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ABSTRACT
The importance of air bubble dynamics in liquid is in some phenomena like chemical and
biochemical processes in refinery units. The 2D Volume of Fluid (VOF) method together
with the CFD technique were employed for simulating. The dynamic meshing technique is
used to simulate the hydrodynamics of rising air bubble in liquid water column via the User
Defined Function (UDF) code in the C++ environment was developed to evaluate bubble
rising through the water column. The rising of air bubble through a stagnant water column
has been considered and the influence of column dimension, bubble size, and aspect ratio on
the rising velocity characterized is investigated. The obtained results showed that the bubble
rising velocity increase with the bubble size and its shapes was transformed from ellipsoidalto-ellipsoidal cap shape. The rising velocity of air bubbles was affected by the column diameter.
It was observed that the air bubble moving toward the top of the water column with oscillation
for all cases. A good agreement was obtained between the rising velocity predicted in the simulation with that obtained from the literature.
Cite this article as: Hussein EQ, Rashid FL, Hussein AK, Younis O. Hydrodynamics of single bubble rising through water column using volume of fluid (VOF) method. J Ther Eng
2021;7(Supp 14):2107–2114.

INTRODUCTION
The phenomenon of air-water two-phase flow appeared
in many applications such as in petroleum, chemical,

nuclear power plant, solar energy, and biogas energy [1–4].
The motion of air bubbles in a liquid column can be considered very complex because of the high viscosity and density ratios. In addition, it was complicated to formulate an
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all right mathematical model to be used in calculating the
rising velocity of air bubble in different system parameters
and physical properties. The behavior of a rising air bubble
is a function of bubble size and air-water properties such as
density, surface tension, and viscosity [5]. The rising of air
bubble can be presented by experimental investigations, but
there is main difficulty in the quantitative estimation that
the multiphase flow studies demonstrate complex problems
[6]. Many numerical techniques and computing power
were advanced like computational fluid dynamics (CFD)
which became a good approach of studying the behavior
of rising air bubble in vertical water column [7–10]. The
method of the volume of fluid (VOF) was an effective way
for simulation of the two-phase flow [11]. The volume
of the fluid method was utilized for interfacial tracking
motion in all phases, which is included in the continuum
surface force (CSE) equation and governing equation at the
interface [12–17]. Therefore, the method of level-set (LS) is
coupled with the method of the volume of fluid to enhance
the interfacial pursuit and bubble shape [18–20]. Yong et
al. [20–23] used the volume of fluid method to simulate
the distortion of a bubble rising under very high pressure.
Hua et al. [24] used a direct numerical simulation of three
dimensions for simulating the interaction of two bubbles in
a stagnant viscous fluid. Chen et al. [25] used the method
of the volume of fluid to simulate the rising of a single bubble in a stagnant water column and the interaction of the
gas-water interface. Huang et al. [26] used the method of
the volume of fluid with a momentum equation to simulate
the shape geometry and rising manner of the twin bubbles
of horizontal arrangement in a steady liquid. Pär et al. [27]
revealed a one-dimensional model of marine two-phase
gas and the interaction between the dissolved and free gas
phases and the gas liberated to the atmosphere. Kishor et al.
[28] presented a numerical simulation of bubble hydrodynamic and pressure drop due to friction associated with
gas-liquid two-phase flow in T-junction microchannel.
Zhang et al. [29] experimentally investigated the transient
motion of a single bubble in a highly viscous fluid, they
successfully provided empirical correlations for total drag
coefficient and joint unsteady force coefficient which are in
very good agreement with the experimental results.
The objective of this research is to implement the theoretical investigation of different air bubble sizes raised
in stagnant water contained by different column shapes.
Results from this study could be useful to understand the
true physical phenomena and design of a water column.
Finally, it proposes innovative criteria for the selection of
the multiphase flow model on CFD simulation.
MATHEMATICAL MODEL
Case Study
In this work, the 2D domain is employed to explore the
behavior of rising single air bubble in the stagnant water
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Figure 1. Schematic of possible flow regimes in bubble
columns.

