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Abstract
The effect of initial bubble diameter on the bubble motion pattern in a flotation column has been studied by the two-
phase computational fluid dynamics (CFD) method. The two-phase simulations have been done using the volume of a 
fluid (VOF) model in ANSYS® Fluent® software. The computational field was a square cross-section column with a width 
of 0.1 m and a height of 1 m into which air was interred as a single bubble from the lower part of the column by an internal 
sparger. An experimental test has been also performed and the simulated results have been validated using the values   
obtained for the bubble rise velocity. A comparison of the simulation and the experimental results has confirmed that 
CFD can predict the bubble rise velocity profile and its value in the flotation column less than 5% relative to the experi-
mental values. Then the simulations have been repeated with a 20% decrease and increase in the initial bubble diameter 
to investigate the effect of bubble diameter on the bubble flow pattern. The investigations have shown that as the bubble 
diameter increases, the velocity decreases and the bubble rises in a more zigzag direction as a result of two counter-ro-
tating trailing vortices behind the bubble increasing.
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1. Introduction

With the decline of minerals in the present age, the 
maximum usage of natural resources and mines has be-
come very important and this has given mining and its 
related industries a special place in the economy. There-
fore, increasing the efficiency of processing operations 
and optimizing related systems is of particular impor-
tance. Understanding the mechanism and manner of per-
forming physical processes is effective in improving the 
performance of a system. Fluid science and in particular 
“Computational Fluid Dynamics (CFD)” is the tool that 
can be used in this regard. Process efficiency in the col-
umn flotation is strongly influenced by hydrodynamic 
components and CFD as a numerical method can help 
analyze the effect of these components on the flow sys-
tem. So far, examples of CFD simulations have been 
performed on processing equipment with different ap-
proaches and objectives (Wang et al., 2018). Table 1 
lists the titles and summarizes the studies performed on 
the flotation column collection area using the CFD simu-
lation method.

In these research studies, most attempts have been 
made to investigate the overall flotation operations. 
However, due to the special role of bubbles in floating 
the particles and transporting them to the froth phase and 
for a better understanding the effect of hydrodynamic 
components, it is necessary to conduct more studies on 
them.

The bubble trajectory (the rising path) is also one of 
the most prominent variables, which affects the hydro-
dynamics of flotation (Levich, 1962) Several studies are 
available in literature investigating the bubble trajectory 
under flotation-related conditions (Wang et al., 2013; 
Liu et al., 2011; Murphy, Zimmerman and Wood-
burn, 1996; Sam, Gomez and Finch, 1996; Acuna 
and Finch, 2008; Liang-Shih and Tsuchiya, 1990; Es-
kanlou et al., 2019) and two-phase bubble systems 
(Ying, Puzhen and Chaoqun, 2019; Hassan, Khan 
and Rasul, 2010; Mougin and Magnaudet, 2001; Ell-
ingsen and Risso, 2001; Yoshida and Manasseh, 1997; 
De Vries, Biesheuvel, and Van Wijngaarden, 2002; 
Miyahara, Tsuchiya and Fan, 1988). Considering the 
previous studies, the dynamic behaviour of air bubbles 
in two-phase flow systems, as well as in the flotation en-
vironments have been subject to many research works, 
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Table 1: A review of CFD modelling studies on flotation columns

Year Author
Geometry

Multiphase 
model

Turbulent 
model ObjectiveDiameter 

(m)
Height 
(m)

1996 (Deng, Mehta  
and Warren, 1996) 0.2 2.0 Eul-Eul Lam

To study the circulation of the liquid flow 
in the flotation column caused by gas 
flow rather than by dispersion.

2006 (Xia, Peng  
and Wolfe, 2006) 0.2 1.0 Eul-Lag Lam

To investigate the effect of baffles and 
packing on liquid back-mixing in the 
open flotation columns

2009
(Chakraborty, 
Guha and 
Banerjee, 2009)

0.25 0.25
2.0 Eul-Eul Standard k-ɛ 

model

To study the influence of superficial  
gas velocity, column size, sparger 
arrangement, and taper angle  
on the hydrodynamics of the column 
flotation cell.

