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Abstract: Column flotation is widely used for the beneficiation of fines in the mineral processing 

industry. The kinetics in the column flotation is mainly influenced by the hydrodynamics and the 

flotation sub-processes such as bubble particle collision, attachment, and detachment. Computational 

fluid dynamics (CFD) is a popular tool that can be used to evaluate flotation kinetics. However, most of 

the published works on the flotation kinetics with CFD were limited to mechanical flotation cells. In the 

current investigation, a  CFD model is applied to explore both the hydrodynamics and kinetics of the 

column flotation. CFD simulations are performed for two-phase systems of column flotation on the 

Eulerian-Eulerian framework. The standard k-ε turbulence model is utilized in this methodology along 

with the drag, lift, and virtual mass forces. The hydrodynamic parameters such as axial, and radial gas 

holdup and its distribution were predicted from the CFD simulations and validated with Electrical 

Resistance Tomography (ERT) experimental results. In the kinetic study, the flotation kinetic sub-

processes, such as bubble-particle collision, adhesion, and detachment were also predicted. The error 

between the ERT experimental and CFD simulations was found to be 2.71 and 6.75%, respectively at 

0.006 and 0.018 m/s superficial air velocities. The effect of particle contact angle and particle size on the 

kinetic constants of attachment (𝑘1) was evaluated and was found to increase with the contact angle. 

The rate of attached particle fraction is found to increase from 40 to 100 µm and to decrease to 250 µm. 

The CFD model predictions were found to be consistent with the experimental results of the weakly 

floatable coal particles.  

Keywords: column flotation, hydrodynamics, bubble size distribution, gas holdup, eulerian–eulerian 

model, solids concentration and kinetics  

1. Introduction 

The development of column flotation is one of the most significant achievements in the mineral 

processing industry in the 20th century. High recoveries are made possible with column flotation 

compared to conventional cells. This is due to the counter-current contact between the descending solid 

particles and rising air bubbles in the aqueous phase coupled with the froth-washing system. The air 

bubbles are dispersed into the liquid column via a sparger from the bottom, whereas the feed solid 

particles are fed just above the middle point of the column. The column has two different zones, namely 

the collection zone and the cleaning zone. The collection zone is below the feed point and above the 

sparger region where the bubble-particle attachment occurs. The bubble-particle aggregates then move 

to the top section of the column, above the feeding point, named the cleaning zone. The wash water in 

the cleaning zone removes the entrained gangue particles from the product, leading to higher purity of 

the product. The hydrophilic particles are discharged from the bottom as tailings. 

Although the basic concept of a flotation column appears to be simple, the fundamental principles 

related to its performance are rather complex. The flotation separation process is mainly influenced by 

surface chemistry and hydrodynamics. The solid suspension and the aggregate transport are controlled 

by the hydrodynamic characteristics, which have an impact on the design, optimization, and flotation 

performance (Prakash et al., 2018). Finch & Dobby, (1990) proposed an empirical relationship to predict 
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the bubble size from the superficial gas velocity for the uniform bubbles. Vazirizadeh et al., (2015) 

introduced the interfacial area of bubbles to get more information about the size distribution and it was 

modelled using log-normal bubble size distributions rather than a single average bubble size d32. 
Panjipour et al., (2021) developed a relation between the interfacial area of the bubbles, the bubble size 

distribution, and the flotation kinetics in a pilot column flotation. Finch et al., (2000) established the 

linear relationship between the bubble surface area flux and the gas holdup for various flow regimes.  

Vadlakonda & Mangadoddy, (2017) have measured the key hydrodynamic parameters such as sectional 

average and radial average gas holdup, Sauter mean bubble diameter, and bubble rise velocity in the 

column flotation experimentally by electrical resistance tomography (ERT). Also, many researchers 

have worked on the slurry column flotation hydrodynamics (Banisi et al., 1995; Tavera et al., 2001; Tavera 

& Escudero, 2002; Mena et al., 2005; Bhunia et al., 2015). The minimal change was found to occur in the 

bubble size with the increase in the solids percent, both hydrophilic and hydrophobic particles, in the 

slurry. Vadlakonda & Mangadoddy, (2018) studied the effect of solids on the gas holdup and its 

dispersion in the three-phase column. The gas holdup decreased with the addition of solids in the 

column flotation. The influence of operational parameters such as superficial velocities of air and feed, 

different porous spargers, pulp height, and frother dosage on the combined (gas and solid) holdup and 

its distribution were also investigated. According to Honaker & Mohanty, (1996) and Ahmed & 

