulence characteristics. In addition, with the de-
velopments of sophisticated experimental tools, laser Doppler
velocimetry (LDV) and particle image velocimetry (PIV) have
been used to gain a more detailed understanding of the hydro-
dynamics [26-28]. LDV and hot film anemometry are capable
of measuring velocity of high temporal resolution. PIV meth-
od is a widely-accepted technique in the measurements of flow
fields for the reason that it could be used to measure the length
scales and spatial patterns of flow structures. Used experi-
mental method the turbulence characteristics and the effects of
concentration and pressure on bubble size in the riser were
studied.

Although extensive research on the hydrodynamic charac-
teristics of flotation cells has been made, but current research
efforts are mostly concentrated on the study of the hydrody-
namic characteristics of bubbles and particles in flotation
cells, numerical simulation of the fluid distribution in flota-
tion cells, optimization and scaling design of bubble

transport, structure, and optimization design, and there is
little research on the bubble generation mechanism and the
distribution, interaction process of bubbles in flotation cells,
as well as the fluid dynamic characteristics of bubbles. Some
numerical simulations of bubble distribution can only obtain
the macroscopic air content distribution, and experimental
studies are mostly carried out by extracting bubbles from a
certain area and measuring the bubble size parameters. Re-
search on the bubble breakup process in flotation cells is still
relatively deficient.

Therefore, use numerical simulation method to study the
fluid dynamics characteristics of bubbles and reveal the for-
mation and movement of bubbles in the flotation machine is
very important for the optimization design and large-scale
design of the flotation machine. This paper aims to study the
bubble breakup behavior in a KYF-0.2m® flotation cell with
ANSYS Fluent based on VOF interface tracking method and
sliding mesh method. Studied the influence mechanism of
operating parameters on bubble breakup by analyzing the
breakup process of a single bubble at different initial posi-
tions and different impeller speed.

2. Physical Model

2.1. Computational Model

KYF-0.2m3otation machine is an experimental flotation
machine designed by Beijing Mining and Metallurgy Research
Institute, which has a tank diameter of 720mm and a height of
640mm. It uses a backward inclined impeller with a diameter
of 240mm and a stator diameter of 390mm. The impeller is
equipped with a gas distributor at its center, the internal fluid
domain of the flotation machine was divided into the impeller
region, stator region, and tank region. The computational
model employed for this study is illustrated in Figure 1.

Figure 1. Computational model.
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2.2. Grid Partitioning

In flotation machines, the bubble breakup mainly occurs in
the agitation zone where the impeller and stator are located.
In order to capture as many bubble sizes as possible while
considering limitations of computer resources, the impeller
region, stator region, and tank region are separately parti-
tioned into grids. The impeller and stator regions are locally
refined, and the entire computational model is divided using
tetrahedral grids. The grid partitioning scheme is presented
in Figure 2.

Figure 2. Image of the model’s grid partitioning.

2.3. Mathematical Model

The breakup and coalescence of bubbles in flotation ma-
chines belong to typical free surface problems, therefore, the
Volume of Fluid (VOF) model is adopted in this paper for
simulation purposes, each phase shares a set of equations to
calculate the percentage of each fluid domain within the
overall computational domain volume. The flow field inside
the flotation machine involves complex turbulent flow of gas,
liquid, and solid phases. In this study, the influence of solid
particles is neglected, and only consider interaction between
the liquid and gas phases. Both the gas and liquid phases are
treated as incompressible fluids, the continuity and momen-
tum equations for the incompressible two-phase flow can be
expressed as:

,,%L_(pvi) =0 6]
%(pv) +V-(pvw)=—-Vp+V-[u@v+Vv")]+pg+F (2)

Where F is the surface tension of the gas-liquid interface,
and | is the dynamic viscosity coefficient of the fluid. The
turbulent control equation is as follows:
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Where ¢ is a generalized variable, which can represent ei-
ther k or €; T represents the generalized diffusion coefficient,
and S represents the source term. For the k equation and ¢
equation, the generalized diffusion coefficient can be respec-
tively represented as:

D=n+ )
Oy
T
F=n+-—+
n+ ©)

Where n represents the viscosity coefficient, v, is the tur-
bulent viscosity coefficient, and the turbulent model coeffi-
cients 6,=1.0 and o, =1.3. The initial value of k can be calcu-
lated as 5% of the initial kinetic energy, while € can be calcu-
lated using the following equation:

nlw

k

RNEN

C, is the empirical coefficient in the turbulent model,
which is typically set to 0.09, and | represents the length
scale of turbulence.