2009 (Nadeem et al., 
2009) - - Eul-Lag Standard k- ɛ 

model

To investigate the effect of bubble size on 
the bubble-particle collision probability 
in the flotation column.

2009 (Koh and Schwarz, 
2009) 4.9 10.7 Eul-Eul Standard k- ɛ 

model

To model the cell hydrodynamics in a 
Microcell column and Jameson cell in 
relation to particle-bubble attachment and 
detachment.

2011 (Rehman et al., 
2011) - - Eul-Eul Standard k- ɛ 

model

The effect of various baffle designs on air 
holdup and mixing in a flotation column 
using axisymmetrical geometry.

2012 (Sahbaz, Ercetin 
and Oteyaka, 2012) 0.2 2 Eul-Eul Standard k-ε

To predict the high turbulent regions and 
their effect on the upper floatable size 
limit in a Jameson cell.

2012 (Yan et al., 2012) 1 4 Liquid phase
Standard k-ε,
RNG k-ε,
realizable k-ε

To investigate the hydrodynamic flow in 
a cyclonic-static micro-bubble flotation 
column.

2015 (Gong, Li and Li, 
2015) 0.12 0.858 Eulerian-VOF

Standard k-ε,
RSM-S, 
RSM-L

To study the distributions of velocity, 
pathlines, turbulent intensity, and 
turbulent kinetic energy in a cyclonic-
static micro-bubble flotation column.

2015 (Wang et al., 2015) 0.19 1.4 Liquid phase
Standard k-ε,
RSM-S, 
RSM-L

To explore the effect of cone angles on 
liquid-phase flow in a cyclonic-static 
micro-bubble flotation column.

2016  (Sarhan, Naser, 
and Brooks, 2016) 0.1 1.68 Eul-Eul Standard k- ɛ 

model

To study the effect of a solid particle on 
the bubble break-up and bubble 
coalescence rate in the flotation cell with 
different superficial gas velocity values.

2017 (Cai et al., 2017) 0.4 1.675 Eul-Eul
PBM RNG k-ε To study the oil-water separation 

characteristics in a flotation column.

2017 (Cai et al., 2017) 0.1
0.6

1.2
1.1

Eul-Eul
PBM

Not 
mentioned

To study the dynamic characteristics of 
oil-water separation in loop flotation.

while some prominent aspects of bubble dynamics in the 
flotation process, such as the effect of initial bubble di-
ameter on bubble rising trajectory and rise velocity still 
need to be researched in future studies. Even though the 
effect of bubble diameter on the rise velocity has been 
investigated before, the interaction of initial bubble size, 
rise velocity and bubble trajectory has not yet been in-
vestigated. The present study aims to investigate the tra-
jectory and rise velocity of different bubble diameters in 

a single-bubble system by the use of a video processing 
technique and CFD simulation to establish an insight 
into the bubble dynamics in the flotation process.

Therefore, to achieve a reliable result in simulation, 
firstly a complete understanding of the governing phys-
ics phenomenon is a need, and secondly, a selection  
of suitable physical models (multiphase model, turbu-
lence model, etc.) is required to use with simulation 
tools (e.g. Fluent software). Therefore, this study has 
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Year Author
Geometry

Multiphase 
model

Turbulent 
model ObjectiveDiameter 

(m)
Height 
(m)

2017a (Sarhan, Naser  
and Brooks, 2017a) 0.36 4 Eul-Eul

PBM Standard k-ε To study the effect of bubble-particle 
aggregate density on the flow dynamics.

2017b (Sarhan, Naser  
and Brooks, 2017b) 0.1 1.66 Eul-Eul

PBM Standard k-ε
To study the effect of particle type, 
density, wettability, and concentration on 
gas holdup and bubble hydrodynamics.

2017 (Zhang, Li  
and Wang, 2017) 4 8 Liquid phase Standard k-ε

To study the effect of packed fluid 
guiding media on improving flotation 
recovery

2017a,
2017b

 (Wang et al., 
2017b) 0.01 0.12 Liquid phase RNG k-ε

To study the effect of vortex generators 
on the turbulence kinetic energy and the 
turbulence dissipation rate in a pipe flow 
unit of a cyclonic-static micro-bubble 
flotation column.

