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Abstract

A Study on the Development of Sub-micron Bubble Generator 
and Characterization of Sub-micron Bubble

    This study examined the possibility of sub-micron bubble 
generation through the experiment of microbubble generation 
and the modeling of bubble breaking up. And using the 
developed sub-micron bubble generator and the method to 
measure the size of bubble by DO concentration, the effect 
of factors in sub-micron bubble generator on the bubble 
generation efficiency, was investigated. And the 
characteristics of sub-micron bubbles was measured such as 
rise velocity, the mass transfer rate, and the zeta potential.

1. Modeling of the Sub-micron Bubble Generation
1.1 The principle of microbubble generation in conventional 
microbubble generator
    Microbubble generation principle in a conventional 
microbubble generator has been established through 
comparison of experiments and three theories about bubble 
generation; nucleation, direct injection, and breaking up. The 
experiment was operated with different flowrate and nozzle 
sizes. And experiment results were compared the tendency of 
bubble generation and the size of generated bubbles with 
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bubble generation theories to determine the suitable theory. 
    The results displayed that the nucleation showed a 
considerable gap in the condition of microbubble generation, 
and physical injection in the size of bubbles. In contrast, the 
bubble generation theory by breaking up is suitable for 
explaining generation of bubbles in conventional microbubble 
generator. Lastly, as a result of the comparison of bubble 
size, it was found that the bubble size is irrelevant to the 
size of nozzle and flow.

1.2 Modeling of the hydraulic force exerted on bubbles in the 
nozzle
    The hydraulic force exerted on a bubble in nozzle flow 
was formulated by fluid momentum equation and Bernoulli's 
equation. And based on this, the impact of radius of the 
nozzle, pressure, relative velocity, length of the nozzle, initial 
bubble size and friction coefficient to the force exerted on 
bubble, was investigated.
    The results show that the hydraulic force exerted on a 
bubble gets larger as the radius of the nozzle gets smaller 
and the pressure, relative velocity, the length of the nozzle, 
initial bubble size and friction coefficient get larger. 

2. Development of Sub-micron Bubble Generator
2.1 Outline of sub-micron bubble generator
    Based on the result of the experiment and modeling 
above, a sub-micron bubble generator was developed by 
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using a pump and a hose. Under a certain condition of 
diameter and length, sub-micron bubble is generated. 

2.2 Method of measuring the sub-micron bubble size
    Existing methods to measure sub-micron bubble size 
have difficulty in measuring and adaptation to field in 
common. One of the methods to complement this weakness is 
DO concentration method. On this study, the interaction 
formula between DO concentration and bubble size is derived 
to improve the accuracy of the method.
    To do this, the size of sub-micron bubble and DO 
concentration at that time are measured first. The size of 
bubble was measured by counting the number of pixels after 
photographed by an optical microscope and revising. And the 
interaction formula between DO concentration and bubble 
size was presumed as a cumulative curve based on the idea 
that bubble size distribution follows normal distribution. 
Estimating coefficients from the result of this experiment, the 
interaction formular is derived.

2.3 The effect of design and operating conditions on 
sub-micron bubble generator
    A high capacity sub-micron bubble generator was built 
for investigating the effect of design and operating conditions 
on sub-micron bubble generator. DO concentration was 
measured and the bubble size at the experiment was 
indirectly measured by DO concentration.
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    As a result, it was found that the size of sub-micron 
bubble gets smaller as the diameter gets smaller, and the 
pressure, length, air flowrate and friction coefficient get 
larger. 
    This shows a similar tendency with the result of the 
previous modeling, so that it represents that a hydraulic 
force in hose affects the generation of sub-micron bubble. 
And the size of bubbles have been estimated as 2-4 ㎛ 
approximately.

3. Characteristic of sub-micron bubble
    Understanding characteristics of bubble is crucial for 
operating treatment process and its optimization. Therefore, 
the basic characteristics of sub-mircon bubble such as rise 
velocity, mass transfer rate, and zeta potential were 
measured and compared to those of microbubble.  
    As for rise velocity, while microbubble showed a similar 
behaviour in accordance with the existing theory, sub-micron 
bubble was found incongruent for the theory. It is assumed 
that this is attributable to the small size of sub-micron 
bubble which gets easily affected by the surrounding 
environment. 
    As for mass transfer rate, it was modeled based on the 
existing theory. While a single bubble has a higher mass 
transfer rate as the size gets larger, but the mass transfer 
rate in same volume has a much higher transfer rate as the 
size gets smaller. 



v

    As for zeta potential, the values were measured by a zeta 
potential measuring device and compared to the conventional 
studies. As a result, the zeta potential of sub-micron bubble 
showed nearer to zero value than that of microbubble under 
every pH and NaCl conditions. This is assumed to be 
attributable to the weaker force for ions to adsorb to its 
surface than that of microbubble. 

Keywords: bubble breaking, sub-micron bubble, bubble size, 
bubble generator, DO concentration, rise velocity, mass 
transfer rate, zeta potential

Student Number: 2007-21130
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Chapter 1. Introduction 

1.1 Background

Bubble in the field of water treatment is used in a variety of 
applications. The most typical use is the flotation process 
which utilizes the buoyancy energy of the bubble to attach 
the contaminants, and remove it to water surface. In addition 
to this, application range of bubble is enlarged, as various 
effects of bubble became apparent. This processes include 
washing processes which use force from bubble explosion, 
and oxidation process using a high mass transfer rate. 

As mentioned before, bubbles are utilized in a variety of 
ways in the water treatment process. Common results from 
these processes are that smaller bubble size has higher 
efficiency. In case of flotation process, it has been proven 
through modeling (Han, 2001) and experiments (Han et al., 
2007) that smaller bubble size increases efficiency. Also the 
shear force, which occurs when the bubble explode, 
increases as bubble size decreases (Kim, 2010), so it is 
advantageous for washing process. Thus in water treatment 
process, treatment efficiency rises as the bubble size 
decreases. This fact highlights the necessity of smaller 
bubble generation.
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Dissolved air flotation plant that is currently operated 
generates microbubbles by rapidly reducing the pressure of 
the saturated water with air. Size limit at this time is known 
as about 30 ㎛. (Han et al., 2002). However, in many 
researches, the bubble size is smaller and it decreases 
constantly. Some of the studies research the nano-sized 
bubble. 