Jameson, (1989), higher gas holdup should improve the flotation kinetics due to a greater number of 

bubbles per unit volume of slurry. Yianatos et al., (2017) discovered that the mixing regime in flotation 

columns could not be characterised by a single model structure, nor could it be related to column cross-

sectional shapes or size.  
A computational fluid dynamics (CFD) model was used earlier by several researchers to investigate 

the hydrodynamics and kinetics of the flotation process independently. In flotation kinetics, the 

necessary step for a successful bubble-particle collection process is the bubble-particle collision. Koh et 

al., (2000)  evaluated the distribution of bubble-particle collision frequency in the CSIRO flotation cell 

using CFD. It was reported that the maximum collision rates were observed near the rotor-stator region. 

The efficient capture of hydrophobic particles by air bubbles is accomplished in three sub-processes: the 

probability of collision, probability of adhesion, and probability of stability. The probability of bubble-

particle collision was modelled using CFD by Koh & Schwarz, (2003) who reported that collision 

probability decreased with particle size and increased with bubble size. Later, the three sub-processes: 

the probability of collision, probability of attachment, and probability of detachment were determined 

using the CFD modelling in a CSIRO flotation cell. It was observed that the predicted flotation rate was 

maximum for intermediate size particles (120-240 µm) compared to fine (40 µm) and coarse (480 µm) 

particles (Koh & Schwarz, 2006). These simulation studies were carried out for a constant bubble size. 

Multi-size bubbles were introduced through the population balance method (PBM) and the bubble-

particle attachment rates in a Denver flotation cell were predicted in the CFD simulation studies for 

constant particle size. It was also reported that for a given particle size, a maximum flotation rate exists 

for a particular bubble size (Koh & Schwarz, 2008). The bubble-particle collision efficiency was 

calculated in a Lagrangian approach in a turbulent field (Liu & Schwarz, 2009). Karimi et al., (2014) 

developed a CFD model to predict the flotation rate constant in a standard Rushton turbine flotation 

cell using the Eulerian-Eulerian approach. It was reported that the flotation rate constant increased with 

particle size for an increase in the superficial air velocity.  

For column flotation, most of the published literature focused on the hydrodynamics of column 

flotation. Sarhan et al., (2016) studied the impact of gas superficial velocity and solids concentration on 

Sauter mean bubble diameter and gas holdup. Sarhan et al., (2017) investigated the effect of solids 

particles (type, density, and concentration) on gas holdup and hydrodynamics. It was reported that, for 

two-phase systems, the gas holdup increased linearly with the superficial air velocity. For the three-

phase system, the gas holdup increased in the presence of of hydrophilic particles and decreased in the 

presence of hydrophobic particles in column flotation. The developed CFD model predicted the gas 

holdup with+/-20% acuracy. Mwandawande et al., (2019) investigated the gas holdup and its deviation 

in the collection zone in the gas-liquid flow of the column. With the increasing column height, the axial 

velocity of the air bubbles decreased. From the literature review, it is evident that most of the published 

CFD models on the evaluation of flotation kinetics were focused on the mechanical flotation cells and 
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for column flotation, the studies were restricted to hydrodynamic studies only.  The current study aimed 

to develop a CFD model strategy incorporating both hydrodynamics and kinetics of the column 

flotation thereby attempting to validate key performance parameters. Numerical simulations were 

performed for two-phase and three-phase systems of column flotation based on the Eulerian-Eulerian 

framework. The intended model utilizes the k-ε turbulence model along with the drag, lift, and virtual 

mass hydrodynamic forces. Further, the predicted hydrodynamic parameters are validated with ERT 

experimental data. The bubble-particle collision, bubble-particle adhesion, and bubble-particle 

detachment were also considered in the kinetic study of the column flotation process. A parametric 

study on coal particle contact angle and particle size was carried out and the key kinetic performance 

of the column flotation was elucidated.   

2. CFD modelling 

Column flotation, which was previously employed for the ERT tests by the authors (Vadlakonda & 

Mangadoddy, 2017), was used for the CFD modelling in this work. The column used in the test was of 

diameter 0.1 m and height 2.5 m. The sparger geometry was created and meshed based on the porosity 

values of the sparger. 

2.1. Model for hydrodynamics 

The two-fluid model (Eulerian - Eulerian) was used in the simulation studies of column flotation. The 

gas-liquid phases interact with each other in a two-fluid model method, where there is significant mass 

and momentum exchange between the phases. The interphase forces such as drag, lift, and virtual mass 

were considered in the numerical simulations. Tomiyama, (1998) model was used to model the lift force. 