2017 (Farzanegan et al., 
2017) 0.1 3.2 Eul-Eul Realizable 

k- ɛ model

To investigate two-phase flow behavior 
in flotation columns equipped with 
vertical baffle.

2017 (Yang, Guo,  
and Wang, 2017)

0.15
0.054
0.05
0.1016

4.3
1.0
0.8
0.7

Eul-Eul Realizable 
k- ɛ model

To investigate the effect of elevated 
pressure on the bubble pack and gas 
holdup with a CFD-PBM coupled model.

2018 (Sarhan, Naser  
and Brooks 2018) 0.1 1.3 Eul-Eul k- ɛ model

To study the effects of superficial gas 
velocities and particle type, density, 
wettability, and concentration on Sb and 
bubble concentration in three-phase flow 
dynamics in a flotation column.

2019 (Schwarz et al., 
2019) 1.07 0.85-

0.95 Eul-Eul k- ɛ model

To study the flow field, gas dispersion, 
and solids concentration in a flotation cell 
fitted with an Outotec Flotation 
mechanism using both experimental and 
multi-phase CFD modelling. 

2020 (Nasirimoghaddam 
et al., 2020) 0.1 0.90 Eul-Eul Realizable 

k- ɛ model
To provide a kinetic model for estimating 
column flotation rate constant.

2021 (Yang et al., 2021) 1.7*0.7 1.24 Eul-Eul Realizable 
k- ɛ model

To perform a modelling study to further 
unravel the governing mechanisms 
occurring developing a CFD-PBM model 
in a DAF tank.

2021 (Yan et al., 2021) 0.19 1.2 Eul-Eul RSM

To measure the cross-section and axial 
section of gas-liquid two-phase flow field 
in a lab-scale cyclonic flotation column, 
particle image velocimetry (PIV) is 
combined with an endoscopic 
measurement and phase discrimination 
technique.

Table 1: Continued

been defined and carried out concerning the undeniable 
importance of improving the efficiency of flotation as 
the most efficient separation unit and increasing the sci-
ences related to flotation in both experimental and simu-
lation. In the first step, to simplify the problem, the mo-
tion of a single bubble was investigated experimentally 
and numerically.

First, the experiment, its details and then the method 
used in the simulation and its steps are explained. Fi-

nally, experimental and simulation results are presented, 
and by comparing the two, a conclusion is made.

2. Experiments

A laboratory flotation column was constructed and an 
experimental test was carried out to obtain necessary ex-
perimental data to validate the simulation predictions. In 
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the following subsections, the flotation column charac-
teristics and setup are explained.

2.1. Column flotation cell characteristics and setup

Column dimensions: the flotation column with a 
height of 1.00 m and a square cross-section with a cross-
wise of 0.100 m and a height to diameter ratio of 7.14 
was used, which is shown schematically in Figure 1. 
The square cross-section makes it easy to record experi-
mental observations. The column material was selected 
from clear Plexiglas with a thickness of 0.005 m; be-
cause it is strong and light and its transparency allows 
for the observation of the process. There are four holes 
in the column; two holes at the bottom at a height of 4 
cm and two holes at the top of the column at a height of 
0.940 m.

This system is equipped with an internal sparger, in-
cluding a pneumatic hose with an inner diameter of 
0.002 and an outer diameter of 0.004 m, which is located 
in the lower hole of the column, and an automatic air 
pump (ACD-500) with a power of 5 W, a pressure of 
0.012 MPa and the capacity to inject 3 litres of air per 
minute was employed for aeration.

In the present work, a bubble entered the system indi-
vidually; in fact, the time interval between the entries of 
two consecutive bubbles into the column was adjusted in 
a way that the bubbles’ velocities were not affected by 
their frequency. Since the inlet airflow to the column is 

very small in these conditions, it is not possible to use 
conventional airflow measuring instruments. Therefore, 
to adjust the inlet airflow to the column, a needle valve 
was used after the pump.