The primary purpose of nano bubble study, using a 
simulation or existing nano bubble generator, is to 
understand the fundamental properties of nano bubble such 
as bubble size (Agarwal et al., 2011; Cho et al., 2005) or zeta 
potential (Jin et al., 2007; Fan et al., 2010; Cho et al., 2005). 
However, these researches are still in its infancy and are 
done independently, thus definitions of the nanobubble size 
range are distinctly different (Figure 1.1). Some of the study 
results show difference of 700 times. Further, most of the 
research is biased to the basic properties of the nano 
bubbles and there are almost no progress in studies on nano 
bubble generation principle for the actual field. Therefore, in 
order to apply smaller bubble to water treatment process, 
more researches on the definition of the clear bubble size 
and proper fabrication of nano bubble should be preceded. 
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Figure 1.1 The definition of the nano bubble with size according to 

researchers

1.2 Objective

Bubbles have unlimited potential over the entire engineering 
field rather than only environmental engineering field. 
Especially if the bubble size can be reduced to nano-scale, 
the applicable range and efficiency will increase largely. 

Therefore, in this study, sub-micron bubbles are defined as 
bubbles having size of 0.1 to 10 ㎛, and the discussions of 
the characteristics and generation principle are based on this 
definition of sub-micron bubble. And based on the 
investigation of generation principle, the research result will 
be applied to suggest a efficient bubble generating device. 

Therefore, the purpose of the study is to investigate the 
sub-micron bubble generation principle; to demonstrate it 
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through experiment; and to analyze the effects of design and 
operation of the device. The purpose of detailed studies as 
follows. 

(1) Analysis the principle of bubble generation at bubble 
generator
1) Investigation of the principle of conventional microbubble 

generator
2) Development the model to expect the force on the bubble 

in the nozzle
3) Suggestion the design and operational conditions to 

generate sub-micron bubbles
  
(2) Development of sub-micron bubble generator
1) Production of sub-micron bubble generator
2) Improvement the method to measure the size of 

sub-micron bubble using DO concentration
3) Derivation the optimum design and operational conditions 

of sub-micron bubble generator

(3) Investigation of sub-micron bubble characterization 
1) Rise velocity measurement of microbubbles and sub-micron 

bubbles
2) Calculation of theoretical mass transfer rate according to 

the size of bubble
3) Measurement of sub-micron bubbles zeta potential and 

comparison with microbubble zeta potential
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Chapter 2. Modeling of Sub-micron bubble 
Generation

2.1 The principle of microbubble generation in 
conventional bubble generator

2.1.1 Introduction

The applications of microbubbles have gradually widened. In 
the past, microbubbles were used only for the dissolved air 
flotation (DAF) process in water treatment plants. Recently, 
however, the use of microbubbles has spread to agriculture, 
therapy, and cleaning. For this reason, the efficiency of 
microbubble production has become important. Thus, a 
conventional type of apparatus has been developed that can 
easily generate microbubbles.

The bubble generator in the DAF process has a high recycle 
pump, a compressor, and a dissolve-tank where air is mixed 
with recycled water. The pressure in the dissolve-tank is 
maintained at 5 or 6 atm by the compressor. To supply 
water into the dissolve-tank, a high-pressure recycle pump is 
used. In the dissolve-tank, the air is dissolved into the water 
through high-pressure according to Henry’s law. To be 
effectively dissolved, the contact area has to be expanded by 
such methods as packing media or injection location (AWWA, 
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1999). The highly pressurized water, mixture of gas and the 
liquid, is released to the reactor and the microbubbles are 
generated by a pressure difference through the outlet and 
nozzle. The existing bubble generator in the DAF process is a 
complicated device, and it is difficult and expensive to 
operate due to the operation of a high-pressure recycle 
water pump and a compressor (Kim, 2010)

Conventional microbubble generators (CMG), as the 
alternative option for microbubble generation, usually consist 
of only a pump and a nozzle, while microbubble generators 
in DAF process consist of a high recycle pump, a 
compressor, and a dissolve-tank. Because of this simple 
structure, the apparatus can be moved easily and operated 
at low cost. Therefore, this system can be applied to various 
industries and researches that use bubbles. However, the 
mechanism of bubble generation in CMG is not clearly 
understood.

Therefore, in this study, CMG consists of only a nozzle and 
the pump is made to perform experiment about the influence 
of microbubble generation in accordance with the nozzle 
diameter and flowrate. As a result, the appropriate conditions 
of nozzle diameter and the flowrate were drawn to generate 
microbubble in CMG. And, based on the results, the principle 
of microbubbles generation in CMG was estimated. 
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2.1.2 Experiment methods

In this study, a microbubble generating experiment was 
performed to analyze the effects of the nozzle diameter and 
the flowrate of the water, which are concerned as the most 
important factors determining the generation of microbubbles 
in a CMG. The CMG, consisting of a inverter pump and a 
nozzle, was produced and used for the experiment.

Simple nozzles with diameters of 2, 2.5, 3, 3.5 and 4 ㎜ 
were produced for this experiment (Fig. 2.1). And the 
flowrates were changed from 2 to 12 ℓ/min by changing 
the velocity of the impeller in the inverter pump. The 
detail conditions of experiment is shown in Table 2.1. 
Every experiment was performed at a steady water 
temperature of 20 ± 2 ℃ and a constant air flowrate of 
200 ㎖/min. After microbubbles were generated for 15 min, 
the distribution of microbubble sizes was measured.

