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Abstract

The rising air bubbles in a liquid due to gravity has been researched for many years
and remain a fascinating subject today. The 2-D Volume of Fluid (VOF) method
and the CFD technique were employed for simulating. The dynamic meshing
technique is applied to simulate the hydrodynamics of rising air bubbles in a liquid
water column via the User Defined Function (UDF) code in the C++ environment
was developed to evaluate bubble rising through the water column with different
salinity. 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 and some parameters (Reynolds number, Re, E6tvés number,
Eo, Weber number, We, Morton number, Mo, Drag coefficient, Cp, Capillary
number, Ca, and Flow number, Fn are investigated. The obtained results showed
that the bubble rising velocity increases with the bubble size. The bubble shapes
vary with the diameter due to the effect of varying drag forces.The drag coefficient
is reduced from 2.85 to 0.4 as the Reynolds number increases from 20 to 1475.The
maximum rising velocity increases by 75% when the EStvds number increases from
700 to 950, while the Weber number increases by 60% when the bubble size
increases from 5 to 7 mm. A good agreement was obtained between the rising
velocity predicted in the simulation and that obtained from the literature.
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1.Introduction

Water is used to cool most industrial operations, including refineries, petrochemical
plants, Liquefied Natural Gas LNG plants, and power plants. Big amounts of
saltwater are utilized as cooling media in large industrial plants, and the capacity
becomes several ten thousand cubic meters per hour. In a seawater cooling system
of large industrial plants, the seawater, after passing the heat exchanger, is usually
discharged to the sea zone during a discharge pipe and a discharge basin [1].

In real-world industrial operations, a large number of bubbles of various forms,
sizes, and speeds interact with one another in the instrument. The engineering
implementation (salinity water desalination, nuclear reactor cooling, heat
exchanger, and solar collector) is mostly based on the features of bubbles and the
interaction between the scattered and continuous phases [2, 3]. Furthermore, due to
the intricacy of their motion characteristics, the motion of many bubbles differs
from that of single bubbles. Consequently, studying the characteristics of bubble
movement and their interactions is useful and academically relevant in a range of
engineering fields [4-12].

High-speed photographic and probe technology are now the most used testing
procedures. Because probe technology [13] requires direct contact with the gas
phase to measure gas hold-up and bubble size in the system, high-speed
photography has become increasingly important for measuring bubble behavior
characteristics due to its advantages of full-field, non-contact, and instantaneous
measurement [14]. Islam et al. [15] utilized the CFD code FLUENT to numerically
analyse the rising of single gas bubble behavior through sluggish (stagnant) water
in a trapezoidal and rectangular domain. Pradeep et al. [16] proposed 3-D bubble
dynamics on the Open FOAM platform. The verified numerical model was utilized
to analysed hydrodynamics of a single bubble in sodium to show a similarity
between the two systems. In the sodium system, the aspect ratio of the bubble of
0.9 cm diameter is found to be quite similar to that of a 0.5 cm bubble in the water
system. Nguyen et al. [17] looked into how contaminants affected the rise of liquid
droplets in other liquids. The characteristics of rising multiple CO, droplets
contaminated with SO; in a situation where they could leak into seawater from the
facility or a pipeline in a Carbon Capture and Storage (CCS) venture are examined.

Bubble properties of bubbly foam of subcooled flow boiling in made-up
seawater are measured by Li et al. [18], involving bubbles Sauter mean diameter,
bubble form, bubbles equivalent diameters, bubble size distribution, and bubbles
directions. According to the findings, the mean diameter of Sauter of purified water
might be 16-30% bigger than that of made-up saltwater.

Suyantara et al. [19] investigation aimed to see how saltwater affected bubble-
particle interaction with molybdenite and chalcopyrite surfaces. In artificial
seawater, it was discovered that kerosene absorbed at the bubble's air/liquid
interface lowered the bubble rise velocity and increased the bubble aspect ratio.
Ramirez et al. [20] investigated the effects of bubbles-oily and the sodium silicate
(SS) and dispersants sodium hexametaphosphate (SHMP) on molybdenite flotation
in alkaline seawater. The obtained results reveal that when kerosene is applied to
the bubble's surface, molybdenite recovery rises, especially in the molybdenite
flotation at pH > 9.5 in saltwater.
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The influence of release size, current velocity, and release rate on CO gas-
seawater dispersion was studied by Pham et al. [21]. The study found that a high
release rate during low current had the most serious consequences. Straatman and van
Sark [22] presented a low-cost technique for indirectly capturing and purifying CO;
from ocean water. According to Henry's law, atmospheric CO- dissolves in saltwater.
The calculation shows non-condensable cold water containing up to 14% CO,.