The experiment was performed at atmospheric pres-
sure and an air temperature of 30±0.5 °C. The purpose of 
the experiment was to investigate the hydrodynamic 
conditions in the flotation column in the presence of two 
phases, gas and liquid. Therefore, first, the column was 
filled with water to a height of 0.900 m (considering the 
possible flow fluctuations) and then the air valve was 
opened and air entered the column. After ensuring hy-
drodynamic stability, imaging and recording of the re-
sults were performed.

2.2. Image analysis

After ensuring the stability of the flow inside the col-
umn, imaging of the column and recording the results 
were performed using a Canon EOS 500d. The video 
recording speed was 30 frames per second and the con-
tinuous shooting speed was 3.4 frames per second. Fig-
ure 2 summarizes the imaging process and the purpose 
of doing it, which is explained in the following:

• Measuring the bubble diameter: for this purpose, 
the image of the bubble was recorded in the inlet, 
and then in Digimizer1 defined a unit of measure-
ment from the ruler installed on the column wall, 
and the diameter of the bubble was measured from 
the image. To calculate the bubble diameter, a volu-
metric equivalent diameter was calculated accord-
ing to Equation 1 (Clift and Grace, 1978).

  (1)

Where:
deq – the volumetric equivalent diameter (m);
h – the smallest diameters of the bubble (m);
b – the largest diameters of the bubble (m).
• Measuring the bubble displacement in two continu-

ous images and calculating the bubble rise velocity: 
to measure the bubble rise velocity, the camera's 
continuous shooting mode settings were used. By 
measuring the displacement of a bubble in two con-
secutive images and considering the time interval 
between two images (1/3.4 = 0.29 s), the velocity of 
the bubble was calculated. For this purpose, photos 
were taken in four sections from 0 to 0.20 m, 0.20 
to 0.45 m, 0.45 to 0.70 m, and 0.70 to 0.90 m.

• Counting the number of bubbles in the column and 
calculating the gas holdup: an overall view of the 
column was taken and the number of bubbles inside 
the column was counted. By multiplying the num-
ber of bubbles that are in the column at the same 

1 Digimizer is a flexible software package that is very useful for 
analyzing images and allows you to manually accurately measure 
the components of images.Figure 1: A schematic of the experimental setup
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time in the volume of one bubble, the volume of air 
in the column was obtained, and by dividing it by 
the volume of water in the column, the gas holdup 
was calculated.

• Counting the number of interred bubbles to the col-
umn per second: to measure the inlet air flow rate to 
the column, in stable conditions, the location of the 
sparger was filmed and then the number of interred 
bubbles to the column was counted per unit time 
and the inlet air flow rate was calculated by consid-
ering the volume of bubbles.

3. Modelling and Simulation

The geometry and meshing of the computational do-
main were created using Gambit® 2.4.6 and then import-
ed into ANSYS® Fluent® 15 for flow calculations by a 
computer system with a Xeon processor consisting of 42 
cores used in parallel mode. The details of numerical 
models, column geometry, mesh generation, choice of 
the optimal mesh convergence criteria, and simulation 
conditions are discussed in the following subsections.

3.1. Governing Equations

In the present work, the Volume Of Fluid (VOF) mod-
el was used as a multiphase model to simulate a bubble 
motion in the water, which allows the construction of the 

interface to become part of the solution based on the 
same grid system. The movement of the gas-liquid inter-
face was tracked based on the distribution of αg, the vol-
ume fraction of gas in a computational cell, where αg =0 
in the liquid phase and αg =1 in the gas phase. Therefore, 
the gas-liquid interface existed in the cell where αg lies 
between 0 and 1. The interfacial mass transfer was ne-
glected here. The mass and momentum equation for the 
two-phase flow are represented as Equations 2 and 3:

  (2)

  (3)

Where:
ρ – density (kg/m3);
 – the velocity vector (m/s);

p – the scalar pressure value (Pa);
τ – the viscous stress tensor (Pa);