Figure 2.1 The cross-sectional diagram of simple nozzle  
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Table 2.1 The diameter of nozzle and flowrate conditions in experiment

Diameter of nozzle (㎜) Flowrate (L/min)

2.0 2, 3, 4, 5, 6

2.5 2, 3, 4, 5, 6, 7

3.0 2, 3, 4, 5, 6, 7, 8, 9

3.5 2, 3, 4, 5, 6, 7, 8, 9, 10, 12

4.0 2, 3, 4, 5, 6, 7, 8, 9, 10, 12

Microbubble generation was determined by visual inspection to 
check the milky water emergence. And the particle counter 
(chemtrac Model PC2400D, USA) was used to analyze bubble 
size distribution. This apparatus is known as the proper method 
to measure bubble size distribution (Han et al., 2002, 2009). 
Microbubbles from 10 to 50 µm were measured with 5 µm 
intervals. Under each experimental condition, the size 
distribution of microbubbles was measured five times and 
averaged for analysis. Figure 2.2 shows the outline of this 
experiment.
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Figure 2.2 The outline of microbubble generating experiment  

2.1.3 Results and discussions

2.1.3.1 The effect of nozzle diameter and flowrate on 
microbubble generation
Figure 2.3 shows the microbubble size distribution from 10 to 
50 µm, according to the nozzle diameter and the flowrate. 
The results of the experiment indicated that when the 
flowrate gets larger and the nozzle diameter gets smaller, the 
number of generated microbubbles are increased. However, 
the number of generated microbubbles was sharply increased 
in certain nozzle diameter and flowrate. Moreover, the water 
appeared milky when it contained many microbubbles. These 
results showed that there are certain conditions that create 
microbubbles in a CMG. 
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(a) The nozzle diameter: 2 ㎜

(b) The nozzle diameter: 2.5 ㎜
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(c) The nozzle diameter: 3 ㎜

(d) The nozzle diameter: 3.5 ㎜
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(e) The nozzle diameter: 4 ㎜

Figure 2.3 Bubble size distribution according to the nozzle diameter and 

flowrate

2.1.3.2 The effect of nozzle diameter and flowrate on 
microbubble size 
Figure 2.4 show the average bubble size according to the 
nozzle diameter and flowrate when microbubbles were 
generated. As the results, the average bubble size was 
decreased, as the nozzle diameter was decreased and the 
flowrate was increased. However, the range of bubble size is 
24.4-28.3 ㎛ in all experiment conditions. This results mean 
that the nozzle diameter and flowrate exert minor influences 
on the average size of microbubbles 
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Figure 2.4 Average bubble size according to the nozzle diameter and 

flowrate 

2.1.3.3 The principle of bubble generation
Bubbles in a liquid originate from one of three general 
sources: (1) they may be formed by desupersaturation of a 
solution of the gas or by the decomposition of a component 
in the liquid (nucleation); (2) they may be introduced directly 
into the liquid by a bubbler or sparger, or by mechanical 
entrapment (physical injection); (3) they may result from the 
disintegration of larger bubbles already in the liquid (bubble 
break-up) (Perry et al., 1984).

Almost operating DAF process creates microbubble by theory 
(1). Microbubble generator in DAF process dissolve as much 
air as possible into pressurized water in saturator by using a 
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compressure and rapidly desaturating the pressurized water. 
At this time, dissolved air is changed to microbubbles 
through nuclei. This process is usually called as nucleation.

Therefore, to use this theory, making supersaturation is very 
important to generate microbubble at desaturating conditions. 
If air does not dissolved sufficiently to reach supersaturation 
at desaturating conditions, the phase change, from dissolved 
air to gas, will not happened. 

In this experiment, air flowrate was constant as 200 ㎖/min. 
Solubility of air at 20 ℃ is 18.3 ㎖/ℓ-atm. Therefore, 
supersaturation will not happened when flowrate is larger 
than 10.9 ℓ/min. Therefore, if CMG generated microbubble 
by theory (1), microbubble will not generated when flowrate 
is larger than 10.9 ℓ/min.

But experiment results are in collision with that. Table 2.2 
shows the pressure in CMG according to the nozzle diameter 
and flowrate. ‘6 >’ means that pressure was higher than the 
maximum measurable pressure by used pressure gauge. And 
blank means the conditions where the experiment was not 
performed. Judgement about microbubble generation by visual 
inspection and particle counter methods were exactly same. 
The nozzle diameter and flowrate conditions where 
microbubbles were generated, were marked by shaded. 
According to the table 2.2, microbubble was generated where 
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flowrate was 12 ㎖/min which was larger than 10.9 ℓ/min as 
the limit flowrate to generate microbubble by nucleation. This 
result shows that theory (1) is not suitable to explain 
microbubble generation in CMG.

Table 2.2 The pressure and microbubble generation according to the 
nozzle diameter and flowrate

flowrate 
(ℓ/min)

Nozzle diameter (㎜)

2 2.5 3 3.5 4

2 0.6 0.6 0.3 0 0

3 1.5 0.8 0.6 0 0

4 2.5 2.1 0.8 0.3 0.3

5 4.1 3.1 1.4 0.5 0.4

6 > 6 4.7 1.8 0.8 0.6

7 > 6 3.4 1.0 0.8

8 4.2 1.7 1.1

9 5.3 2.3 1.3

10 3.0 1.7

12 4.0 2.5

To prove what theory (1) is not suitable to explain 
microbubble generation in CMG, DO concentrations were 
measured at part of CMG. For this experiment CMG was used 
under 2 ㎜ nozzle and 6 ℓ/min flowrate. And DO 
concentrations at raw water, after air inflow orifice, after 
pump and after nozzle as figure 2.5.
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Figure 2.5 The schematic diagram of DO concentration measurement 

experiment at each position of CMG

As the results of experiment, the DO concentrations were 
measured as 7.54, 7.55, 7.91 and 8.41 at raw water, after air 
inflow orifice, after pump and after nozzle, respectively. To 
explain the principle of microbubble generation using theory 
(1), the water should be supersaturated by air before nozzle. 
However, microbubble was observed after nozzle when water 
was not supersaturated. This results show that theory (1) is 
not suitable to explain microbubble generation in CMG.