column. The dimensions of the column are: height of (100–
150) mm and width of (20–40) mm as presented in Figure
(1). The single air bubble is decreed at the center and 10 mm
height from the base of the column at the first stage of simulation. In this work, four bubble diameters of 5, 6, 7, and 8
mm are studied. The air bubble in the compliant water will
raises under the buoyancy force action [30].
In this work, the primary phase is water (liquid) and the
secondary phase is air (gas). The main physical properties
are used to observe and describe the matter of the single air
and water are tabulated in Table (1) [31].
Governing Equations and Modeling
In this paper, a comprehensive CFD modeling has been
employed to cover all details of two-phase flow during the
operation of a moreover, a user-defined function has been
used to complete the Fluent code to simulate the phase
change material.
Continuity Equation
The unsteady state continuity equation of fluid is
based upon the principle of mass conservation. The
Table 1. Physical properties of test fluids at atmospheric
conditions [31]
Fluid

Air

Water

Density, kg/m3
Viscosity, Pa.s
Surface tension, mN/m

1.22

999

0.018

0.89

–

72.0
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general formula of the unsteady-state continuity equation
is [31, 32]:
∂ρ

+ ∇. ( ρ v ) =0
∂t

(1)

Equation of Gas Volume Fraction
The unsteady state gas volumetric fraction equation in
2D can be presented by the following equation [30]:
∂α g
∂t

+

∂(ug , xα g )
∂x

+

∂(ug , yα g )
∂y

=
0
(2)

The equation of liquid water volume fraction in the similar formula of gas (air) volume fraction, and the sum of two
is equal to unity:
α1 + αg = 1

(3)

Where α1 and αg, are volumetric fraction of liquid and
fluid phase respectively, x and y, are the horizontal and vertical axis, and t is the time. Solution of the above equation
for the volume fraction of one of the phases is used to track
the interface between the phases.
Momentum Equation
In Newton’s second law, it was stated that the sum of the
forces which are acting on an element of fluid is equal to its
acceleration rate of momentum change. This relates to the
momentum equation, the general form of the momentum
equation [31]:


 
 ∂u 
p  + (u.∇ ) u  = −∇p + ∇. ( 2 µ D ) + ρ g + F
t
∂



(4)

Where g, p, μ, and u are the acceleration of gravity, pressure, dynamic viscosity, and velocity, respectively, and D is
the stress tensor which can be presented as:
=
Dij

1  ∂u j ∂ui 
+


2  ∂xi ∂x j 
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scheme. The pressure velocity coupling was solved by splitting operations algorithm [34]. The solution stability will
attain a convergence without a significant loss [35]. The
body force weight sketch and the implicit force curing were
used to solve the pressure and improve the solution convergence. A grid independence study is carried out to find the
grid size required for simulating an initially static spherical bubble of initial diameter is considered for the study.
Moreover, a user-defined function has been used to complete the fluent code to simulate the phase change material.
A time step of 10–4 was assigned to simulate the transient
flow based on the explicit scheme.
RESULTS AND DISCUSSION
The air bubble rising through the water column has
been considered and the impact of column dimension,
bubble size, and aspect ratio on the rising velocity and
shapes of the air bubble is investigated. The case research of
single air (gas) bubble rising in viscous water (liquid) was
investigated in various applications of multiphase flow. The
obtained CFD results were compared against the experimental results data of 4mm bubble in low Morton numbers for purpose of validation as shown in Figure (2). The
results of this work show that CFD is a necessary tool for
the evaluation and agree well with that obtained from the
experimental results of Zhang et al. [29].
The CFD results of a single air bubble rising through a
water column with different bubble sizes of (dB = 5, 6, 7,
and 8 mm) are depicted in Figure (3).
The rising velocity of a single air bubble increases with
increasing the size of the bubble due to the impact of the
increased buoyancy force. When the bubble is wobbling,
the rising velocity at the beginning decreases and after that
increases smoothly. During the air bubble oscillation, the
rising bubble velocity was decreased at the zone of the oscillating spherical cap. At the end, the rising bubble velocity
was increased at the zone of the spherical cap due to the

(5)

Operating Conditions
Both the base and sidewalls of the region are assumed as
a non-slip boundary condition and the top wall as pressure
outlet boundary condition. The operating pressure is set
to be equal to ambient pressure. The ambient pressure, i.e.
101325 pa is set as the operating pressure, the acceleration
of gravity is assigned along the y-direction. ANSYS Fluent
commercial package was utilized for solving the continuity, momentum, and fractions of the volume of fluid [32,
33]. The flow equations were of the second-order upwind

Figure 2. Experimental and numerical rising velocity varying with time.
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Figure 3. Time evolution of rising velocity at different bubble size.

