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 In this paper, the combined level set (LS) and volume of fluid (VOF) method has used 
to numerically investigate the rising dynamics of a single bubble into different 

concentration of glycerin solution ranges from 0 to 98%. A set of transient conversion 

equations of continuity, momentum, surface tension and gravitational force effects was 
solved by pressure implicit splitting operator (PISO) algorithm and a piecewise linear 

interface calculation (PLIC) was employed to solve the motion of gas-liquid interface 

phenomenon. The simulation result of air bubble rise dynamics was good agreement 
with available experimental data. It was found that a more deformation and the quick 

rise of bubble for the low concentration of solution because of stronger vortex of liquid 

jet. The surface tension coefficient was changed to alter the Bond number to investigate 
two bubble coalescence dynamics. It was found that a low surface tension coefficient 

resulting in earlier bubble coalescence and spherical cap shape bubble. 
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INTRODUCTION 

 

Bubble columns are widely used as multiphase reactor in chemical, biochemical and industrial process, etc., 

for its advantages such as in the mixing of gas-liquid, high heat and mass transport and efficient inter-phase 

contact [1, 2]. In bubble column, the motion of bubbles can be very complex due to changes of liquid properties 

and difficult to obtain an accurate model that can be used to calculate the bubble rise dynamics in a system. The 

bubble rise dynamics are strongly depends on a bubble size and gas-liquid properties such as density, viscosity 

and surface tension [3]. Thus, it is important to understand the basic knowledge of the complex bubble 

dynamics. In recent year, computational fluid dynamics (CFD) with the enhancement of numerical algorithms 

and computing power, a better physical understanding of two-phase flow problem likes a single bubble rising 

behavior can be obtained.   

The volume of fluid (VOF) method [4] in CFD platform is used commonly for single bubble study in 

stagnant liquid. The gas-liquid interface is tracked using continuum surface force (CSF) equation [5]; it is 

incorporated into the governing equation as a source term. In the present study, the level-set (LS) method [6] is 

used with VOF to improve the gas-liquid interface tracking as well as the shape of the bubble. The purpose of 

this study is to carry out numerical investigations of single bubble rise dynamics in different liquid properties of 

Morton number from 2.6e -10
 
to 1.4. The bubble coalescence also investigated for the range of Bond number 

from 3 to 30.  

 

Methodology: 

Equations of continuity and momentum: 

The continuity and momentum equations for an incompressible Newtonian fluid can be written as- 

∇. V   = 0                                                                                                                                                                                       (1) 

𝜌  
𝜕V   

𝜕𝑡
+ ∇.  V      V     = −∇𝑃 + ∇.  𝜇 ∇ V   + (∇ V   )𝑇  + 𝜌g  + F                                                                                           (2) 
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At the interface position between gas-liquid, surface continuum force equation that developed by Brackbill 

et al. [5] is incorporated as a source term by replacing the volume force (F  )  within the momentum equation, thus 

Eq. 2 can be written as- 

𝜌  
𝜕V   

𝜕𝑡
+ ∇.  V      V     = −∇𝑃 + ∇.  𝜇 ∇ V   + (∇ V   )𝑇  + 𝜌g  + 𝜍𝑘n  δs                                                                                 (3) 

 

Where 𝑉  , P, σ, 𝑛   , k and δs  are the velocity vector, pressure, surface tension coefficient, unit normal vector 

at the interface, curvature of the interface, and surface delta function respectively.  

