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Abstract Bubble formation is an integral part of the two-

phase flow science. Through numerical simulation and

experiments using different air flow rates and orifice

diameters, the present study aims at investigating the

behavior of bubble formation and evolution from vertical

wall orifice in quiescent pure water. For the experiments,

the images of the bubble formation process under different

working conditions were recorded using a high-speed

camera and analyzed the entire process. The bubble for-

mation process can be divided into three stages, namely

nucleation, stable growth, and necking. According to the

obtained results, bubble forms only when the air-phase

pressure exceeds the threshold pressure at wall orifice. Due

to the influence of the threshold pressure and buoyancy, the

bubble volume decreases with an increase in the wall ori-

fice diameter for the same flow rate. Moreover, the volume

of fluid method is applied to simulate bubble formation in a

three-dimensional model and the ‘‘buffer volume’’ is con-

sidered in the simulation model. The simulation results

matched well with the experimental data, which proves the

existence of threshold pressure and the periodic pressure

fluctuation at the wall orifice.
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1 Introduction

As a key component in the degassing system of thorium

molten salt reactor, the main function of a venturi-type

bubble generator is to produce bubbles that are uniform in

their size [1–3]. Bubble behavior in a generator can be

divided into three processes, namely bubble formation,

bubble movement, and bubble fragmentation. The study of

the formation and detachment of bubbles is one of the most

important processes to describe and predict the behavior of

bubbles in a bubble generator. In recent decades, several

kinds of bubble column reactors have been widely studied

and applied in various fields due to their favorable char-

acteristics in terms of sufficient inter-phase contact and

mixing, high mass and heat transfer rates, uniform con-

centration, and temperature distributions [4–9]. The size of

the gas bubbles, an important parameter that influences the

performance of the bubble column reactor, determines the

bubble rising velocity and gas residence time. It, also, in

turn governs the gas holdup, the interfacial area, and,

subsequently, the gas–liquid mass transfer rate. More sig-

nificantly, the interaction between the bubbles, such as the

coalescence and fracture of the bubbles, can change the

mass transfer area between the phases [10].

Several scientists and engineers have conducted

numerous researches using experimental and
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computational fluid dynamics (CFD) methods to study

bubble formation and detachment behavior [11–18].

Pourtousi et al. used the volume of fluid (VOF) method

within the ANSYS Fluent commercial code to simulate the

two-dimensional methane bubble formation and rise from

the orifice at the bottom wall. The simulation results were

consistent with the experimental results for bubble forma-

tion [11]. Bhunia et al. conducted a study on bubble for-

mation from a single nozzle in a coflowing liquid

configuration. The described theoretical model predicts the

bubble diameter at detachment and is in good agreement

with the experimental results [16]. Nahra et al. conducted a

study on bubble formation and detachment from wall ori-

fice. They found that bubble formation and detachment can

be classified into two stages called the expansion stage and

detachment stage. They also determined the bubble for-

mation and detachment process based on the rate of grav-

ity, air inlet diameter, and inlet and fluid velocity; however,

in their experiments, the air intake direction was consistent

with that of buoyancy [17, 18]. In recent years, many

studies have been conducted on bubble formation and

detachment from a micro-orifice at the bottom wall surface

[19–22]. Xie et al. [20] studied bubble formation in a

bubble column reactor with an orifice plate of

0.054–0.5 mm in diameter. The results showed that the

evolution of the bubble formation process can be described

using three or four stages for different orifices. Two

important concepts called ‘‘threshold pressure’’ and ‘‘wait

time’’ were first proposed in their study. Zhang et al. [21]

investigated the bubble dynamic behavior at the submerged

micron orifice. The outcome indicated that the bubble

formation process can be divided into three stages, namely

nucleation, stable growth, and necking. In most of the

previous studies, the gas was injected into the liquid

through the bottom wall orifice or intake pipe; hence, the

air inlet direction was similar to the buoyancy of the

bubble. In these studies, bubbles were approximately

spherical or axial symmetric as there was no lateral wall

effect. However, the bubbles formed in the vertical wall

orifice were not spherical or axisymmetric, and the lateral

wall effect played an important role in bubble formation,

detachment, and rising [23]. Zhang et al. used two-di-

mensional (2D) CFD-VOF model to numerically analyze

the rising bubbles in the side channel. The results showed

that the bubbles would stick to the wall during the rising

process. Zhao et al. conducted a similar study with a three-

dimensional (3D) CFD-VOF model and obtained identical

results. The contact angle played a dominant role in their

model [24, 25]. Cai et al. used the VOF method to study the

process of bubble formation and detachment from a verti-

cal wall orifice of a venturi-type bubble generator in a

cross-flowing liquid. They found that the pressure fluctu-

ation and mass flow rate should be considered to have an

essential impact on bubble formation and detachment;

however, the calculated results failed to predict the reflux

phenomenon shown in the experiment [26].