 – the gravitational acceleration (m/s2);
 – the surface tension source term (N/m2);

t – time (s).
In a two-phase system, the phases are represented by 

the subscripts g and l, the density and viscosity in each 
cell are given by Equations 4 and 5 (Brennen, 2005) as 
follows:

Figure 2: Image analysis diagram
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  (4)

  (5)

Where:
ρ – density (kg/m3);
αg – the volume fraction of gas-phase (%);
ρg – the gas density (kg/m3);
αl – the volume fraction of liquid-phase (%);
ρl – the liquid density (kg/m3);
µ – viscosity (Pa.s);
µg – the gas viscosity (Pa.s);
µl – the liquid viscosity (Pa.s).

The tracking of the interface between the gas and liquid 
is accomplished by the solution of a continuity equation 
for the volume fraction of gas, which is in Equation 6:

  (6)

Where:
αg – the volume fraction of gas-phase (%);
 – the velocity vector (m/s);

t – time (s).
The liquid volume fraction is calculated based on 

Equation 7:

  (7)

Where:
αg – the volume fraction of gas-phase (%);
αl – the volume fraction of liquid-phase (%).

3.2. Geometry

The solution geometry is based on a laboratory flota-
tion column used for experiments to validate the CFD 
simulations. According to the experimental observations 
in the present work, the movement of a single bubble 
and its rise path is almost located in the middle of the 
column; therefore, the flow is assumed to be linear and 
the simulations are performed in two dimensions. The 
schematic of the geometry and the boundary conditions 
are shown in Figure 3.

3.3. Meshing

After generating geometry in Gambit software, a 
meshing operation is performed. The desired mesh is 
quad. The criterion of meshing was located 20 to 30 cells 
in the bubble diameter direction. Since the range of trans-
verse oscillation of the bubble is (2* (dbubble+ 0.5dbubble)), 
so for meshing, the width of the column is divided into 
three parts: the middle part of the column, where the 

Figure 4: A view of the mesh in the middle of the column and around the bubble

Figure 3: Schematic of column geometry
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bubble is interred and begins to oscillate in an upward 
motion; and two parts on the sides. In the bubble rise 
path - the middle part of the column- the grid is smaller 
(Cano-Lozano et al., 2014). Figure 4 shows the mesh 
in the middle of the column, around the bubble, and the 
sides.

3.4. Simulation and boundary conditions

In this section, choosing and setting simulation and 
boundary conditions, such as transient flow and time 
step, two-phase model, convergence criteria, and the dis-
cretization scheme are mentioned.

• Transient flow: the purpose is to study the move-
ment of a bubble during its ascent, so all simula-
tions are done time-dependently.

• Time step: in solving the problem transiently, it is 
necessary to divide the processing time into small 
parts. A good way to determine the amount of time 
step is to observe the number of iterations done in 
each time step to achieve convergence. The appro-
priate number of repetitions in each time step is 10 
to 30 (Ansys Fluent Theory Guide, 2015). In this 
research, the variable time step has been used. Thus, 
the calculations start with the time step 10-8 and 
based on the value determined for the Courant num-
ber (0.5) can be increased to 10-4. It is necessary to 
mention two points: firstly, the mentioned values   
are used only based on the author’s experience, and 
secondly, it has the maximum accuracy that can be 
used according to the available hardware for the au-
thors.

• Laminar flow: since the motion of a single bubble is 
studied, the flow is laminar and the turbulence mod-
el is not applied (Van der Pijl, 2005).

• Two-phase flow: all simulations are performed by 
considering two phases: water as the primary phase 
and air as the second phase. The properties of fluid 
used in the simulation at a temperature of 30±0.5 ºC 
(the experimental temperature) are shown in Table 
2. Also, the amount of surface tension is considered 
to be 0.0712 (N/m). It should be noted that since the 
ratio of minimum diameter to maximum diameter is 
less than one percent, so the interred bubble is as-
sumed to be spherical (Clift and Grace, 1978).

tion less than 10-6, were considered as the conver-
gence criteria.