 

Level-set function for calculating of gas-liquid interface: 

In level set (LS) method, a smooth function φ is used to define as the gas-liquid interface position and 

written as-   

𝜑(𝑟 , 𝑡) =  

     +𝑑         in liquid region
0         at interface

−𝑑         in gas region

                                                                                                                                (4) 

 

where d = d (𝑟 ) is the shortest distance of the interface from point 𝑟 . Eq. 3 can be modified as-  

𝜌 𝜑  
𝜕V   

𝜕𝑡
+ ∇.  V      V     = −∇𝑃 + ∇.  𝜇 𝜑  ∇ V   +  ∇ V    

𝑇
  + 𝜌 𝜑 g  + 𝜍 𝑘 𝜑  ∇𝐻 𝜑                                           (5) 

 

where H (φ) is defined as the function of Heaviside, which is calculated by following equation- 

𝐻 𝜑 =  

1                                       𝑖𝑓𝜑 > 𝜀
1

2
+

𝜑

2𝜀
+

1

2𝜋
 sin

𝜋𝜑

𝜀
     𝑖𝑓 𝜑 ≤ 𝜀

0                                       𝑖𝑓𝜑 < −𝜀

                                                                                                                       (6) 

 

where ε is the numerical thickness of the interface. To capturing the gas-liquid interface motion, the 

advection for LS function and the volume fraction α is solved by following equations – 
𝜕𝜑

𝜕𝑡
+ ∇.  V    𝜑 = 0  𝑎𝑛𝑑  

𝜕𝛼

𝜕𝑡
+ ∇.  V    𝛼 = 0                                                                                                                    (7) 

 

Void fraction (α) is defines as the fraction of the liquid inside a control volume or cell, in which α taking the 

value of 0 for pure gas cell; 1 for pure liquid cell and between 0 and 1 for interface of gas and liquid in the cell. 

The density and viscosity are calculated from the LS function as- 

 

𝜌 𝜑 = 𝜌𝑙𝐻 𝜑 + 𝜌g 1 − 𝐻 𝜑     𝑎𝑛𝑑   𝜇 𝜑 = 𝜇𝑙𝐻 𝜑 + 𝜇g 1 −𝐻 𝜑                                                               (8) 

 

where ρl, ρg, μl and μg is the density of liquid and gas; the viscosity of liquid and gas respectively. In the 

current study, glycerin solution is used as the primary phase (liquid) and air is used as secondary phase and the 

physical properties are shown in Table 1. 

 
Table 1: Material properties for the present simulation. 

Glycerin/Water 
(Vol-%) 

Density, ρ 
(kg/m3) 

Viscosity, μ 
(Pa.s) 

Surface tension, σ (N/m) Morton number,   
Mo 

0/100 998.2 0.0017 0.073 2.6e -10 

60/40 1150 0.013 0.064 9.3e -7 

82/18 1205 0.075 0.064 9e -4 

98/2 1245 0.46 0.063 1.4 

 

Geometry, boundary condition and numerical methods: 

The bubble rise dynamics are investigated in a 2D rectangular column to minimize the computational cost. 

The width of do/0.08 mm and the height of 25do mm are used to minimize the effect of wall that was 

recommended by Krishna [7].  At the initial stage of simulation, a 4 mm air bubble is imposed at the center and 

10 mm height from the bottom of the domain into different types of viscous fluid (Table 1). For boundary 

condition, the side and bottom walls are assigned as no slip condition and the top wall as outlet condition. The 

operating pressure is the ambient pressure and the gravitational force (g) of 9.81 m/s
2
 is assigned along –Y 

direction. The continuity, momentum and volume of fluid fraction equations were solved using the Fluent [8], 

which is based on the finite volume method. QUICK, PISO and PRESTO! Schemes are applied to solve the 

momentum, pressure-velocity coupling and pressure. The time step of 0.0001s and convergence value of 1×10
-7

 

is assigned for all equations. The mesh size has been refined several times to make sure that the solutions have 



16                                                                      P. Ganesan et al, 2014 

Advances in Environmental Biology, 8(22) November 2014, Pages: 14-18 

 
less depending on the mesh size. A quad mesh of 0.25 mm × 0.25 mm is used in this study to carry out all of 

simulation results.    