The specific meaning of the VOF method is to define a scalar
field function a to characterize the volume content of the second
phase in the calculation grid. When o= 1, all gas is in the grid;
when o= 0, all liquid is in the grid; when 0 <0< 1, the mixture of
gas and liquid is in the grid, The governing equation is:

%(aipi) + V- (aipiv;) =0 U]

For two-phase flow, fluid properties are described by the
following equation:

p=(1-awp + apg (8)
pH=1-u + ayg 9)

2.4. Boundary Conditions and Grid
Independence Verification

2.4.1. Boundary Conditions

In order to show the rotation of the rotor, the impeller re-
gion is set as a rotating zone with a rotational angular veloci-
ty equal to the impeller speed. The adjacent walls of the im-
peller are set as moving walls with a relative velocity of 0.
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Other walls are treated as standard wall functions and sub-
jected to no-slip conditions. Since this study focuses on sim-
ulating the breakup of a single bubble in the flotation ma-
chine, the influence of gas/liquid phase inlets and outlets is
not considered. Therefore, all inlet and outlet surfaces are
treated as walls. The initial parameters of the bubble are de-
termined through initialization.

2.4.2. Grid Independence Verification
The accuracy of CFD calculations greatly relies on the

quality of grid partitioning. In this study, To assess the influ-
ence of grid partitioning on calculation accuracy, three grid
partitioning schemes were established. Each scheme utilized
different grid sizes for the impeller, stator, and tank regions.
The effects of grid partitioning on the calculation results
were investigated for three grid sizes: 5 x5 < 20mm, 5 < 8 x
25mm, and 5 x 8 x 20mm. The velocity distribution of the
flotation machine structure at the same cross-section for
three grid cell sizes is shown in Figure 3.

5x5x20mm

5x8x20mm

5x8x25mm

Figure 3. Velocity distribution in longitudinal section.

From Figure 3, it can be observed that when the grid size
is 5 x 8 x25mm, there is a certain deviation in both the ve-
locity field distribution and the maximum velocity value on
the cross-section of the flotation machine compared to the
other two grid sizes. However, as the grid size is further re-
duced to 5 x8 x20mm and 5 x5 x20mm, the velocity field
distribution is essentially the same. Moreover, the maximum
and minimum velocity values are almost identical. This sug-
gests that when the grid size is smaller than 5 <8 > 20mm,
more accurate calculation results can be obtained.

In VOF model, the calculation of the interface position re-
lies on the calculation of the volume fractions of each phase.
In order to improve simulation of the bubble breakup process
and capturing the interaction between multiple bubbles, the
grid in the agitation zone where the impeller and stator are
located was refined. Considering computational resources,
the grid size in the agitation zone was set to 2mm for the
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calculation.

3. Analysis of the Calculation Results

3.1. Flow Field Distribution

The flow field distribution has a significant impact on the
breakup and distribution of bubbles within the flotation ma-
chine. In order to investigate the bubble breakup process
inside the flotation machine, the velocity field within the
machine was analyzed. The velocity distribution was ob-
tained for transverse cross-sections at z=50mm from the im-
peller cover plate, as well as for longitudinal cross-sections,
with impeller speeds of 225 r/min, 288 r/min, and 325 r/min.
These results are displayed in Figure 4 and Figure 5.
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Figure 4. Velocity distribution in longitudinal section.
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Figure 5. Cross section velocity distribution in z=50mm.

From the velocity distribution plots at the longitudinal
cross-section, it can be observed that a distinct upper and
lower circulation flow was exited within the flotation ma-
chine. One circulation flow region is formed above the im-
peller cover plate, while another flow circulation region is
formed below it. The maximum velocity is located in the
impeller region, and as the impeller speed increases, the flow
velocity also increases, which is consistent with the flow
field distribution characteristics within the flotation machine
[29].

Furthermore, from the transverse cross- sectional velocity
distribution plots, it can be seen that due to the counter-
clockwise rotation of the impeller, the fluid in the impeller
region is thrown out under the action of centrifugal force,
forming a high-velocity region near the impeller’s surface of
confronting pulp. then it impacts on the stator’s surface of
confronting pulp and jets out along the direction of the stator
blades, resulting in higher flow velocity on the stator’s front-
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ing surface. Additionally, due to the swirling effect, there is
also a high-velocity distribution on the impeller’s back sur-
face. Recirculation phenomena exist in the stator region and
the impeller region.