A bubble generator may be used in the vertical state of

the degassing system of molten salt reactor and other

applications. However, bubble formation from the vertical

wall orifice has hardly been studied, primarily due to

research difficulty and the key point in the study of bubble

generation from the wall orifice. The purpose of this study

is to investigate the behavior of bubble formation and

evolution from vertical wall in quiescent pure water.

Instant images of bubble motion are recorded using a high-

speed photographic technique. With a digital image pro-

cessing technique, parameters such as bubble size, the

spatial evolution of bubble shape, and the changes of

velocities with different height, can be obtained. The

variations and relationship among these parameters under

different working conditions are discussed. The numerical

simulation of bubble formation under different conditions

is also carried out with buffer volume using the VOF

model.

2 Experimental system and Numerical methods

2.1 Experimental setup

The experimental setup used in this study is outlined in

Fig. 1. It is composed of a gas supply system, bubble

generator system, and measurement system. The gas supply

system is made up of pure standard air cylinder, air

flowmeter with a range of 0–100 mL/min (Sevenstar,

CS200), and a computer. Experiments were carried out in a

vertically placed transparent Plexiglas tank (360 mm

height, 90 9 90 mm2 interior cross-sectional area) with

Fig. 1 (Color online) The schematic of experimental setup
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three different sizes of wall orifice (1.0 mm, 1.5 mm, and

2.0 mm). The experiment began after the tank was filled

with the quiescent pure water up to 200 mm above the top

edge of the wall orifice. The measurement system is

composed of a Photron-type high-speed camera (Vision

Research, v1210), LED light source, and computer. The

LED panel light is settled on the right-hand side of the

tank, and the camera is placed on the opposite side to

record the evolution process of bubbles, including the

shape of bubbles, time of bubble formation, and detach-

ment process. In this experiment, high-speed camera

recorded images at a frame rate of 10000 frame/s and

resolution of 640 9 768 pixel were used with 1.16 ls as

the exposure time. Finally, the bubble images were pro-

cessed and analyzed.

The densities of deionized water and pure air, which are

used as the main working medium, are 998.2 kg/m3 and

1.204 kg/m3, respectively. The experimental conditions are

listed in Table 1.

The bubble formation period and bubble formation time

are defined as follows:

1. Bubble formation period T: The time between the start

of the formation of one bubble and the next bubble.

2. Bubble formation time t: The time between the start of

the formation of one bubble and the start of the

detachment of that bubble.

2.2 Governing equations

The bubble formation simulation in a bubble column

reactor has been studied using the VOF method. This

method has been used in several studies to investigate the

interaction of gas and liquid interfaces, particularly in

bubble formations [22, 27]. In the VOF model, a single set

of momentum equations is shared by the fluids, and the

volume fraction of each of the fluids in each computational

cell is tracked throughout the domain. The VOF method

utilizes the volume ratio function F:

F ¼ Volume of fluid in unit

Volume of unit
; ð1Þ

F ¼
0 in bubbles

0\F\1 interface

1 in liquid fluid

8
<

:
: ð2Þ

The volume fraction of the fluid in the flow field is

calculated using the following transport equation:

oF

ot
þr � ðF v!Þ ¼ 0: ð3Þ

As the pressure and Reynolds number are small in the

flow field, laminar flow and incompressible calculation

method are used for calculation. The Navier–Stokes

equations are given by:

r � v!¼ 0; ð4Þ

oðq v!Þ
ot

þrðq v! v!Þ ¼ �rpþr½lðr v!þr v!TÞ� þ F
!

s

þ q g!:

ð5Þ

where v is the velocity of the mixture, q is the density of

two-phase flow, t is the time, Fs is the volumetric forces,

p is the pressure, g is the gravity, and l is the viscosity.

The contact angle is related to the properties of gas,

liquid, and solid phases. In particular, when air bubbles

form from the vertical wall orifice, the contact angle has a

strong influence on the bubble formation process. The

contact angle between the transparent Plexiglas and bubble

was measured in the laboratory, and it was found to be 68�.