According to the literature survey, the hydrodynamics of a single air bubble
through stagnant water with different salinity was not reported in the literature.
As a result, this research aims to implement the theoretical investigation of
different air bubble sizes raised in stagnant water with different salinity using the
Volume of Fluid (VOF) method and the CFD technique. The research findings
might aid in understanding the design of a water column and real physical
phenomena. Finally, it proposes innovative criteria for selecting the multiphase
flow model on CFD simulation.

2. Mathematical Model
2.1. Case study

In this work, the 2-D domain is employed to explore the rising single air bubble
behavior in the stagnant water column with different salinity. The dimensions of
the column are width of (20-40) mm and height of (100-150) mm, as presented in
Fig. 1. The single air bubble is decreed at the center and a height of 10 mm from
the base of the column at the first stage of simulation. Four bubble diameters of 5,
6, and 7 mm are studied in this work. The compliant water's air bubble will raise
under the buoyancy force action [23].

air

e (20-40) mm -»|
Fig. 1. Schematic of possible flow regimes in bubble columns.
In this work, the primary phase is water (liquid), be natural at once and with
different salinity in others, and the secondary phase is air (gas). The main physical

properties used to observe and describe the matter of the single air and water are
tabulated in Table 1 [24].
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Table 1. Atmospheric conditions physical characteristics of test fluids [24].

Fluid Air Water
Density, kg/m? 1.22 999
Viscosity, Pa.s 0.018 0.89
Surface tension, mN/m - 72.0

2.2.Governing equations and modeling

A comprehensive CFD model has been utilized in this article to cover all features
of two-phase flow during the operation of a rising single air bubble through
stagnant water with different salinity. A user-defined function has been used to
finish the Fluent code to mimic the phase change material.

The Reynolds number (Re), E6tvds number (E,), Weber number (I4,), Morton
number (M, ), Drag coefficient (Cp), Capillary number (C,), and Flow number (Fy)
are the parameters that characterize the Air Bubble Rising Through Different
Salinity Water Column, as revealed by the steady-state momentum and energy
equations [23-25].

inertial force __ pjupd

Re = — 1)
viscous force [T}
buoyancy force _ p1gd? (2)
© 7 surface tension force o
inertial force plugd
W, = _ = (3)
surface tensmil force c
wZ _ g
M = —e — 5 4
o O Re# p1o3 ( )
_ We _ 4gd
C =%, =52 ©)
o b
U
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c
2/3
R
Fy = Eo () ™
Ca

where p; and y, are density and dynamic viscosity of the liquid, respectively, o
is surface tension, uy, is bubble velocity, d is tube diameter, and g is gravitational
constant.

2.2.1. Continuity equation

The unsteady state continuity equation of fluid is based upon the principle of mass
conservation. The general formula of the unsteady-state continuity equation is [24, 25]:

z—‘: +V.(pp) =0 (8)

2.2.2. Gas volumetric fraction equation

The unsteady state gas volumetric fraction equation in 2D can be presented by the
following equation [24]:

mﬂ O(ugxag) | 0(ugyag)
6t+ ax + dy =0 ©)

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;

at+a;=1 (10)
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where a;and agare the volumetric fraction of liquid and gas phase, respectively, t
is the time, x and y, and the horizontal and vertical axes. The interface between the
phases is tracked using the solution of the preceding equation for the volume
fraction of one of two phases.