Theory (2) explain bubble generation by entrapment or direct 
injection because of mechanical force. This principle is used 
to explain bubble generation for waterfalls and fountains. 
Bubble generation at an orifice also applies to this theory. In 
the case of CMG which used in this experiment, air is flowed 
in air inflow orifice which placed before the pump, only. If 
theory (2) is suitable to explain microbubble generation in 
CMG, microbubble should be generated at air inflow orifice. 
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Schematic diagram of bubble generation at the air inflow 
orifice is shown in Figure 2.6.

Figure 2.6 Schematic diagram of bubble generation at the air inflow 

orifice

The constant pressure bubble formation from an orifice in a 
horizontal wall with liquid cross flow over the wall can be 
explained by Marshall (1990) and Nahra and Kamotani (2000). 
When air is flowed into the orifice, the bubble size which 
generated at orifice can be calculated by equation 2.1 and 
2.2 by Marshall (1990) and Nahra and Kamotani (2000) 
respectively.
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  - eq. (2.2)

where : the density of liquid
        : the density of gas
        : the coefficient of drag force 
             (reynold’s number)

Figure 2.7 shows the calculated bubble size which generated 
at air inflow orifice by equation 2.1 and 2.2. In this 
simulation, parameters, shown in table 2.3, were same with 
performed experiment. 

Figure 2.7 Calculated bubble size at air inflow orifice with flowrate
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Table 2.3 The parameters for bubble size calculation using equation 2.1

Parameter Value

Air flowrate (㎖/min) 200 

The radius of air inflow orifice (㎜) 1

The radius of pipe (㎜) 5

The density of water (㎏/㎥) 998.2

The density of air (㎏/㎥) 2.6

Viscosity of water 1

Even though the bubble size is decreased when flowrate is 
increased, all bubble size is bigger than 2 ㎜ in experiment 
conditions. This results are totally different with experimental 
results. Moreover, the difference of bubble size was 
decreased as flowrate was increased. Therefore, enormous 
flowrate will be needed to generate microbubble by only the 
air inflow orifice. Even though equation 2.1 is applied to 
calculated the bubble size generated at orifice, 125 ℓ/min of 
flowrate is needed to generate bubble whose diameter is 1 ㎜ 
and 3.80 × 106 ℓ/min is needed to generate bubble whose 
diameter is 24.4 ㎛, the minimum average bubble size in this 
experiment. Therefore, generating microbubble only based on 
theory (2) is impossible in this experiment conditions. 
However, bubbles generated in the air inflow orifice could be 
used as parent bubble in theory (3).
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Theory (3) explain bubble generation by the breaking up of 
existing bubbles. This case can be explained by 
Rayleigh-Taylor (RT) instability model. RT instability is a 
fingering instability of an interface between two fluids of 
different densities, which occurs when the light fluid is 
pushing the heavy fluid (Sharp, 1984). In the case of CMG, 
when the large bubbles are pushed from nozzle to water 
tank, RT instability will be occurred as Figure 2.8. 

Figure 2.8 Schematic diagram of RT instability occurred in front of 

nozzle

Surface tension tends to stabilize the interface while viscous 
forces slow the rate of growth of unstable surface waves. 
The leading surface of a drop or bubble may therefore 
become unstable if the wavelength of a disturbance at the 
surface exceeds a critical value, . 
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  - eq. (2.3)

where : surface tension of water
       : the acceleration of bubble 
       : the density of water
        : the density of gas

In the disturbance caused by instability grows sufficiently, the 
bubble start to break up. In this time maximum stable 
diameter, m ax , is given approximately by equation 2.4 (Clift 
et al., 2005).

m ax  

  

  - eq. (2.4)

where, , the acceleration of bubble, can be calculated by 
dividing the mass from drag force as equation 2.5 (Lee and 
Park, 2002).

  




  - eq. (2.5)

where,  : the coefficient of drag force
       : the water velocity
       : the size of bubble before breaking up
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Figure 2.9 shows the maximum stable diameter according to 
the flowrate using equation 2.4 and 2.5, when nozzle size is 2 
㎜. The parameters which used in this calculation is shown in 
table 2.4. As the results, the maximum stable diameter of 
bubble is decreased as the flowrate is increased. And the 
microbubble whose diameter is below than 50 ㎛, which was 
the maximum detected size in this experiment, can be 
generated. And the number of bubbles are increased as the 
flowrate is increased because of the decrease of maximum 
stable diameter. These tendency is same with the results of 
experiment. Therefore, the principle of microbubble generation 
at CMG can be explained by the bubble breaking up.

Figure 2.9 Calculated maximum stable diameter according to the flowrate
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Table 2.4 The parameters for maximum stable diameter calculation

Parameter Value
The diameter of nozzle (㎜) 2 

Surface tension of water 0.07275
The density of water (㎏/㎥) 998.2

The density of air (㎏/㎥) 2.6
The coefficient of drag force 0.1

Temperature (℃) 20

However, it looks hard to generate sub-micron bubble by RT 
instability. First of all, huge force is needed to break up 
large bubble to sub-micron bubble. To generate 1 ㎛ bubble 
by the force of instability only, water should flow at the 2 ㎜ 
nozzle with the velocity about 403 m/s. Moreover, 
acceleration should be maintained until the bubble broken up 
to 1 ㎛. However this means that sub-micron bubble could 
be generated if huge force could be adjusted to large bubble 
for a long time. 
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2.1.4 Summary

(1) To confirm the principle of microbubble generation from 
CMG, microbubble generating experiment was performed with 
changing the nozzle diameter and the flowrate. As the 
results, the quantity of microbubble generation is increased 
as the nozzle diameter was decreased and flowrate was 
increased. And, it was observed that there were certain 
design and operation conditions that must be met to make 
microbubble. 