• The discretization scheme: the discretization of the 
momentum equations was performed using the 
first-order upwind scheme, whereas the QUICK 
scheme was used for the volume fraction equation. 
The PISO algorithm was utilized to couple the pres-
sure and the velocity fields.

3.5. Mesh verify

It is important to use enough computational cells in 
the solution domain to solve the equations. The effect of 
the mesh size on the accuracy of the solution is investi-
gated by studying the bubble rise velocity. In this way, 
the number of meshes along the bubble diameter and 
consequently other parts of the computational domain 
increases to the extent that the values obtained from the 
simulation have the least difference with the experi-
mental results. Table 3 shows three different mesh num-
bers used for this purpose. The results of these simula-
tions are compared to the bubble rise velocity profile in 
Figure 5.

Table 2: Properties of fluid used in the simulation 
(Vargaftik, 1975)

ρ (kg/m3)µ (kg/m.s)
9960.799e-3Water

1.1641.872e-5Air

• Gravitational acceleration: in all simulations, a gra-
vitational acceleration of 9.81 m/s2 is considered in 
the y-direction.

• Convergence criteria: the normalized residual val-
ues, for continuity less than 10-3 and volume frac-

Table 3: Different mesh numbers to examine the mesh verify

Mesh 
number in 
the bubble 
diameter 
direction

Mesh 
number 
in the 
middle

Mesh 
number 
in every 
side

Mesh 
number 
in the 
height

Total 
mesh 
number

1 20 63 100 6250 493,750

2 24 75 200 7500 762,500

3 28 88 300 8750 1,070,625

As can be seen in Figure 5, meshes 2 and 3 predict 
the velocity pattern more similar to the experimental re-
sults than mesh number 1. The numerical values also 

Figure 5: Bubble rise mean velocity profile  
in different meshes
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show that by decreasing the mesh number and using 
mesh number 3 in the simulations, the velocity values 
slightly change. Therefore, with an approximation of 
less than 2%, mesh number 2 has been selected and used 
in the simulations.

4. Results and discussion

An experimental test and the CFD simulations were 
performed in the mentioned conditions. After validating 
the numerical results, simulations were repeated with a 
20% increase and decrease in bubble diameter. The re-
sult of the experiment, validation details, and discussion 
about the result obtained are presented in the following 
subsections.

4.1. Experimental results

During the experiment, the hydrodynamic variables 
of the column were measured and calculated according 
to the algorithm presented in Figure 2 and the results are 
shown in Table 4.

4.2. Dimensionless numbers

Reynolds number: quantity without a significant unit 
used in fluid mechanics to predict flow pattern. This 
number is the ratio of inertial force to viscous force. Flu-
ids with lower Reynolds numbers tend to have flow with 
a laminar, layered pattern, while fluids with high Reyn-
olds numbers have more turbulent flows. The Reynolds 
number value is calculated by Equation 8:

  (8)

Where:
Re – Reynolds number.
ρ1 – the liquid density (kg/m3);
ub – the bubble velocity (m/s);
db – the bubble diameter (m);
µl – the liquid viscosity (kg/m.s).
Morton number: used in fluid dynamics with the Eo 

number to describe the shape of a bubble moving in a 
fluid which is calculated by Equation 9:

  (9)

Where:

Mo – Morton number;
G – the gravitational acceleration (m/s2);
µ1 – the liquid viscosity (kg/m.s);
ρ1 – the liquid density (kg/m3);
σ – surface tension (Pa).
Eotvos number: The ratio between the internal force 

to the surface stress acting on the surface between the 
liquid and the gas. According to the definition, its value 
is obtained by Equation 10 (Binder, 1973):

  (10)

Where:
Eo – Eotvos number;
G – the gravitational acceleration (m/s2);
ρ1 – the liquid density (kg/m3);
ρ1 – the gas density (kg/m3);
db – bubble diameter (m);
σ – surface tension (Pa).
The values of dimensionless numbers for the bubble 

diameter of this work are provided in Table 5.