Ishii & Zuber, (1979) drag model was considered for the gas-liquid phase drag force, while  Schiller and 

Naumaan, (1935) drag model was used for the solid-liquid phase drag force in the three-phase 

numerical simulations. The k-ε turbulence model was used to consider the turbulence between the 

phases. Despite the limitations, the k-ε model is computationally cheap, robust, and has a good 

convergence rate. It is also easy to implement and widely validated. The bubble-bubble interactions 

were considered by the population balance model (PBM). The break-up model from   Luo & Svendsen, 

(1996) and the coalescence process  Luo, (1993) aggregation kernel were used.  

2.1.1. Eulerian-Eulerian Two fluid model 

• Continuity equation:  

    
∂

∂t
(αqρq) + ∇. (αqρqv⃗ q)  =  0                                                          (1)    

The compatibility condition for two-phase volume fractions, 𝛼𝑝+ 𝛼𝑞  =  1      

• Momentum equation: 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞𝑣 𝑞) + 𝛻. (𝛼𝑞𝜌𝑞𝑣 𝑞𝑣 𝑞)  =  −𝛼𝑞𝛻𝑝 + 𝛻. 𝜏�̿� + 𝛼𝑞𝜌𝑞𝑔 + ∑(�⃗� 𝑝𝑞 + �̇�𝑝𝑞𝑣 𝑝𝑞 − �̇�𝑞𝑝𝑣 𝑞𝑝)

𝑛

𝑝=1

+ 

+(𝐹 𝑞 + 𝐹 𝑙𝑖𝑓𝑡,𝑞 + 𝐹 𝑣𝑚,𝑞)                                                                      (2)    

• The stress tensor: 

 �̿�𝑞  =  𝛼𝑞𝜇𝑞(𝛻𝑣 𝑞 + 𝛻𝑣 𝑞
𝑇) + 𝛼𝑞 (𝜆𝑞 −

2

3
𝜇𝑞) 𝛻. 𝑣 𝑞𝐼  ̿                                            (3)                                             

• Interaction force between phases        

 ∑ �⃗� 𝑝𝑞
𝑛
𝑝=1   =   ∑ 𝐾𝑝𝑞(𝑣 𝑝 − 𝑣 𝑞)

𝑛
𝑝=1                                                           (4)                          

• Interphase momentum exchange coefficient:     

 𝐾𝑝𝑞  =   
∝𝑝∝𝑞𝜌𝑝𝑓

𝜏𝑝
                                                                       (5)  

• Drag function:      

                                                  𝑓 =   
𝐶𝐷𝑅𝑒

24
                                                                            (6)     

   CD  =  
24

𝑅𝑒𝐵
(1 + 0.1𝑅𝑒0.75)            (Viscous region)             (6.1) 
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𝐶𝐷  =  0.44E                   (Newton regime)                                           (6.2) 

𝐶𝐷  =  
2

3
√EO 𝐸              (Distorted regime)                                          (6.3) 

𝐶𝐷  =  
8

3
𝐸′              (Churn-turbulent regime)                                    (6.4) 

• Particulate relaxation time: 

                               𝜏𝑝  =  
𝜌𝑝𝑑𝑝

2

18𝜇𝑞
                                                                             (7) 

• The lift force calculated as: 

 𝐹 𝑙𝑖𝑓𝑡  =  𝐶𝐿𝜌𝑞𝛼𝑝(𝑣 𝑞 − 𝑣 𝑝) × (𝛻 × 𝑣 𝑞)                                                      (8) 

 

• The virtual mass force on the bubbles: 

  𝐹 𝑣𝑚  =  𝐶𝑉𝑀𝜌𝑞𝛼𝑝 (
𝑑𝑞�⃗� 𝑞

𝑑𝑡
−

𝑑𝑝�⃗� 𝑝

𝑑𝑡
)                                                          (9) 

2.2. Model for kinetics 

Flotation kinetics is modelled through applying source terms in the transport equation for the 

concentration of particles. In the current investigation, the approach is used here similar to Koh & 

Schwarz, (2006). 