2.3 Numerical method

According to Mukundarkrishnan et al. when the distance

from the wall to the bubble exceeds three times the bubble

diameter, the effect of the sidewalls can be ignored [23]. In

the experiment, the maximum bubble diameter was less

than 8 mm, and so the physical model of the simulation

process was simplified to a three-dimensional model with a

cross section of 32 9 32 mm2 and height of 50 mm. The

geometric model for this experiment is shown in Fig. 2. In

the experiment, it was found that the formation time and

period of bubbles were related to the volume size of the

inlet pipe between the air flowmeter and wall orifice, which

was 0.012 ml. This part of the volume is defined as the

buffer volume and simplified by calculation as shown on

the left-hand side of Fig. 2.

Firstly, the preprocessing of numerical calculation was

conducted including the establishment of geometric model,

partition grid, and boundary conditions. Next, the grid

independence verification was performed. ANSYS Fluent

16.0 was used for simulation calculation. Based on the

Table 1 Experimental conditions

Parameters Numeric value or name

Medium Deionized water and air

Density (water) (kg/m3) 998.2

Density (air) (kg/m3) 1.204

Wall orifice diameter (DN) (mm) 1.0, 1.5, 2.0

Air flow rate (mL/min) 20, 40, 60, 80, 100

Temperature (�) 20
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simulation results for different grid sizes, the model with

1717130 grid number was selected for calculation. A

transient model based on an explicit scheme with a time

step of 0.00001 s and Courant number 0.25 was used. The

inlet and outlet boundary conditions were defined as mass

flow inlet and pressure outlet, respectively. All the solid

walls were considered to have no-slip boundary condition,

and the contact angle was approximately 68�.

3 Results and Discussion

The dimensionless time t* is defined as ti/t. Therefore, in

Fig. 3, t* = 1 indicates that the bubbles are at the end of

the detachment.

3.1 Bubble formation process

To reflect the bubble formation process and the size of

the bubble formation more intuitively, the bubble size,

bubble formation time t, and bubble formation period T are

selected. These three parameters are discussed based on the

size of the orifice diameter and air flow rate. Zhang et al.

[21] found that the bubble dynamic behavior at the sub-

merged micron orifice can be divided into three stages,

namely nucleation, stable growth, and necking. Figure 3a

shows the formation process of air bubbles with an orifice

of 1.5 mm in diameter and air flow rate of 40 mL/min. The

bubble formation process from vertical wall orifice can also

be divided into the following three stages:

A. Nucleation stage (t* B 0.056): Bubbles begin to grow

when air is injected into the tank. In this stage, bubbles

are small and the surface tension is much greater than

buoyancy. Thus, the surface tension dominates the

entire stage. Once the bubble cap diameter is equal to

the orifice diameter, the surface tension reaches its

maximum value. However, the time period of this

stage is quite short.

B. Stable growth stage (0.056\ t* B 0.711): As the

volume of the bubbles increases, the effect of buoy-

ancy becomes more apparent in the formation of

bubbles. Under the effect of buoyancy, the bubble

begins to shape into a cap.

C. Necking stage (0.711\ t* B 1): After the bubbles

volume increases to a certain extent, the bubbles

continue to move upward and the gas–liquid interface

begins to fall off from the bottom of the orifice, which

is the biggest difference from the bubble formation

process by the bottom wall orifice. Eventually, the

bubbles completely fall off from the wall orifice.

The schematic diagram of the forces acting on the

growing bubble at vertical wall orifice is shown in Fig. 4.

Here, the wall orifice is DN. The contact angle of the

bubble is a and b due to asymmetrical growth.

Fig. 2 (Color online) Computational model and boundary conditions

Fig. 3 (Color online) Bubble

formation process

(DN = 1.5 mm, air flow

rate = 40 mL/min):

a experimental results and

b calculation results
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The forces acting on the bubble in the x and y directions

are given by the following equations:

X
Fx ¼ Fsx þ Fdux þ Fcp ¼

dðmUcxÞ
dt

; ð6aÞ

X
Fy ¼ Fsy þ Fduy þ Fb ¼

dðmUcyÞ
dt

; ð6bÞ

where Fsx and Fsy are the x and y surface tension, respec-

tively. Fdux and Fduy are bubble growth forces caused by

asymmetric growth and inertial forces, respectively. Fcp is

the contact pressure accounting for the fact that the bubble

is in contact with a solid wall rather than being completely

surrounded by a liquid. Fb is the buoyancy force. The

surface tension force is given by the following equations

[28, 29]:

Fsx ¼ � 1

2
DNr

Z 2p

0

sin cd/; ð7aÞ

Fsy ¼ � 1

2
DNr

Z 2p

0

cos c cos/d/; ð7bÞ

where u is the polar angle around the bubble and

c ¼ cð/Þ � aþ ðb� aÞ/
p

ð8Þ

Equation (8) is substituted in Eqs. (7a) and (7b) and

simplified as follows:

Fsx � �DNr
p

b� a
ðcos a� cos bÞ; ð9aÞ

Fsy � �1:25DNr
pðb� aÞ

p2 � ðb� aÞ2
ðsinbþ sin aÞ: ð9bÞ

As b ? a,

Fsx � �DNrp sin b; ð10aÞ

Fsy � �2:5DNrðb� aÞ sinb
p

: ð10bÞ

The buoyancy force is denoted as follows:

Fb ¼ ðql � qgÞVBg: ð11Þ

To understand the formation process of bubbles, the

forces on the y-axis are discussed as follows: (A) In the

initial stage of bubble formation, the bubble is symmetric

with respect to the central axis, and thus, a = b. According
to Eq. (10b), the surface force in the y direction is 0. The

volume of the bubble is quite small, and at this stage, the

buoyancy of the bubble is negligible. The maximum sur-

face tension is reached when the bubble diameter is equal

to the orifice diameter. As the volume of the bubble

increases, the force Fduy is negligible relative to the

buoyancy. (B) When the wall orifice diameter DN is

1.5 mm, the range of Fsy is calculated based on Eq. (9b)

using MATLAB. When 0\ a\ p/2 and 0\ b\ p/2, the
surface force in the y direction is less than 9.0 9 10-5 N.

When the buoyancy force is 9.0 9 10-5 N, the bubble

radius is approximately 1.3 mm based on Eq. (11). It is,

thus, clear that the upward buoyancy force Fb is greater

than the surface tension force Fsy and the bubble begins to

move upward and deform a cap. (C) When b is greater than

p/2, the buoyancy acting on the bubble is more significant

due to the continuous growth in the bubble volume. The

gas–liquid interface begins to fall off from the bottom of

the orifice, and eventually, the bubbles completely fall off

from the wall orifice.

3.2 Bubble size and liquid reflux

Figure 5 shows the images of the bubbles at the moment

of detachment recorded by a high-speed camera under

different wall orifice diameters and air flow rates.

Accordingly, the size of bubble formation is noticeably

related to the orifice diameter and air flow rate. Based on

this, the following conclusions are drawn, as shown in

Fig. 6a and b: (1) Within a certain range, the smaller the

orifice diameter, the larger would be the bubble volume.

This result is contrary to that of bubble formation from

bottom wall orifice [21]. (2) For the same orifice diameter,

the volume of bubbles increases as the air flow rate

increases. The results can be preliminarily explained as

shown in Fig. 6c. For the same air flow rate, the smaller the

orifice diameter, the longer would be the bubble formation

period (T). Therefore, the bubble volume will be larger if

the period of bubble formation is longer. It can also be

concluded that the bubble formation period decreases with

an increase in the air flow rate for the same orifice diam-

eter, indicating that the speed of bubble formation is faster.

However, the following results are obtained when the

relationship between the bubble formation time and other

parameters is further studied, as shown in Fig. 6d. With the

Fig. 4 (Color online) The main forces acting on the bubble
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Fig. 5 (Color online) Bubbles

detachment moment under

different wall orifice diameters

and air flow rates

Fig. 6 (Color online) The relationship between bubble parameter and the air flow rate under different orifice diameters: a bubble section area,

b average bubble volume, c bubble formation period, and d bubble formation time
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same air flow rate, the smaller the air orifice diameter is,

the shorter would be the bubble formation time (t). How-

ever, it is clear from the above discussion that the smaller

the orifice diameter is, the larger would be the bubble

volume when it falls off. This is because although the air

flow rate is the same, the instantaneous rate of air entering

the bubble through the wall orifice is different due to dif-

ferent wall orifice diameters. However, in the case of

bottom wall orifice, bubble volume increases with an

increase in the orifice diameter for the same flow rate

[11, 20, 21]. This could be the result of wall effect and

buoyancy.

The above results are mainly caused by the surface

tension in the air inlet pipe. In other words, the different

orifice diameters have different threshold pressures during

the bubble formation process [20]. The different threshold

pressures decrease the size of the bubbles with an increase

in the orifice diameter.

The effect of surface tension in the wall orifice is

denoted as follows:

Dp ¼ 4r
DN

; ð12Þ

where Dp is the pressure difference in the gas and liquid

phase, which is the required threshold pressure when the

bubble formation begins.