Table 4: Experimental test results

Bubble 
diameter
(m)

Bubble 
volume (m3)

Number of an 
incoming bubble 
per second

Air
flow rate
(m3/s)

Number of 
the bubbles in 
the column

The total volume  
of air in the column
(m3)

Gas 
holdup 
(%)

Superficial 
gas velocity
(m/s)

0.00323 1.76E-08 0.24 4.2E-09 1.0 1.76E-08 1.96E-06 4.23E-07

Table 5: Values of dimensionless numbers

Bubble diameter (m) Re Eo Mo
0.0026 617.19 0.93

1.112E-110.0032 766.74 1.43
0.0038 887.80 1.92

4.3. Validation

The next step is comparing the simulation results with 
the experimental data to validate the simulation results. 
In the experiment, the velocity of the bubble was calcu-
lated by measuring its displacement in two continuous 
shots, and due to the time interval between two continu-
ous shots, a mean velocity was achieved. Also in the 
simulation, a centre of mass was defined for the bubble 
and the value of mean velocity was calculated according 
to its displacement in defined height per unit time. Fig-
ure 6 shows the bubble mean velocity profile for a bub-
ble with an initial diameter of 3.23 mm based on nu-
merical simulations and experimental measurements. As 
can be seen, the bubble mean velocity profile has two 
parts, in the first part the bubble velocity increased im-
mediately, and in the second part it decreased with a de-
creasing acceleration. The axial component of the bub-
ble velocity was zero at the beginning of the movement, 
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but by the effect of the buoyancy force, which is the 
main cause of the bubble movement, it reached its maxi-
mum value after a very short time (near the inlet); after 
that, we saw a continuous decrease in bubble rise veloc-
ity (Zhang, Y.; Sam, A.; Finch, J.A., 2003).

4.4.  Effect of initial bubble diameter on bubble 
path rise

The domain of bubble rise path depends on bubble 
characteristics such as bubble size, deformation, chang-
es in rise velocity, and the presence of surfactants 
(Zhang, Y.; Sam, A.; Finch, J.A., 2003), (Acuña and 
Finch, 2010), and (Eskanlou et al., 2019). To investi-
gate the effect of initial bubble diameter on the bubble 
shape, the simulations were repeated for the other two 
diameters with a 20% increase and decrease.

It was observed that the bubble shape and path 
changed from the bottom to the top of the column. For a 
bubble with a diameter of 3.23 mm, at the entering of the 
bubble to the column and the beginning of the move-
ment, as long as the bubble maintained its spherical 
shape, it moved in a straight upward direction, but at the 
same time it accelerated and increased velocity, and the 
bubble shape changed from sphere to ellipse. As a result 

Figure 6: Average bubble velocity curve in simulation  
and experiments (d = 3.23 mm)

Also, the velocity values recorded in the experimental 
test and the predicted values in the simulation, and the 
difference between the two are given in Table 6. It shows 
the numerical values obtained from the simulations pre-
dicted the velocity values with a difference of 5% com-
pared to the experimental values.

Table 6: Bubble mean velocity in simulation and 
experiments

Bubble diameter 
(mm)

Height 
(m)

Mean velocity 
(m/s) Difference 

(%)
Exp. Sim.

3.23

0.066 0.254 0.250 1.60
0.16 0.240 0.231 3.90
0.31 0.238 0.227 4.85
0.45 0.220 0.221 0.45
0.54 0.218 0.220 0.91
0.76 0.215 0.214 0.47
0.84 0.208 0.210 0.95

Furthermore, the location of the bubble in the Clift 
diagram (the pattern of deformation bubble rising in the 
liquid column) was investigated as a qualitative valida-
tion, which is shown in Figure 7. In the bubble size 
range of the present work, with increasing bubble diam-
eter, Reynolds increased and the surface tension force 
decreased, other forces (viscosity, inertia, and compres-
sive dynamics) increased and the bubble shape changed 
from spherical to elliptical and then a higher increase in 
bubble diameter made a spherical cap bubble shape 
(Clift and Grace, 1978).