2.2.3. Momentum equation

In Newton's second law, it was stated that the sum of the forces 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 [24-27]:

p [+ @ V)| = —Vp +V.(2uD) + pj + F 1)

where u, p, g, and y, are the velocity, pressure, acceleration of gravity, and dynamic
viscosity, respectively. D represents the stress tensor which can be presented as:

_1 auj ou;
DU - 2 [axi + 6x,] (12)

3. Operating Conditions

The region’s base and side walls are considered to be non-slip boundary conditions,
whereas the top wall is supposed to be a boundary condition of the pressure outlet.
The working pressure is set to be the same as the surrounding air pressure. The
ambient pressure, i.e., 101.325 kPa, is set as the operating pressure, and the
acceleration of gravity is assigned along the y-direction. ANSYS Fluent
commercial package was utilized to solve the fluid volume's continuity,
momentum, and fractions [28, 29]. The flow equations were of the second-order
upwind scheme. A splitting operations algorithm solved the pressure velocity
coupling [30]. The solution stability will attain a convergence without a significant
loss [31]. The body force weight sketch and the implicit force curing were used to
solve the pressure and improve the solution convergence. The study considers a
grid independence analysis to determine the grid size necessary for replicating an
initially static spherical bubble of the initial dimension. Furthermore, in order to
mimic phase change material, a user-provided function was utilized to complete
the fluent code. A time step of 10-4 was assigned to simulate the transient flow
based on the explicit scheme.

4. Results and Discussion
4.1.Natural water

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, as presented in Fig. 2.
When the bubble is wobbling (proceeding with staggering motion), 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. In the end, the rising bubble velocity was increased at the
zone of the spherical cap due to the reduction in the shape oscillation and reached
to a constant value, as shown in Fig. 3.
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0s 0.15s 0.272s 042s

Fig. 2. Density contour for large bubble size with different time.

0s 0.12s 0.2s 034s

Fig. 3. Rising velocity contour with different times of simulation.

The CFD results of a single air bubble rising through a natural water column
with different bubble sizes of (dB=5, 6, and 7 mm) through column dimensions
(H=90 mm, W=30 mm) are depicted in Fig. 4.
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Fig. 4. Time evolution of rising velocity with different bubble size.

Figure 5 shows the rising velocity of a single air bubble rising freely in sluggish
water as a function of the period from 0 to 0.42 s. The rising velocity becomes
higher with increasing Edtvos number in the range 700, 800, and 950.
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Fig. 5. Time evolution of rising velocity with different EGtvos number.

Figure 6 shows the relation between Reynolds numbers of rising of single air
bubble freely in sluggish water as a time-dependent variable period from 0 to 0.42 s
for different bubble sizes. The increase in bubble size increases the Reynolds number.
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Fig. 6. Reynolds number as a function of time with different bubble size.

Figure 7 shows the Reynolds number of rising of a single air bubble freely in
sluggish water as a time-dependent variable period from 0 to 0.42 s with different
Eo6tvds numbers (700, 800, and 950). The Reynolds number increases with the
increase in E6tvos number.
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Fig. 7. Reynolds number as a function of time with different E6tvés number.
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Figure 8 shows Weber number of rising of single air bubble freely in sluggish
water as a time-dependent variable period from 0 to 0.42 s with different bubble sizes
ranging (5, 6, and 7 mm). The Weber number increases with increased bubble size.
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Fig. 8. Weber number as a function of time with different bubble size.
Figure 9 shows the Weber number for rising of a single air bubble freely in

sluggish water as a function of the Reynolds number with different bubble sizes (5,
6, and 7 mm). The Weber number decreases with increased bubble size.
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Fig. 9. Variation of Weber number with
Reynolds number for different bubble size.

Figure 10 shows the Flow number for rising single air bubble freely in sluggish
water as a function of the Reynolds number with different bubble sizes (5, 6, and 7
mm). The Flow number increases with increasing the size of the air bubble.
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Fig. 10. Variation of Flow number with
Reynolds number for different bubble size.
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Figure 11 shows the drag coefficient of a single air bubble rising freely in
stagnant water as a function of Reynolds number of 20 to 1475. The drag coefficient
becomes smaller as the Reynolds number becomes higher in the region of Reynolds
number of 20 to 1475, and it is in the range from 0.4 to 2.85.
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Fig. 11. Drag coefficient as a function of Reynolds number.