2.2.1. Flotation Kinetics Equations 

• Transfer of particles from pulp to bubbles represented by scalar transport equation: 
𝜕

𝜕𝑡
(𝛼𝑞𝑛𝑞∅𝑞) + 𝛻 ∙ (𝛼𝑞𝑛𝑞∅𝑞𝑢𝑞⃗⃗⃗⃗ )  =  −𝜑𝑎 + 𝜑𝑑                                             (10) 

• For the flotation, the kinetic equation can be written as: 

dNp1

dt
 =  −k1Np1NbT(1 − β) + k2NbTβ                                                    (11) 

• Bubble loading: 

 𝛽 =  
𝑛𝑝2

2(
𝑑32
𝑑𝑠𝑝

)
2
𝑛𝑏𝑇

                                                                            (12)                                                                     

• The kinetic  constant of attachment: 

  k1  =  Z1PcPaPs                                                                       (13) 

• The kinetic constant of detachment: 

  k2  =  Z2(1 − Ps)                                                                     (14) 

• The particle–bubble collision frequency (𝑍1) across eddies» 

 𝑍1  =  5.0 (
𝑑𝑝+𝑑𝑏

2
)
2

(�⃗� 𝑝
2 + �⃗� 𝑏

2)
1

2                                                          (15) 

• The rms velocity of particle or bubble (Liepe & Mockel, 1976) are given by: 

𝑈𝑝  =  
0.4𝜀

4
9𝑑𝑝

7
9

𝑣𝑓

1
3

(
𝜌𝑝−𝜌𝑓

𝜌𝑓
)

2

3
      and    𝑈𝑏  =  

0.4𝜀
4
9𝑑𝑏

7
9

𝑣𝑓

1
3

(
|𝜌𝑏−𝜌𝑓|

𝜌𝑓
)

2

3
                                       (16)    

• The critical diameter (𝑑𝑐𝑟) of a particle  or bubble, is given by: 

 𝑑𝑝
2 > 𝑑𝑐𝑟 

2 = 
 15𝑣𝑓𝜌𝑓𝑢𝑓

2

𝜌𝑝𝜀
        and      𝑑𝑏

2 > 𝑑𝑐𝑟
2  =

 15𝑣𝑓𝜌𝑓𝑢𝑓
2

𝜌𝑏𝜀
                                     (17) 

• The collision efficiency (𝑍1)  for fine particles and bubbles confined within eddies in the lower 

turbulent dissipation regions (Saffman & Turner, 1956): 

  𝑍1  =  √
8𝜋

15
(
𝑑𝑝+𝑑𝑏

2
)
3

(
𝜀

𝜗
)

1

2
                                                                  (18) 

• The detachment frequency (𝑍2): 
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 𝑍2 = 
√𝐶1𝜀

1
3

(𝑑𝑝+𝑑𝑏)
2
3

                                                                           9) 

• The bubble – particle collision: 

   𝑃𝑐  =  [1.5 +
4𝑅𝑒0.72

15
] (

𝑑𝑝

𝑑𝑏
)
2

                                                                (20) 

• For intermediate bubble Reynolds number: 

 Re =  
ubdb

vf
                                                                           (21) 

• The probability of adhesion: 

 𝑃𝑎  =  𝑠𝑖𝑛2 [2𝑒𝑥𝑝 {
−(45+8𝑅𝑒0.72)𝑢𝑏,𝑡𝑖𝑛𝑑

15𝑑𝑏(
𝑑𝑏
𝑑𝑝

+1)
} ]                                                     (22) 

• The induction time: 

 tind  =  
75

θ
dp

0.6                                                                         (23) 

• The probability of stability: 

 (𝑃𝑠)  =  1 − 𝑒𝑥𝑝 {0.5 ∗ (1 −
1

𝐵𝑜∗)}                                                      (24)       

• The modified Bond number: 

 𝐵𝑜∗  =  

𝑑𝑝
2[∆𝜌𝑝𝑔+1.9𝜌𝑝𝜀

2
3(

𝑑𝑝

2
+

𝑑𝑏
2

)
−

1
3
]+1.5𝑑𝑝(

4𝜎

𝑑𝑏
−𝑑𝑏𝜌𝑓𝑔)𝑠𝑖𝑛2(𝜋−

𝜃

2
)

|6𝜎𝑠𝑖𝑛(𝜋−
𝜃

2
)𝑠𝑖𝑛(𝜋+

𝜃

2
)|

                                    (25) 

2.3. Geometry, mesh and numerics 

ANSYS Fluent commercial CFD software, version 19.2 was utilised for this study. The ICEM-ANSYS 

was currently used to develop the 3D unstructured grid for the column, displayed in Figure 1. The hex 

mesh of the column and O grid of outlet sections are shown in Figs. 1(b) and (c), respectively. The 

unstructured mesh was used for the inlet section of the column. The bubble interactions are mainly 

considered via the population balance model (PBM) approach in the simulations. Air is injected into the 

system at 0.006, 0.012, and 0.018 m/s superficial velocities via a sintered disc sparger. Column 

simulations were performed at a feed velocity of 0.0004 m/s, 2.4 m pulp height, and 60,000 pore density 

spargers. Initially, a bubble size of 0.0025 m, as observed in experiments, is used in the simulations. A 

velocity inlet boundary condition is used at the gas inlet and the degassing boundary condition is 

applied at the exit condition of the column. In the transient mode, the time step of 0.0001 s was used. 