(2) Average size of microbubble is decreased as the diameter 
of nozzle is decreased and flowrate is increased. However the 
range of average size of microbubble according to the 
experiment condition is narrow. Therefore, it is hard to 
control the microbubble size by the diameter of nozzle and 
flowrate, only.

(3) There are three theories to explain the principle of bubble 
generation. Among them, nucleation can’t explain the 
conditions which can make microbubble, and the quantity of 
microbubble generated according to the experiment 
conditions. In the case of physical injection, it is impossible 
to generate microbubble in experiment condition. However, 
bubble break-up is suitable to explain microbubble 
generation in CMG. And sub-micron bubble could be 
generated by exerting the large force for a long time. 
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2.2 Modeling of the force exerted on bubbles in the 
nozzle

2.2.1 Introduction

From experiment results at chapter 2.1, the principle of 
microbubbles generation from CMG was recognized as the 
breaking up the large bubbles. And if the huge force were 
exerted on bubble for a long time, sub-micron bubble could 
be generated. 

Therefore, in this chapter, the interaction formula between 
the force exerted on the bubble and factors which contribute 
on the bubble breaking up in nozzle, was shown as 
mathematical model. And The effect of each factors on the 
force exerted on the bubble was analyzed by this model to 
show the design and operational conditions to generate 
sub-micron bubbles. 

2.2.2 The modeling of the force exerted on the bubble in 
nozzle

2.2.2.1 The assumption of modeling

Figure 2.10 shows the modeling conditions. The control 
volume of this modeling was limited as the surrounded place 
by broken line. Water and bubble in nozzle flowed same 
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direction and only the force caused by the water flowing, was 
existed in this control volume. And all of vertical force and 
heat by friction was ignored. And it is assumed that the 
change of momentum in the control volume were not 
happened such as the mass transfer or phase changing. 
Figure 2.10 showed the schematic diagram of modeling 
conditions. 

Figure 2.10 The schematic diagram of the modeling conditions
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where,  : The force at 1 and 2
       : The force exerted on the bubble
       : The initial bubble size  
        : The radius of nozzle
       : The radius of hose before nozzle
        : The relative velocity in the water at 1 and  2
       : The relative velocity before nozzle
        : Pressure at 1 and 2
       : Pressure before nozzle

In here,   and   can be expressed using   and   as 
equation 2.6 and 2.7

 






×  - eq. (2.6)

   

  



 - eq. (2.7)

2.2.2.2 External force analysis

In Figure 2.10, the external force is worked to -axis 
direction, only. In this case the sum of force can be express 
as equation 2.8

      - eq. (2.8)
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Among them,   and   is the force of pressure. Therefore, 
it can be expressed by multiplying the cross-sectional area 
and the pressure as equation 2.9 and 2.10

     ×
  - eq. (2.9)

     ×


 - eq. (2.10)

If equation 2.9 and 2.10 was adjusted to equation 2.8, that is 
transformed as equation 2.11

       
 


  - eq. (2.11)

2.2.2.3 Bernoulli's equation

The change of total head in nozzle can be expressed as 
Bernoulli's equation. From this equation, pressure under the 
bubble () can be calculated as equation 2.12.









 









   

  



  - eq. (2.12)

In here,  means the headloss generated by the friction 
between the wall of nozzle and water (), and the decrease 
of the cross sectional area (). In the case of , 
Darcy-Weisback equation is adjusted to calculated that.  is 
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proportional to the , and the proportional constant is 
determined according to the shape of cross-sectional area 
decrease in nozzle. Therefore,  can be estimated as 
equation 2.13.

    












 ′






 - eq. (2.13)

In here,   ′ are the coefficient of headloss of fluid 
friction, the change of cross section and the combined effect 

(especially, ′   
 ). In this research, ′ will be called as 

the fraction coefficient.

2.2.2.4 Continuity equation

The flowrate of water in this system is constant. Therefore, 
when   is known,   can be evaluated as equation 2.14

    

 

 






×  - eq. (2.14)

2.2.2.5 Fluid momentum equation

Fluid momentum equation is usually expressed as equation 
2.15. The first term in the right-hand side of this equation is 
the time rate of change of momentum in the control volume. 
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And the second term is the outflow rate of momentum 
through the inspection surface. In other words, the total 
force can be expressed as the sum of the changed 
momentum in the control volume and flowed momentum out 
of control volume. 

  
 



 ∀


∙  - eq. (2.15)

From the assumption of this modeling, the first term of 
right-hand side is zero. And second term can be expressed 
as the sum of momentum vectors in unit time () at the 
surface of control volume. Because the direction of 
movement and force is worked to x-axis only, it can be 
expressed as the sum of scalar. The final results of this 
process is shown in equation 2.16.

   
     - eq. (2.16)

Equation 2.17 which explain the force exerted on the bubble 
() mathematically, can be derived by the equation 2.16 and 
equation 2.11. In here, ,  and   can be calculated by 
equation 2.12, 2.13 and 2.14.

  
 


    - eq. (2.15)
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2.2.3 The effect of design and operating conditions on 
sub-micron bubble generator

The force exerted on the bubble in the nozzle was shown as 
the mathematical expression using the fluid momentum 
equation, it's not enough to know the effect of factors on the 
force exerted on the bubble clearly. Therefore the effect of 
each factors were analyzed using equation 2.15

Based on the equation 2.15, Radius of nozzle, pressure, 
relative velocity of water, the length of nozzle, fraction 
coefficient and initial bubble size were selected as the target 
factors which can reflect to the design and operation of 
sub-micron bubble generator. The detail conditions of 
modeling was shown in table 2.5. In the case of the 
calculation of the force exerted on the bubble, standard 
value in table 2.5 was used when that variables were not the 
target of the analysis. By these analysis, appropriate design 
and operation factors were derived. And the results of these 
analysis were reflected on the development of sub-micron 
bubble generator.