3.2. The Effect of Impeller Speed on Bubble
Breakup

In order to analyze the effect of impeller speed on bubble
breakup behavior, this study analyzed the bubble breakup
process at different speeds. The initial position of the bubble
was assumed to be in the middle of the gas distributor (at a
distance of z=50mm from the impeller cover plate). The ini-
tial diameter of the bubble was 5mm, and it was positioned
atlmm away from the gas distributor wall. The bubble distri-
butions at different time steps with impeller speeds of
n=225r/min, n=288r/min, and n=325r/min are shown in Fig-
ure 6(a), Figure 6(b), and Figure 6(c), respectively.
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Figure 6. The distribution of bubbles at different impeller speed.

From the figures, it can be observed that bubble breakup
mainly occurs at the region between the impeller and the
stator, as well as in the stator region. At the initial moment
the bubble is close to the axis of rotation and experience less
centrifugal force. Due to the gap between the gas distributor
and the impeller, the bubbles breakup under the influence of

the impeller and enter different regions of the impeller blades.

Subsequently, the bubbles will move along the wall of the
back surface of the impeller with the rotation of the impeller
under the action of centrifugal force and fluid flow, and the
initial breaking will occur. The broken bubbles will move
along the impeller wall. When the bubbles moves to the in-
tersection area between the impeller and the stator, due to the
action of the stator and the disturbance of the flow field, the
bubbles will break away from the impeller wall and fully

0.8 -
07
06
05
04

0.3 1

Volume fraction

0.2 1
0.1+

0.0 +

breakup in the stator region. Ultimately, the bubbles break
into smaller ones and distributed throughout the space within
the stator region by the fluid flow. With the increase of im-
peller speed, the centrifugal force subjected to the bubbles
will also increase, and the maximum flow velocity of the
fluid also increases. Bubbles can breakup quickly under the
action of centrifugal force and flow field. Due to the swirling
effect, Some of the breakup bubbles distribute to other re-
gions of the impeller through the gap between the impeller
and the gas distributor. Another portion of the broken bub-
bles moves along the impeller wall to the stator region,
where they achieve a more uniform distribution under the
action of the stator.

The distribution of the maximum volume fraction of gas
phase with different impeller speeds is shown in Figure 7.

0.0 0.1

02 03 04
t(s)

Figure 7. Maximum volume fraction of gas phase.

From Figure 7, it can be observed that bubble breakup oc-
curs in both the impeller region and the stator region. The
volume fraction of the gas phase gradually decreases over
time, that means the bubble has broken. As the impeller
speed increases, the bubbles can break into smaller ones

more rapidly, while decreasing the impeller speed leads to a
longer bubble breakup time. The variations in impeller speed
ultimately impact the flow field within the flotation machine.
This demonstrates the significant influence of flow field pa-
rameters on bubble breakup.
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3.3. The Effect of the Radial Position of the
Bubble

When the gas flow rate changes in the flotation machine,
the velocity of bubbles entering flotation machine through
the gas distributor also changed, This leads to different initial
radial positions of the bubbles in the impeller region. In or-
der to analyzed the influence of bubbles initial velocity on

1510-01
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bubble breakup. This paper analyzes the breakup of bubbles
with initial radial distances of 4mm and 7mm from the gas
distributor wall, based on the initial bubble radial distance of
1mm from the gas distributor wall. The distributions of bub-
bles at different time under an impeller speed of n=225r/min
with initial radial distances of x=4mm and x=7mm from the
gas distributor wall are shown in Figure 8.

t=0.26s

(a) With an initial radial distance of x=4mm from the gas distributor wall
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Figure 8. The distribution of bubbles at different distance.

From the Figure 8, it can be observed that as the distance
from the gas distributor wall increases, the centrifugal force
also increases. This results in a shorter residence time of
the bubble in impeller region and a lower degree of bubbles
breakup. But the bubbles can quickly move to the stator
region with a short period of time. After bubble breakup,
the distribution of bubbles around the stator is relatively
concentrated. On the other hand, as the distance from the
gas distributor wall decreases, the centrifugal force de-
creases. Additionally, due to the swirling effect near the
impeller shaft, the bubble tends to stay in impeller region
for a longer time, which lead to more bubbles breakup.
These broken bubbles enter the stator region at different
time steps and further contribute to the bubble breakup pro-
cess. As a result, a more uniform distribution of bubbles
can be obtained in the vicinity of the stator. The distribu-
tion of the maximum volume fraction of the gas phase at
different time steps for different radial distances is shown
in Figure 9.
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Figure 9. Maximum volume fraction of the gas phase.