The phase-coupled SIMPLE algorithm with a QUICK scheme was used for the pressure-velocity 

coupling in the numerical simulations. Different mesh size having nodes in the range of 90-260k were 

utilized for the grid independence study of laboratory flotation column simulations. 

The average gas holdup was chosen for the mesh independence test. The grid independence test was 

carried out with five different meshes i.e., 90,460, 117,864, 150,386, 200,725, and 259,657 nodes and 

corresponding two-phase flow results are displayed in Figure 2. Average radial gas distribution profiles 

are evaluated for 0.006, 0.012, and 0.018 m/s air superficial velocities at 0.9 m elevation from the 

column’s bottom. From Fig. 2, it was found that 90,460 and 117,864 mesh nodes are under-predicting 

the average radial holdup values at three air superficial velocities compared to experimental data. 

150,386, 200,725, and 259,657 grid's predicted gas holdup outcomes closely match the experimental data. 

As the computational time increases linearly as the mesh size increases,  150, 386 nodes (mesh 3) was 

chosen as the optimum grid to run further simulations. 

3. Results and discussion 

CFD-based two-phase studies are initially attempted to comprehend the hydrodynamics of multi-phase 

flow. The three-phase flow simulations are carried out further, by considering hydrophilic silica as a 

solid phase in the CFD simulations. The phase concentration distribution and bubble-particles 

interactions are essential for improving the design and selection of suitable column flotation for a given 
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nature of particle floatability and kinetics information. The bubble-particle collision, attachment, 

detachment, and stability probability are predicted at different contact angles of coal particles as part of 

three-phase flow predictions. 

3.1. Hydrodynamic model prediction & validation 

The population balance model (PBM) is used for predicting the bubble-bubble interactions in the two-

phase flow behaviour.  

3.1.1. Two-phase simulations 

Figure 3 (a) shows the impact of superficial air velocity on the overall gas holdup. The displayed results 

were at a height of 0.9 m from the bottom of the column. When the superficial air velocity is increased 

from 0.006 m/s to 0.018 m/s, the average gas holdup increased from 1.58 to 5.0%. The CFD simulation 

values were validated against ERT experimental data. The gas holdup at low superficial air velocity is 

matching very well with the ERT experimental data. At high superficial air velocities, the CFD predicted 

average gas holdup is slightly deviating from the experiments. 

Figure 3 (b) presents a contour comparison of average pressure and liquid velocities for the column 

operated at 0.006 m/s and 0.018 m/s superficial air velocities. When the superficial air velocity is 

increased from 0.006 m/s to 0.018 m/s, the average pressure & liquid velocity also increased axially. At 

higher superficial air velocity, say at 0.018 m/s, the gross liquid circulations are enhanced due to 

dominant bubble interactions and oscillatory bubble plume nature. The same is witnessed in Fig. 4, 

where the axial variation of the bubble number density fraction is presented.   

The predicted bubble number density fraction with different air superficial velocities at different 

axial locations are displayed in Figs. 4 (a) & (b). Small size bubbles are observed at the lower axial 

position  with  low  air  superficial  velocity.  As  axial height increases, the coalescence phenomena start 

 

            Fig. 1. (a) Experimental column with ERT (b) column cylindrical section mesh (c) column outlet 

 

  (a)                                                                                    (b)                                           (c)                        



7                                                                                                   Physicochem. Probl. Miner. Process., 58(5), 2022, 156486 

 

Fig. 2. Grid independence check with different grids averaged gas holdup at several air velocities (a) 0.006 m/s 

(b) 0.012 m/s (c) 0.018 m/s 

 

Fig. 3 (a).Comparison of sectional average gas holdup between CFD and ERT at different superficial air velocities 

dominating and large size bubbles may also appear in the column. At low air superficial velocity, the 

bubble density fraction is relatively unchanged throughout the column except near the feed port region 

(H=1.5 m). The continuous incoming liquid flow creates some local turbulence and these interact with 

the bubbles thus leading to the possibility of bubble breakup. This generates smaller bubbles but with 

increased finer fractions. As the air superficial velocity increases, increments in the bubble interactions 

are observed axially in the column. At 0.018 m/s, near the sparger zone (at H=0.1 m), the number 

density fraction shows a perfect normal distribution with a mean bubble size of 0.004 m. As the height 

of the column increases, the mean and mode of the bubble size distribution (BSD) reduces, and this is 

believed due to increased bubble break-up and coalescence rates. Hence, the appearance of smaller and 

larger bubbles at 0.9 and 1.5 m axial positions of the column.   