34

Table 2.5 The modeling conditions for analysis

Category Factors
Value 

(Standard value)

Variables

Radius of nozzle (m) 0.001 ~ 0.01 (0.005)

Pressure (bar) 2 ~ 20 (10)

Relative velocity (m/s) 0.01 ~ 100 (1)

The length of nozzle (m) 0.01 ~ 10 (1)

Friction coefficient 0 ~ 0.02 (0.001)

Initial bubble size (㎛) 1, 10, 100, 1000

Constants

Radius of hose before nozzle (m) 0.005

Pressure before nozzle (bar) 10

Relative velocity before nozzle (m/s) 1

Density of water (kg/㎥) 998.2

Density of air (kg/㎥) 2.6

Specific weight of water (N/㎥) 9810

Viscosity (㎩·s) 0.001

Temperature (℃) 20

2.2.3.1 The effect of radius of nozzle
To evaluate the effect of the radius of nozzle on the force 
on the bubble, force on the bubble is estimated according to 
the radius of nozzle and the initial bubble size as figure 2.11. 
The force on bubble was increased as the radius of nozzle 
was decreased. And the change of the force on the bubble 
are increased as the radius of nozzle was decreased. And as 
the initial bubble size is bigger, the effect of the radius of 
nozzle on the force on the bubble is decreased. 
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Figure 2.11 The relationship between radius of nozzle and force on 

bubble with initial bubble size with modified factors

Figure 2.12 showed the relationship between initial bubble 
size and the force on the bubble with the radius of nozzle. If 
the initial bubble size is small, there is much influence of the 
radius of nozzle on the force on the bubble, but if it 
becomes larger, the influence of the radius of nozzle was 
decreased. In the other words, the effect of radius of nozzle 
is decreased as the initial bubble size is increased. Because 
breaking up the small bubble has advantage to generate 
sub-micron bubble, the radius of nozzle could be the one of 
the major factors in sub-micron bubble generation. 
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Figure 2.12 The relationship between pressure and force on bubble with 

initial bubble size

2.2.3.2 The effect of the pressure
To evaluate the effect of the pressure on the force on 
bubble, force on the bubble is estimated according to the 
pressure and the initial bubble size as figure 2.13. The force 
on bubble was increased as the pressure was increased. 
However, The change of the force on bubble are decreased 
as the pressure was increased. And as the initial bubble size 
is bigger, the effect of pressure on the force on bubble is 
increased. 
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Figure 2.13 The relationship between pressure and force on bubble with 

initial bubble size

Figure 2.14 showed that difference of the force on bubble is 
small when the initial bubble size was small. However, the 
difference of force according to the pressure was gradually 
increased as the initial bubble size was increased. As the 
results of modeling, pressure showed high efficiency when 
the initial bubble size was small. Because breaking up the 
small bubble has advantage to generate sub-micron bubble, 
pressure is not the major factor in sub-micron bubble 
generation.  
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Figure 2.14 The relationship between initial bubble size and force on 

bubble with pressure

2.2.3.3 The effect of the relative velocity
To evaluate the effect of the relative velocity on the force on 
the bubble, force on the bubble is estimated according to the 
relative velocity and the initial bubble size as figure 2.15. The 
force on the bubble was increased as the relative velocity 
was increased. However, the change of the force on the 
bubble was decreased as the relative velocity is increased. 
And as the initial bubble size is bigger, the effect of the 
relative velocity on the force on bubble is decreased. 
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Figure 2.15 The relationship between velocity and force on bubble with 

initial bubble size

Figure 2.16 showed the relationship between initial bubble 
size and the force on the bubble with relative velocity. If the 
initial bubble size is small, there is much influence of the 
relative velocity on the force on bubble, but if it becomes 
larger, the influence of the relative velocity was disappeared. 
In the other words, the effect of relative velocity is decreased 
as the initial bubble size is increased. Because breaking up 
the small bubble has advantage to generate sub-micron 
bubble, the relative velocity could be the one of the major 
factors in sub-micron bubble generation. 
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Figure 2.16 The relationship between initial bubble size and force on 

bubble with velocity

2.2.3.4 The effect of the length of nozzle
To evaluate the effect of the length of nozzle on the force on 
bubble, force on the bubble is estimated according to the 
length of nozzle and the initial bubble size as figure 2.17. 
The force on bubble was increased as the length of nozzle 
was increased. However, The change of the force on bubble 
are decreased as the length of nozzle was increased. And as 
the initial bubble size is bigger, the effect of the length of 
nozzle on the force on bubble is decreased. 
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Figure 2.17 The relationship between the length of nozzle and force on 

bubble with initial bubble size

Figure 2.18 showed that difference of the force on bubble is 
big when the initial bubble size was small. However, the 
difference of force according to the length of nozzle was 
gradually decreased as the initial bubble size was increased. 
As the results of modeling, the length of nozzle showed high 
efficiency when the initial bubble size was small. Because 
breaking up the small bubble has advantage to generate 
sub-micron bubble, length of nozzle is one of the major 
factors in sub-micron bubble generation.  
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Figure 2.18 The relationship between initial bubble size and force on 

bubble with the length of nozzle

2.2.3.5 The effect of the friction coefficient
To evaluate the effect of the friction coefficient on the force 
on bubble, force on the bubble is estimated according to the 
friction coefficient and the initial bubble size as figure 2.19. 
The force on bubble was increased as the friction coefficient 
was increased. However, The change of the force on bubble 
are decreased sharply as the friction coefficient was 
increased. And when initial bubble size is increased, the 
effect of the friction coefficient on the force on bubble is 
decreased. 
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Figure 2.19 The relationship between the coefficient of head loss and 