 

RESULT AND DISCUSSION 

 

Bubble shape deformation: 

Fig. 1 shows the bubble terminal velocity and bubble aspect ratio as a function of viscosity ratio. The 

viscosity ratio (μr) is the ratio of liquid viscosity of air viscosity and the bubble aspect ratio (h/w) is the ratio of 

bubble height to the bubble width. It is found that the bubble terminal velocity (UT) is decreased and the bubble 

aspect ratio increases with increasing of viscosity ratio (μr). This is occurred due to the decreasing pressure 

difference between the top and bottom surface of the bubble for increasing of μr, as results of low buoyancy or 

bubble terminal velocity. Moreover, a circulation of liquid (i.e., clockwise in right side region and anti-clock 

wise in left side region of the bubbles) around the bubble form liquid jets, which are pushes the bubble lower 

surface, as consequences of bubble deformation occur. For instance, a more deformation (or h/w ~ 0.53) with 

faster rises of the bubble (or UT ~ 0.23 m/s) is observed for the low, μr ~ 0.1×103. The more bubble deformation 

is occurred due to the development of stronger liquid vortex that pushes strongly behind the bubble. 

 

 
Fig. 1: Terminal velocity (UT) and bubble aspect ratio (h/w) as a function of viscosity ratio (μr).  

 

On the other side, the viscous force is continuously trying to maintain the bubble motion with a minimum 

shear stress. As a consequence, a weak stretching develops over the top surface of the bubble for the low μr. So, 

the bubble in a low μr moves firstly than the bubbles of high μr. It is also observed that the numerical results of 

bubble terminal velocities, the experimental data of Krishna et al. [9] for μr of 0.1×10
3
 and Reymond and Rosent 

[10] for value of μr > 0.1×10
3
 are well agreements and the relative error is less than 5.7%. Therefore the results 

indicate that the present models can be capable of predicting accurate results. 

  

Drag coefficient, Bubble aspect ratio and Reynolds number: 

Most of the correlations have been developed based on a single bubble flow in a stagnant medium and 

bubble equivalent diameter as a function of the bubble terminal is an important component to calculate the drag 

coefficient (CD) and Reynolds number (ReT). The calculated results of CD = (4 Δρ g do)/(3ρl UT
2
); Reynolds 

number, ReT = (ρl UT do)/μl and bubble aspect ratio, h/w are checked with the developed correlation of Chi et al. 

[11] and Zhang et al. [12] for the capability of the present model. However, Chi et al. [11] was investigated a 

single bubble deformation (or shape) in the range of Morton number, Mo ~ 4.34×10
-3

-163 to develop a 

correlation to predict the bubble aspect ratio (h/w). The correlation can be written as (h/w) = 4.67 ReT
0.625 

Bo
-1

 

Mo
0.291

. Fig. 2 shows the present simulation results and Chi et al. [11] correlation result, in which the curve is 

plotted as (h/w)/Mo
0.291

 versus ReT. For the low Mo of 2.6×10
-10

 (or pure water), the simulation result was 40% 

higher from the correlation line and 10% variation on average is observed for the range of Mo, 9.3×10
-7

 - 1.4 (or 

contaminant solution).  

On other hand, Zhang et al. [12] was also investigated of a single bubble rise behavior in a wide range of 

Morton number, Mo ~ 10
-7

 - 15 and Archimedes number, Ar ~ 0.06 - 8349 to develop an empirical correlation 

for prediction of drag coefficient. Thus, the correlation can be written as CD = 2.275 Ret
-1.79 

Ar
0.801

. Fig. 3 shows 

the drag coefficient (CD) as a function of Archimedes number (Ar). It is observed that the CD value is decreased 

with the Archimedes number (Ar) as similar trend of Zhang et al. [12] correlation, whereas the variation is less 

than 15%. This variation occurs due to the different concentration of glycerol solution (i.e., 0 to 98%), whereas 

the correlation has been developed for high concentration of glycerol solution (i.e., 82% to 99%). Hence, the 

model can be capable to predict more accurate results for contaminant solution (glycerin) than the pure solution 

(water).  
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Fig. 2: (h/w)/Mo

0.291
 versus ReT.                                    Fig. 3: CD versus Ar. 