 

(a) 

 

(b) 

 

(c) 
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Fig. 3 (b).Comparison of average pressure and liquid velocities at 0.006 m/s and 0.018 m/s superficial air 

velocities 

 

Fig. 4. Number density fraction at different axial lengths and air superficial velocity (a) 0.006 (b) 0.018 m/s 

 
                                               Average Pressure         Average Liquid Velocity  

                                              0.006 m/s    0.018 m/s                               0.006 m/s      0.018 m/s 

 
(a) 

 
(b) 
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Apart from the sectional average gas holdup, Fig. 5 shows the radial profiles used to validate with 

ERT data. It is observed that predicted CFD values are closely matching with the ERT data at low 

superficial air velocities and slight deviations are observed at high velocities. The gas holdup is uniform 

at low air superficial velocity across the column due to the uniform distribution of bubbles. The bubbles 

occupy the center region instead of dispersion across the cross-section of the column at high air 

superficial velocities. The bubble break-up and coalescence phenomena dominate in increasing the gas 

hold-up at the center region of the column (Shah et al., 1982).  From Fig. 5,  it is observed that gas holdup 

increases significantly with superficial air velocity in both the experimental and the CFD simulation 

data. The error between the ERT experimental and numerical predictions for 60 k pores sparger at the 

centre and wall regions are 2.71 & 6.75%, respectively at 0.018 m/s superficial air velocity, whereas the 

error is 9.2 & 24.23% at 0.006 m/s superficial air velocity.  

3.1.2. Three-phase simulations 

Three-phase CFD simulations are performed using the Eulerian – Eulerian approach for the three feed 

solids scenarios i.e., 5, 10, and 15 wt.% silica in the solution. The simulations are carried out at 2.4 m 

pulp height, 0.004 m/s feed velocity, and 200 k pore number sparger. Figure 6 (a) shows the sectional 

averaged combined hold-up for different percent solids and superficial air velocities. The predicted 

numerical simulation phase holdup values were validated with the ERT experimental data. The 

predicted combined holdup increased with the superficial air velocity and the solids content, similar to 

 

Fig. 5. Radial gas dispersion at diverse superficial air velocities  

the experiments. A slight deviation was observed in the predicted CFD values compared to the 

experimental data at the high superficial air velocity of 0.018 m/s. The error between the predicted and 

experimental values at 0.018 m/s superficial air velocity for 5, 10, and 15 wt.% slurry solutions were 

4.10, 5.30, and 6.06%, respectively. The predicted solids holdup is displayed in Fig. 6 (b) along with the 

ERT-coupled PT-based experimental data. It is observed that the change in the solids holdup with 

superficial air velocity is minimal. Generally, the probability of bubble-particle interactions increases 

with the superficial air velocity. But, the bubble-particle attachment rate is expected to be very low for 

hydrophilic solid particles. Hence the effect of superficial air velocity on the solids holdup is not 

significant as compared to hydrophobic slurry solution cases. Figure 6 (c) displays the comparison of 

predicted gas holdup values with the experimental data at various superficial air velocities and solids 

concentrations. Both CFD and experimental data demonstrated that the gas holdup decreases with 

solids content and increased with superficial air velocity. From the current study, both based on the 

experimental and the CFD studies, it is found that gas holdup decreases with solids concentration. The 

predicted gas holdup values are slightly deviating at 0.018 m/s superficial air velocity. The bubble 

interactions were not predicted well within the current PBM model at high superficial air velocity. The 

error between the predicted and the ERT experimental values at 0.018 m/s superficial air velocity for 5, 

10, and 15 wt.% slurry solutions are 3.65, 7.10, and 7.55%, respectively. The average gas holdup increases 
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with the superficial air velocity linearly, where the flow is believed to be in the homogeneous flow 

regime. After that, the gas holdup follows a non-linear trend with the superficial air velocity in the 

transition and heterogeneous flow regimes. 