Figure 4. Density contour for large bubble size with different time.
reduction in the shape oscillation and reached a constant
value.
For large bubbles, their velocity tends to increase but
they are not stable and tend to subdivide into smaller
bubbles as shown in Figure (4). The external field stresses
deform the bubble surface which leads to zigzag motion by
the asymmetry of the pressure field in the periphery of the
bubble. During the zigzag movement, the bubble reverses

its axis or form oscillation until reaching the top of the
domain, as shown in Figure (5). For the latter case, the
bubble rises faster with shape oscillation due to a vehement
vortex of liquid jet acts succeed the bubble.
The result concludes that the bubble shapes vary with
the diameter and this is caused by the varying drag forces.
Therefore, the bubble rising velocity increases with the size
of the bubble, and the bubble shape geometry change from
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Figure 5. Rising velocity contour with different time of simulation.

Figure 6. Rising velocity with time at different tube size.
an ellipsoidal form to an ellipsoidal cap. The effect of the
width column on the bubble characteristic is an investigation for three different domains at a fixed height of 100mm
and varying width (20,30 and 40mm) for a fixed bubble
diameter of 5mm. The single bubble velocity varied with
time as presented in Figure (6). The rising velocity of the air
bubble was influenced by the diameter of the water column.
however, this influence was diminished when the ratio of
bubble diameter to the water column diameter is smaller.
The rising velocity was affected by the water column diameter when increasing the ratio of bubble diameter to the
water column diameter, due to the wall column effect.
The variation of bubble rise velocity with column height
(100–150) mm for a fixed width of 30mmof the domain is

given in Figure (7) for a fixed bubble diameter of 5mm. The
domain height is sufficient for bubble dynamic simulation
in all cases of study, and the rising velocity decreases with
increase column height due to the increase in bubble residence time at the top of the water column, which leads to
enhance the mean bubble diameter to bubble coalescence.
The initial shape of air bubble in liquid water with a
different aspect ratio of (0.75,1 and 1.25), as shown in
Figure (8).
Figure (9) reveals bubble rising velocity variation with
time at different bubble aspect ratios. It is clear that the
higher aspect ratio gives higher rising velocity at the initial time due to the low flow drag. The development of the
final bubble shape is affected by the initial bubble shape in
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Figure 7. The rising velocity with time at different column height.

Figure 8. Bubble dimension with the different aspect ratio.

Figure 9. The rising velocity with time at a different aspect ratio.
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the flow regime. When the aspect ratio of the initial bubble
shape is lower, the cap bubble is transformed into a spherical cap bubble, and when the aspect ratio of the initial bubble shape is higher, the toroidal bubble is developed. The air
bubble rising velocity is affected by the initial bubble shape.
The results concluded from this study could be useful to
understand the true physical phenomena and design of an
air bubble water column.
CONCLUSION
In this work, four different sizes (diameters) of air bubbles (5, 6, 7, and 8 mm) in the water column were numerically studied by using the VOF method. The following
points were concluded from the present work:
1. The air bubble rising velocity of the present CFD
models agreed well with the experimental results of
Chakraborty et al. [35]. The bubble rising velocity
increased with increasing the bubble size, and it was
influenced by the water column shape geometry.
2. The oscillations were found to be more pronounced
for lower bubble size and the amplitude is observed to
decrease with increasing the diameter of the air bubble.
3. The maximum deviation in rising velocities in all cases
of study decreased with the increase in bubble diameter.
4. The velocity of bubble rising is affected by the initial
shape of the bubble, it decreases with increase column height due to the increase in bubble residence
time at the top of the water column.
5. The bubble shapes vary with the diameter due to the
effect of varying drag forces.
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