 

Effect of Bond number (or variation of surface tension coefficient) on bubble coalescence: 

Bubble coalescence dynamics is investigated in 82% glycerin solution (Table 1), whereas the density and 

viscosity ratio is in 1000. Reynolds number and Bond number is calculated from the following equations, Re = 

(ρl g
0.5

do
1.5

/μl) and Bo = (ρlgdo
2
/σ). Fig. 4a shows a volume fraction contours series of two bubble coalescence 

dynamics when Re = 13 and Bo = 3. At initial condition t* = 0, the 4 mm spherical bubbles are in static position 

with center to center distance of 4 mm. When the simulation began, the bubbles move to rise due to the 

buoyancy and becomes an ellipsoidal shape (t* = 6.9). It is observed that the top bubble is more elongated 

horizontally due to the influence of the pressure of the bottom bubble. As the time progresses, the two bubbles 

are touched to each other (t* = 7) within a short period because of wake effect of the top bubble and form a big 

bubble as like as nearly spherical shape (t* = 7.5).  However a significant change in shape of bubbles is 

observed in the high Bo number in Fig. 4b. Fig. 4b shows the volume fraction contours series of two bubble 

coalescence when Re = 13 and Bo = 30. It is observed that at t* = 3.9, the bubbles are in spherical cap shape. 

This happens due to slight involvement of the liquid jet behind the top bubble that encourages stiff deformation 

of the bottom bubble. As a result, the bottom bubble is in less deform than the top bubble (t* = 5.4). In addition, 

it is observed that a small amount of liquid is trapped inside the bubble after the bubble coalescence due to the 

high inertia in short period, therefore the liquid is unable to squeeze out completely in the time (t* = 6.4). This 

phenomenon has also reported by Gupta and Kumar [13]. A bubble breakup also observed for the Bo number of 

30 (at t* = 8.4).  

 

(

a) 

    
 t* = 6.9 t* = 7 t* = 7.3 t* = 7.5 

(

b) 

    

 t* = 3.9 t* = 5.4 t* = 6.4 t* = 8.4 

 

Fig. 4: Bubble shape evaluation for ρr = μr = 1000, when (a) Bo = 3, Re = 13 (b) Bo = 30, Re = 13. 
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The coalescence of bubbles is estimated at t* = 7 for Bo = 3 (Fig. 4a) and t* = 5.4 for Bo = 30 (Fig. 4b). 

The bubble of a large Bo of 30 (which indicates low surface tension) collides earlier than the bubble of a low Bo 

in 3 (which indicates high surface tension). It is observed that a more deformation of the bubbles is observed for 

the lower surface tension. This occurs because of low obstruction to resist the change in shape of the bubbles. 

As results the top bubble moves slowly due to the development of stronger liquid jet behind the bubble. On the 

other side, the surface tension force is continuously trying to maintain the shape with a minimum surface 

energy. Therefore, the inflexible stretching develops over the top surface of the bottom bubble for the low Bo of 

3 (which indicates high surface tension).  As a termination of late coalescence is occurring in the lower Bo 

number bubble. From the above comparisons, it is noted that the present model can be used to predict the 

changes of complex topological in shape of the bubbles during the coalescence mechanism.   

 

Conclusion: 

In this paper, the bubble rise dynamics have been investigated into different concentration of glycerin 

solution using CLSVOF method.  The bubble terminal velocity, drag coefficient, Reynolds number and bubble 

aspect ratio are in good agreement with experimental data. It is found that a more deformation and faster rise of 

bubble in the lower Morton number because of stronger vortex of liquid jet. A higher surface tension coefficient 

(low Bond number) produces a weak vortex of liquid jet behind the bubbles. Therefore the bubble coalescence 

is occurring lately. 
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