3.2. Kinetic model 

The Pyke et al. (2003) and  Koh & Schwarz (2006) models have been used in the present numerical 

simulations as part of the flotation kinetic study. The first-order rate process of flotation is mainly 

dependent on the number of particles and bubbles in the bubble-particle attachment and detachment 

steps. The Shukla et al. (2010) laboratory column flotation with 0.1 m diameter and 1.68 m height is 

selected for the kinetic model studies. The mono-size bubbles having 0.0025 m are injected as the 

dispersed phase from the sparger located at the centre of the column with 0.003 m diameter and coal 

experimental data are utilized for the comparison. A uniform particle size of 40 µm and superficial air 

velocities of 0.0094, 0.0168, 0.0247, 0.0329, 0.0414, and 0.0527 m/s are used in the numerical simulations. 

Figure 7 presents the gas holdup variation to the superficial air velocities for the coal slurry operating 

similarly to silica slurry. The coal slurry gas holdup increases linearly with superficial gas velocity. At 

higher gas velocities, column operation getting into a heterogeneous flow regime can be attributed to 

the coalescence of the small bubbles leading to relatively lower gas holdups (Shah et al., 1982; 

Vadlakonda and Mangadoddy 2018; Finch and Dobby, 1990). 

The probabilities of collision, attachment, and stability have been simulated at 300 and 700 contact 

angles, and the same is presented in Fig. 8. It is observed that collisional probability is more at 700 contact 

angle. At a higher contact angle, say at 700, the hydrophobic nature has increased and as a result, an 

increase in the attachment fraction and a decrease in the detachment fraction were observed. The 

attachment probability and air volume fraction are higher at the centre region compared to the walls in  

 

Fig. 6. (a) Comparison of predicted combined holdup (b) solid holdup (c) gas holdup values with ERT 

experimental data at different solids and superficial air velocity 
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Fig. 7. Gas holdup values at different superficial air velocities 

the column. Similar to the gas holdup, the collision probability and stability probability were found 

higher in the column centre compared to the wall region.  As the bubble plume behavior follows an 

oscillatory trend, the probability of collision and stability also follow a similar radial variation. The 

attachment rate constants values are also predicted at 300 and 700 contact angles. The average attachment 

rate constant values are 0.054 and 0.159 s-1 at 300 and 700 contact angles respectively. The radial 

distribution of the attachment rate constant at different contact angles is presented in Fig. 9. The radial 

distribution of the attachment rate is found to increase with the contact angle. As a result, the attachment 

rate will increase, and the process performance is also expected to increase. The particle collection 

efficiency also increases with the contact angle.     

       The comparison of the bubble-particle attachment rate constant (K1) values at the contact angle (700) 

is displayed along with the experimentally determined data  (Shukla, 2010) in Table 1. The bubble-

particle attachment rate constant depends on the particle size. The attachment efficiency is more for the 

small size particles. The experimental value presented in the table are for the 150 μm particle size 

particle and the predicted CFD value are for the 40 μm particle size. The bubble-particle attachment rate 

constant increases with a decrease in the particle size. Hence the predicted CFD values are in principle 

agreement with experimental data. Further studies are in pipeline to incorporate slurry rheology and 

turbulent dispersion forces on the net rate of attachment and detachment of particles on bubbles. 

Table 1. Comparison of bubble-particle attachment rate constant (K1) value 

 Bubble-particle attachment rate constant (K1) (m-1)  

Experimental data 0.025 

CFD data 0.042 

 

Using this integrated CFD model, the effect of particle size on the attachment of highly floatable coal 

having a contact angle of 700  and 0.0527 m/s  superficial air velocity is simulated. The predicted 

attachment fraction contours for the 40, 100, and 250 µm size particles are displayed in Fig. 10. It is found 

that the rate of attached particle fraction increases as the size increased from 40 to 100 µm. The model 

predicted a reduction in the attachment for the 250 µm sized particles. This trend is very consistent with 

the behavior of smooth spherical particles where the flotation rate found decreased for the coarser size 

particles, as reported by Schulze and Radoev (1989) & Koh & Schwarz (20006). 