force on bubble with initial bubble size 

Figure 2.20 showed the relationship between initial bubble 
size and force on bubble with friction coefficient. Figure 2.20 
showed that difference of the force on bubble is big when 
the initial bubble size was small. However, the difference of 
force according to the friction coefficient was gradually 
decreased as the initial bubble size was increased. As the 
results of modeling, the friction coefficient showed high 
efficiency when the initial bubble size was small. Because 
breaking up the small bubble has advantage to generate 
sub-micron bubble, friction coefficient is one of the major 
factors in sub-micron bubble generation. 
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Figure 2.20 The relationship between initial bubble size and force on 

bubble with the coefficient of headloss

2.2.3.6 The effect of the initial bubble size
To evaluate the effect of the initial bubble size on the force 
on bubble, force on the bubble is estimated according to the 
initial bubble size as figure 2.21. The force on bubble was 
increased as the initial bubble size was increased. And, The 
change of the force on bubble are increased as the initial 
bubble size was increased. In bubble generator, the initial 
bubble size was determined at the air inflow orifice. 
Therefore, the force on bubble is increased as the orifice 
size is decreased or the air flowrate is increased.
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Figure 2.21 The relationship between the initial bubble size and force on 

bubble

2.2.4 Conclusions

(1) The principle of microbubble generation from CMG was 
the breaking up of large bubble. Therefore, in this research, 
the force on the bubble which place in the nozzle was 
expressed as the mathematical form by adjusting the fluid 
momentum equation.

(2) Using the developed model, the relationship between the 
force on bubble and various factors were estimated. As the 
results, the force on the bubble was increased as the radius 
of nozzle was decreased and pressure, relative velocity, the 
length of nozzle, friction coefficient and initial bubble size 
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was increased. 

(3) In order to generate a sub-micron bubbles, it is 
advantageous to break up the smaller bubbles than larger 
ones. Therefore, the factors whose sensitivity was higher 
when initial bubble size was small, were the major factors to 
generate sub-micron bubbles. In the case of this modeling, 
except the pressure, all factors were conformed to this 
tendency. Therefore, the pressure is not important factor to 
generate sub-micron bubble. 

(4) Among them, the changing of the force on the bubble 
was decreased as relative velocity, the length of hose and 
friction coefficient was increased. Therefore, in the design or 
operation of sub-micron bubble generator, optimization 
should be needed for efficient bubble generation.

(5) In the case of the radius of hose and the initial bubble 
size, the force on the bubble was increased continuously 
when the radius of hose was decreased and the initial bubble 
size was increased. Therefore, the effect of these factors 
should be maximized in design and operation of sub-micron 
bubble generator.

(6) As the results, the force on the bubble was increased as 
the length of nozzle was increased. Therefore, if other 
conditions were fixed, the increase of nozzle length could 
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generate smaller bubbles. The pipe or hose can be 
considerable options to increase the length of nozzle 
extremely. It can be helpful not only increasing the force 
exerted on the bubble, but also maintaining the force for a 
long time. Figure 2.22 shows the example to break up the 
bubble by shear stress in the pipe (Sato and Saito, 2001).

Figure 2.22 The bubble breaking up in the pipe by shear stress (Sato 

and Saito, 2001)
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Chapter. 3 The development of sub-micron 
bubble generator

3.1 The outline of sub-micron bubble generator

Existing CMG is usually consist of pump and nozzle. And 
mixing chamber is included in CMG for their special objective 
such as decreasing the bubble size or increasing the bubble 
volume concentration (Figure 3.1). When water is enter to the 
pump, air is naturally drawn into the pump through the air 
intake valve. Drawn air is mixed with the water from the 
pump and form the large bubbles. This bubbles carried to 
nozzle and become divided into microbubbles by hydraulic 
force. Some of CMG include the mixing chamber. Mixing 
chamber is installed between the pump and nozzle, and mix 
the water and large bubbles once again to break up bubble 
one more time or increase the bubble volume concentration. 
This device has the advantage of simple structure and easy 
operation, than bubble generator in DAF process. However, 
the average bubble size is not reached to the range of 
sub-micron bubble. 
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Figure 3.1 The schematic diagram of CMG

This research developed the device to overcome the 
limitation of bubble size. Based on the modeling results in 
chapter 2.2, the bubble generator is made which break up 
the bubbles better than existing CMG like figure 3.1. This 
device is consisted of pump and thin and long hose (Figure 
3.2). Generated large bubbles in pump is break up in thin 
and long hose by strong and repeated shear stress. In this 
process the bubble size is continuously decreased and 
sub-micron bubbles are generated. 

Figure 3.2 The schematic diagram of sub-micron bubble generator
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To prove the generation of sub-micron bubble in this device, 
sub-micron bubble generation experiment was performed 
using teflon hose which diameter was 2, 3, 4 ㎜, with various 
length. In the experiment air flowrate is fixed as 200 ㎖/min. 
The decision to microbubble generation is judged by the 
milky water occurrence with visual inspection. And 
sub-micron bubble generation is judged by ultrasonic wave 
irradiation. In the case of sub-micron bubble, even though 
they don’t make milky water in natural situation, they show 
milky water after ultrasonic wave irradiation (Kim, 2010). The 
experiment results is shown in Table 3.1

Table 3.1 The diameter and length conditions of hose to generate 

sub-micron bubble

Length 
Diameter

2 ㎜ 3 ㎜ 4 ㎜
0.5 m X1) X X
1 m △2) △ X
5 m O3) O X
10 m O O △
20 m O O O
40 m O O O

1) X: microbubble, only

2) △: Micro and sub-micron bubble

3) O: Sub-micron bubble, only
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3.2 Method of measuring the sub-micron bubble 
size

3.2.1 Existing size measurement methods

3.2.1.1 Direct measurement methods

(1) Dynamic light scattering (DLS)