The CFD results of a single air bubble rising through the natural water column
with a constant bubble size of (dB=5 mm) and different aspect ratios (AR=2, 3, and
4) through column dimensions of constant height (H=90 mm) and different widths
(45, 30, and 22.5), respectively are depicted in Fig. 12. From this figure, the
increase in aspect ratio increases the rising velocity of the air bubble. Figure 12
reveals bubble rising velocity variation with time at different bubble aspect ratios.
Itis clear that the higher aspect ratio gives a higher rising velocity at the initial time
due to the low flow drag. The air bubble's rising velocity is affected by the initial
bubble shape. The development of the final bubble shape is affected by the initial
bubble shape in the flow regime. When the aspect ratio of the initial bubble shape
is lower, the cap bubble is transformed into a spherical cap bubble. When the aspect
ratio of the initial bubble shape is higher, the toroidal bubble is developed. The
findings of this study might help researchers better grasp the design and real
physical phenomena of an air bubble rising through a water column.
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Figure 13 shows the Reynolds number of rising of a single air bubble freely in
sluggish water as a time-dependent variable with different Aspect ratios (2, 3, and
4). The increase in the Aspect ratio increases the Reynolds number.
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Fig. 13. Variation of Reynolds number with time for different aspect ratio.

4.2. Water with different salinity

The CFD results of a single air bubble rising through different salinity water
columns (10%, 20%, and 30%) with a constant bubble size of (dB=5) through
column dimensions (H=90 mm, W=30 mm) are depicted in Fig. 8. The salinity
water's physical properties are reported in Table 2.

Table 2. Physical properties of water with different salinity.

Salinity Density Kinematic Dynamic Surface
(%) (kg/m?®) viscosity (m?/s)  Viscosity (Pa.s) tension (N/m)
10 998.626 0.961x10® 0.000959 0.072949
20 998.707 0.987x10® 0.000985 0.072951
30 998.787 1.013x106 0.001011 0.072953

Figure 14 shows the Reynolds number for rising single air bubble freely in the
sluggish water of different salinity as a function of time. From this figure, the
increase in the salinity of water decreases the Reynolds number.
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Fig. 14. Reynolds number as a function of time with different salinity.
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Figure 15 shows the Weber number for rising single air bubbles freely in the
sluggish water of different salinity as a function of the Reynolds number. From this
figure, the increase in the salinity of the water increases Weber number.
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Fig. 15. Weber number vs. Reynolds number for different salinity.

Figure 16 shows the Flow number for rising single air bubbles freely in the
sluggish water of different salinity as a function of the Reynolds number. From this
figure, the increase in the salinity of the water increases the Flow number.
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Fig. 16. Flow number vs. Reynolds number for different salinity.

5.Conclusions

The liquid (water) is used to cool most industrial operations, including refineries,
petrochemical plants, LNG plants, and power plants. In this work, three different
diameters (sizes) of air bubbles (5, 6, and 7 mm) rising in the water column with
different salinity (10, 20, and 30 %) were numerically studied by using the Volume
of Fluid (VOF) method together with the CFD technique was employed for
simulating. The dynamic meshing technique is applied to simulate the
hydrodynamics of rising air bubbles in liquid water columns with different salinity.
It is clear that the higher aspect ratio gives a higher rising velocity at the initial time
due to the low flow drag. The development of the final bubble shape is affected by
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the initial bubble shape in the flow regime—also, the Reynolds number increase
when the bubble size increases, while the Weber number decreases. Finally, the
effect of salinity of the water decreases the Reynolds number while the Weber
number increases. Moreover, the increment in the salinity of water enhances the
Flow number. This study showed that there is still a need for further comparisons
of FLUENT code calculations with experimental data and a sensitivity analysis of
the main parameters.
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Nomenclatures

AR Aspect Ratio

C, Capillary number

Cp Drag coefficient

D Stress tensor, 1/s

d Tube diameter, m

E, E6tvs number

Fy Flow number

g Gravitational constant, m/s?
H Water column height, m

M, Morton number

p Pressure, N/m?

Re Reynolds number

T Time, s

up Bubble velocity, m/s
xandy  Horizontal and vertical axes
W Water column width, m

W, Weber number

Greek Symbols

a; The liquid water volume fraction
o Surface tension, N/m

) Density of liquid, Kg/m?

W Dynamic viscosity of the liquid, Pa.s
Subscript

b Bubble

g Gas

I Liquid

Abbreviations

CCsS Carbon Capture and Storage
CFD Computational Fluid Dynamics
SHMP Sodium Hexametaphosphate
SS Sodium Silicate
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UDF User-Defined Function
VOF Volume of Fluid
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