4. Conclusions 

A CFD model was developed to predict the two-phase and three-phase hydrodynamics and kinetics of 

the column flotation. The average gas holdup values were predicted and validated with the Electrical 

Resistance Tomography (ERT) experimental data. The predicted CFD values are closely matching with 

the  ERT  data  at  low superficial air velocities and slight deviations are observed at high velocities. This 
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Fig. 8. Kinetic parameters and air volume fraction at (a) contact angle of 300 and (b) contact angle of 700 

 

Fig. 9. Radial variation of bubble-particle attachment rate constant at a different contact angle  
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Fig. 10. Predicted particle attachment fraction for different size particles with a contact angle of 700 

is due to the dominance of bubble break-up and coalescence phenomena at high air superficial 

velocities.  In three phase study, both CFD predicted and experimental data demonstrated that the gas 

holdup decreased with solids content and increased with superficial air velocity. The error between the 

CFD predicted and the ERT experimental values for 5, 10, and 15 wt. % slurry solutions were 3.65, 7.10, 

and 7.55%, respectively at a superficial air velocity of 0.018 m/s. The rate constant was predicted using 

the Koh & Schwarz,(2006) approach, and the flotation sub-process such as bubble-particle collision, 

adhesion, and stability were also considered in the kinetic studies. The attachment rate constant values 

were found to increase with the contact angle. The increase in the hydrophobic nature of the particle 

results in to increase in the attachment fraction and a decrease in the detachment fraction. The 

simulation results were consistent with experimental values qualitatively. Further, the model simulated 

the flotation performance for different size particles and found that the rate of attached particle fraction 

increased from 40 to 100 µm and to slightly decreased for 250 µm, which is very consistent with the 

behavior of smooth fine and coarse spherical particle kinetic performance found in the literature. 

 

Nomenclature 

 

Nomenclature Greek letters 

𝑣𝑞⃗⃗⃗⃗  – the qth phase velocity (m/sec) 𝛼𝑞 – the qth phase volume fraction (dimensionless) 

𝐹 𝑞  -  an external body force (N) 𝜌𝑞  – the qth phase density (kg/m3) 

𝐹 𝑙𝑖𝑓𝑡,𝑞  - the lift force (N) �̿�𝑞  - the qth phase stress tensor (Pa) 

𝐸𝑜   - the Eotvos number (𝐸𝑜) = 
𝑔∆𝜌 𝑑𝑏

2

𝜎
 (dimensionless) 𝜑𝑎 - source term of attachment rate (1/s) 

E = [
1+17.67(1−𝛼𝑞)

6
7

18.67(1−𝛼𝑞)
]

2

(dimensionless) 
𝜑𝑑 - source term of detachment rate. (1/s) 

 

𝐸′ = (1 − 𝛼𝑞)
2
(dimensionless) β - the average loading parameter (dimensionless) 
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𝐹 𝑣𝑚,𝑞  – the virtual mass force (N) 𝜌𝑝,𝑏 - densities of solid particles or gas bubbles 

(kg/m3) 

�⃗� 𝑝𝑞 – interaction force between phases(N)  𝜌𝑓 − the density of fluid (kg/m3) 

𝑣 𝑝𝑞 – the interphase velocity (m/s) 𝜀 - local turbulent dissipation rate (m2/s3) 

p– the pressure shared by all phases (N/m2) 𝜃 – Contact angle (0).  

𝑁𝑝1 - the number concentration of free particles (m-3) 𝜇𝑞 – Shear viscosity of qth phase (Pa-s) 

𝑁𝑏𝑇 - the total number of bubbles per unit volume (m-3) 𝜆𝑞 -Bulk viscosity of qth phase (Pa-s) 

𝑘1 - the particle-bubble attachment rate constant (1/s) 𝐼   ̿– the Kronecker delta (dimensionless) 

𝑘2 - the particle-bubble detachment rate constant(1/s) 𝜗– kinematic viscosity (m2/s) 

𝑛𝑝2 – number density of attached particles (m-3)  

𝑑32 – Sauter mean diameter of bubbles, (m)  

𝑑𝑠𝑝 – diameter of solids particles, (m)  

�⃗� 𝑝 – the turbulent (rms) fluctuating velocities of particles 

(m/s) 

 

�⃗� 𝑏 – the turbulent (rms) fluctuating velocities of bubbles 

(m/s) 

 

𝑑𝑝,𝑏 - diameter of solid particles or gas bubbles (m)  

𝑣𝑓 - the kinematic viscosity of fluid (m2/s)  

𝑢𝑓 - mean fluctuating fluid velocity (m/s)   

𝐶1 - an empirical constant with value 2 (dimensionless)  

𝑢𝑏, - the bubble rise velocity (m/s)  

𝑡𝑖𝑛𝑑 - the induction time (sec)  

CL - lift coefficient(dimensionless)  

CVM - virtual mass coefficient(dimensionless)  

𝑣 𝑝 – particle velocity (m/s)  
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