It can be noted from Eq. (12) that the smaller the orifice

diameter, the larger is the pressure threshold. When DN is

small, a higher pressure is required. Once the threshold is

reached, the gas quickly enters the bubble. Therefore, the

gas has greater instantaneous velocity. In other words, the

gas entering the bubble has greater inertial force and

momentum flux force. This leads to more gas entering the

bubble, making it bigger. Due to the greater inertial force

and momentum flux force, bubbles quickly form, grow, and

fall off at the wall orifice. Figure 7 shows the evolution

process of the height of bubble center at different times

when the wall orifice diameter is 1.0, 1.5, and 2.0 mm,

respectively, and the air flow rate is 40 mL/min. Based on

the results, it can be concluded that the larger the orifice

diameter, the longer will be the bubble formation time.

Thus, the time of the buoyancy effect before the bubble

falls off will increase, central height of the bubble will be

higher, and shape of the bubble will be stretched in the

direction of buoyancy.

After the bubble falls off, the air pressure in the inlet

pipe reduces. Under the effect of surface tension, the liquid

will flow back into the air inlet pipe. The bubble will form

again when the air pressure in the inlet pipe reaches the

critical pressure; thus, the pressure in the air inlet pipe

fluctuates. Further related explanation is provided in the

later sections through calculations.

3.3 Simulation of the bubbles formation process

The calculated results are in good agreement with the

experimental results. Figure 3b shows the evolution of

bubble formation and detachment by calculating a three-

dimensional model with orifice diameter of 1.5 mm and air

flow rate of 40 mL/min. According to the statistical anal-

ysis for this condition, the calculated average volume of the

bubble is 4.87 9 10-2 mL, and the average volume of the

bubble in the experiment is 4.93 9 10-2 mL. It is deter-

mined that the ratio of the calculated bubble volume to the

measured bubble volume is 0.988. Thus, the error is found

to be 1.2%. Simultaneously, the bubble formation period is

calculated to be approximately 0.074 s. In this condition,

the bubble formation period measured by the experiment is

0.074 s. Table 2 shows the specific calculation results with

an orifice diameter of 1.5 mm.

The above results show that the computational model

can properly simulate the formation and detachment of

bubbles on the vertical wall orifice. Meanwhile, the cal-

culated results can accurately predict the liquid reflux

phenomenon in the experiment. However, the calculation

model used in the literature does not provide this result and

has a continuous bubble generation process [26]. There-

fore, it is necessary to add buffer volume into the calcu-

lation model.

Figure 8 is a schematic diagram of the relationship

between pressure and dimensionless time (T* = Ti/T) in the

wall orifice. It can be seen that the pressure on the wall

orifice increases rapidly as the bubbles begin to form. The

maximum critical pressure, which is the threshold pressure,

can be reached in a short time. At this point, the bubble

diameter is equal to the orifice diameter. Afterward, the

pressure on the wall orifice rapidly drops. This is because

once the bubble begins to grow, the velocity of the air flow
Fig. 7 (Color online)The height of bubble center at different

dimensionless times
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increases rapidly, causing the pressure of the wall orifice to

decrease rapidly. It can also be noted from the figure that

there is a small pressure peak in the bubble formation

process. The main reason behind this is the third stage of

bubble formation, where the bubble starts to neck and the

water phase gradually increases, such that the average

pressure at the hole increases. In general, the bubble for-

mation mechanism is controlled by the pressure fluctuation

and this fluctuation at the orifice corresponds to the three

stages of bubble formation.

4 Conclusion

In the present study, the dynamic behavior of bubbles

formation and evolution from vertical wall orifice in qui-

escent pure water was investigated through visualization

experiments and numerical simulations. To study the

bubble formation, an orifice with diameter of 1.0, 1.5, and

2.0 mm and air flow rate of 20, 40, 60, 80, and 100 mL/min

were used. The main conclusions of the study are as

follows:

(1) The evolution of the bubble formation process can

be divided into three stages, namely nucleation,

stable growth, and necking. In the first stage,

buoyancy is negligible and is mainly affected by

surface tension. However, in the latter two stages, as

the bubble volume increases, buoyancy plays an

increasingly apparent role in bubble forming and

deforming. The stage of necking is quite different

from the bubble formation process by the bottom

wall orifice.

(2) A bubble can form only when the air-phase pressure

exceeds the threshold pressure at wall orifice. Due to

the influence of the threshold pressure and buoyancy,

the bubble departure volume and formation period

increase with a decrease in the wall orifice diameter.

The results obtained were contrary to that of bubble

formation from bottom wall orifice.

(3) An agreement between the simulation and experi-

mental results with the same condition is noted. The

simulation results show that the pressure threshold

and periodic pressure fluctuation at the orifice are

related to the formation and shedding of bubbles.

The pressure fluctuation at the orifice can directly

reflect the three stages of bubble formation.
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