Based on the previous velocity field distribution, it can be
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observed that there are high-velocity regions on both sides of
the impeller, and a low- velocity recirculation region near the
impeller shaft. When the initial position of the bubble is
close to the gas distributor wall, it is influenced by the low-
velocity recirculation region. During the initial process, the
bubble breakup and deformation in the gap between the im-
peller and the gas distributor, resulting in a higher volume
fraction of the gas phase. However, at a distance of 4mm
from the gas distributor wall, the bubble is further away and
is affected less by the low-velocity recirculation region,
causing the volume fraction of the gas phase at 0.2s to be
higher than that at 1mm.

When the initial position of the bubble is 7mm away from
the gas distributor wall, the low-velocity reflow region has
minimal impact on the bubble. As a result, the bubble can
quickly move to the stator region within a short period of
time and achieve a smaller volume fraction of the gas phase.
This indicates that the initial position of the bubble also in-
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fluence bubbles breakup. Therefore, if the initial position of
the bubbles is further away from the rotating axis, the time
required for bubble breakup becomes shorter.

3.4. The Effect of the Axial Position of the
Bubble

Due to the gas distributor of the KYF flotation machine is
a cylindrical porous structure, the gas will be in different
axial positions after flowing out of the small holes. In order
to analyze the influence of different axial positions on the
bubble breakup process, a comparison was made regarding
the breakup process of individual bubbles at distances of
25mm, 75mm from the impeller cover based on the initial
conditions mentioned above. The distribution of individual
bubble at 25mm position is shown in Figure 10(a) and the
distribution at 75mm position is shown in Figure 10(b).
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Figure 10. The bubble distribution.

From the Figure 10, it can be found that when the initial po-
sition of bubble is closer to the impeller cover, it is more influ-
enced by the fluid near-wall. The bubble breakup mainly oc-
curs in the impeller and stator regions. The number of broken
bubbles in the impeller region is small, but after passing
through the stator region, the number of broken bubbles in-
creases and the size of the bubbles become smaller. On the
other hand, when the initial position of the bubble is farther
from the impeller cover, the bubble breakup process is more
influenced by fluid disturbances. When the bubble reaches the
rear region of the impeller blades, it will break in a short time
and then spread to the stator area. Additionally, when z=25mm

and z=50mm (Figure 6(a)), the distribution of bubbles within
the tank is more uniform compared to z=75mm. The distribu-
tion becomes more uniform when the bubble is closer to the
impeller cover due to the influence of the impeller rotation on
the bubbles. As the bubble moves farther from the impeller
cover, the influence of impeller on the bubbles diminish, while
the influence of the flow field distribution become greater.

4. Conclusions

Through calculation, it can be found that there are two
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flow circulation regions in KYF flotation machine: the upper
and lower regions. Under the action of the flow field and the
impeller, the bubbles will break in the impeller region, but
the bubbles break mainly occur in the junction area between
the impeller and stator and the stator region. The broken
bubbles move along the back surface of impeller due to the
swirling flow. As the bubbles reach the junction area be-
tween the impeller and stator, they will detach from the im-
peller wall surface. In stator region, bubbles undergo further
breakup due to the action of stator and the disturbance of
flow field. With the increase of impeller speed, the centrifu-
gal force becomes greater and the fluid velocity increases.
This results in a shorter duration of bubble breakup and an
enhanced bubble breakup effect. At the same time, with the
initial distance of bubbles from the impeller axis decrease, the
influence of reflow become larger. Although the time of bub-
ble breakup is prolonged, but the bubble breakup effect is en-
hanced. Conversely, when the initial distance of bubbles from
the impeller axis increase, the influence of main- stream fluid
on the bubble becomes larger. In a short period of time, bub-
bles broken and enter the stator region, but the bubble breakup
effect declines. when the distance between the bubble and the
impeller cover decreases, the influence of the impeller on bub-
ble increases, resulting in a more uniform distribution of bub-
bles and enhanced the bubble breakup effect. On the contrary,
when the distance between the bubble and the impeller cover
increases, the influence of fluid flow on bubble increase, while
the influence of the impeller on bubble decreases. Consequent-
ly, the distribution of bubbles become less uniform and the
bubble breakup effect decline. From these observations, it can
be seen that the initial parameters of the bubble and the impel-
ler speed have a significant impact on bubble breakup. In-
creasing the gas velocity and improving the impeller speed are
beneficial to bubble breakup.
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PIV Particle Image Velocimetry
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