Figure 7: Bubble location with three different initial 
diameters in the Clift diagram (Clift and Grace 1978)

Figure 8: Two counter-rotating trailing vortices appear 
behind the bubble, d=3.2 mm
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of increasing the level of the forehead and flattening the 
shape of the bubble, its increase in velocity also de-
creased, and as a result, the shape of the bubble became 
closer to a spherical shape again. It is the alternating 
changes in the shape and velocity of the bubble that 
caused the bubble to ascend in a zigzag and spiral man-
ner (Zhang, Y.; Sam, A.; Finch, J.A., 2003). Actually, 
as Figure 8 shows, when a bubble rises in water, it expe-
riences a lateral force and torque along its path and two 
counter-rotating trailing vortices appear behind the bub-
ble, which is believed to be the main causes of path tran-
sitions (deviation) from straight to zigzag.

The rising trajectories for bubbles of 1.92, 2.56, and 
3.23 mm diameter are illustrated in Figure 9. The time 
interval between two bubbles in each shape is 0.2 sec-
onds. A comparison of bubble trajectory in different di-
ameters indicates while the diameter of the bubble in-
creased between 1.92 mm to 3.2 mm, the motion changed 
from straight to zigzag. In fact, with an increase in bub-
ble size, its deviation from the straight vertical path as 
well as its zigzag motions increased.

tation cell using a two-phase VOF model was able to 
predict the bubble rise velocity values well   with an error 
of less than 5% compared to the experimental values. 
Finally, the bubble rise path in three different diameters 
was presented and investigated. The results show that 
the morphology and pattern of bubble motion were af-
fected by the initial bubble diameter, and by increasing 
the bubble size in the range of 1.92 mm to 3.23 mm, its 
deviation from the straight vertical path increased as 
well.

While in flotation, as a method of particle separation 
using a bubble, on the one hand, the zigzag motion of the 
bubble increases the probability of bubble-particle colli-
sion and on the other hand, because of these oscillations, 
the probability of the particle slipping off the bubble and 
separating is more probable, so it is very important to 
choose the optimal bubble range produced by a sparger 
in flotation.

These findings can help researchers better understand 
the bubble properties and their dynamics, which are fun-
damental to the performance of the flotation process, and 
how they are affected by the initial bubble diameter. In 
addition, since the relationship between the bubble dy-
namics and the performance of true flotation is one of 
the least understood aspects of the flotation, it is worth-
while to do further theoretical investigations to develop 
a more comprehensive model, which is the current work 
of this research team.
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SAžETAk

Istraživanje učinka početnoga promjera mjehura na njegovu trajektoriju  
u ćeliji flotacijske kolone korištenjem CFD simulacije

Metodom dvofazne računalne dinamike fluida (CFD) analiziran je utjecaj početnoga promjera mjehurića na obrazac 
 gibanja mjehurića u flotacijskoj koloni. Dvofazne simulacije napravljene su korištenjem modela obujma tekućine (VOF) 
u softveru ANSYS® Fluent®. Za računsko polje korištena je kolona kvadratnoga presjeka širine 0,1 m i visine 1 m u koju je 
uveden mjehurić zraka iz donjega dijela kolone pomoću unutrašnje mlaznice. Provedeno je i eksperimentalno ispiti-
vanje, a simulirani rezultati potvrđeni su korištenjem dobivenih vrijednosti za brzinu porasta mjehurića. Usporedbom 
simulacije i eksperimentalnih rezultata potvrđeno je da CFD može predvidjeti profil brzine porasta mjehurića i njegovu 
vrijednost u flotacijskoj koloni koja je manja od 5 % u odnosu na eksperimentalne vrijednosti. Zatim su simulacije po-
novljene sa smanjenjem od 20 % i povećanjem početnoga promjera mjehurića kako bi se istražio učinak promjera mje-
hurića na obrazac gibanja mjehurića. Istraživanja su pokazala da se s povećanjem promjera mjehurića brzina smanjuje, 
a mjehur se diže u cik-cak smjeru kao rezultat povećanja dvaju suprotno rotirajućih vrtloga iza mjehurića.

Ključne riječi:
flotacijska kolona, promjer mjehura, trajektorija mjehura, CFD simulacija
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