Dynamic light scattering (DLS) is one of the most popular 
experimental techniques  in  the  characterization of colloidal 
suspensions. DLS provides a measure of the  time scale for 
fluctuations in the index of refraction of a complex fluid, and 
it probes these fluctuations on the length scale of the inverse 
of the scattering  vector (Figure 3.3). In the case of colloidal 
particles intensity fluctuations are predominantly caused by 
the diffusive motion of the particles. Based on the correlation 
between diffusion coefficient and particle size, DLS is now 
widely used as a very convenient and nondestructive method 
for particle sizing. The technique is suitable for the 
characterization of colloidal particles over a wide range of 
sizes from a few nanometer to several micrometers (Urban 
and Schurtenberger, 1998). Therefore, this method is usually 
used to measure the size distribution of sub-micron bubbles 
(Jin et al., 2007; Cho et al., 2005; Kukizaki and Goto, 2006; 
Tasaki et al., 2009). 
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Figure 3.3 The principle of dynamic light scattering

Size measurement by DLS has advantage of simple and fast 
measurement process. And bubble size distribution and 
average size can be measured easily. However, to use this 
methods, the concentration of bubble which is above than 
certain concentration, should be required. And it is reported 
that bubble size measurement by DLS has low reproducibility 
(Ohgaki et al., 2010). This research also attempted to 
measurement the size and distribution of sub-micron bubbles 
by DLS using two different equipment (DLS-7000, Otsuka 
Electronics Co.,Ltd; Nanotrac Wave, Microtrac, Inc.), none of 
which were showed stable measurement results.

(2) Atomic Force Microscope (AFM)

Atomic force microscopy (AFM) is one of many techniques 
which fall under the Scanned Probe Microscopy (SPM) family 
of instruments. AFM uses a fine tip to measure surface 
morphology and properties through an interaction between 
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the tip and surface. In an AFM a constant force is 
maintained between the probe and sample while the probe is 
raster scanned (parallel lines) across the surface. By 
monitoring the motion of the probe as it is scanned across 
the surface, a three dimensional image of the surface is 
constructed as Fig 2. (Quate et al., 1986). 

Figure 3.4 The principle of atomic Force Microscope

Most of all, AFM shows high reproducibility to measure 
sub-micron bubble. And this device make image about the 
position and size of bubble. However, this method can 
measure only the size of heterogeneous bubble, which 
surrounded by two or more kinds of surface. Using this 
device, size measurement of homogeneous bubble which 
surrounded by only water, is impossible. Therefore, AFM 
can’t measure the size of bubble which used in process, can 
estimate the size of homogeneous bubble from the size of 
heterogeneous bubble.
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(3) Image analysis

Image analysis method is that to measure bubble size using 
microscope and computer. After taking picture of bubble, 
size is measured using computer. This is traditional method 
to measure the size of tiny object which can’t be measured 
by visual inspection. In the case of microbubble, image 
analysis is known as the most accurate method to measure 
the size of bubble.    

In the case to adjust this method to sub-micron bubble size 
measurement, even though it has a merit to see sub-micron 
bubble directly, the minimum size which is possible to be 
measured, is pretty bigger than other methods such as DLS 
and AFM. And size measurement by image analysis is hard 
and takes a considerable time, because the sub-micron 
bubble is too small and move continuously. because of the 
size and movement, focusing on the sub-micron bubble is 
very hard. Figure 3.5 shows the sub-micron bubble picture 
taken by Kim (2010). Using this picture, the size of 
sub-micron bubble was measured as 854 ㎚
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Figure 3.5 The example of sub-micron bubble size measurement by 

image analysis (Kim, 2010)
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3.2.1.2 Indirect measurement method by DO concentration 
(Kim, 2010)

When bubbly water was supplied into the reactor, DO 
concentration increased. Using this phenomenon, the size of 
a sub-micron bubble could be reversely estimated after 
measuring the DO concentration in bubbly water, which can’t 
be measured via image analysis and particle counter method.

When bubbly water was continuously recycled under 2, 3, 
and 6 atm of pressure conditions in the DAF process in a 
22.5 ℓ water tank, as shown in Figure 3.6, DO concentration 
was taken by using measurements at the mid-point of the 
tank as shown in Figure 3.7.

Figure 3.6 Schematic of DO concentration method



60

Figure 3.7 Changes of DO concentration under several pressure 

conditions 

DO concentration was varied according to the bubble volume 
concentration (BVC), and the volume of the water tank. The 
DO concentration continuously increased in the bubbly water 
until a certain point when a steady-state was reached. 
Average DO concentrations at the steady state are shown in 
Table 3.2 under the several pressure conditions.

Table 3.2 DO concentration at stable point under several pressure 

conditions

2 atm 3 atm 6 atm
Average bubble size (㎛) 71.3 42.6 33.4
DO concentration (ppm) 9.2 9.7 10.0

The bubble size is the remaining factor which could affect 
DO concentration at steady state when bubbles are 
continuously generated. When the recycle ratio increased and 
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the bubble size remained the same, the time to reach steady 
state DO concentration was shorter. When the bubble size 
was changed, the surface area and rising velocity were also 
changed. When bubbles were largely generated, the rising 
velocity of the bubble rarely affected the DO concentration. 
Therefore, DO concentration was affected by the bubble size 
which changes the surface area when the bubbles are largely 
generated.

Based on the experiment results, the formula which show the 
relationship between DO concentration and the size of 

bubble, was estimated as   


 . In this equation,  was 

20.67,  was 0.646,  was 7.89 when the variable coefficients 
were calculated on the basis of the DO concentration as 
shown in Table 3.2. At that time, RMSE was 0.011. From this 
equation, the size of sub-micron bubble can be estimated.

The size of sub-micron bubble measurement using DO 
concentration is simple and field adaptive method. However, 
It is necessary to increase the accuracy. Therefore, in this 
research, the size of sub-micron bubble and DO 
concentration was measured to estimate parameters in the 
formula. And the form of equation was modified with the 
consideration of the bubble size distribution. With this works, 
this research suggest new interaction formula between DO 
concentration and the size of bubble.  
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3.2.2 The size of sub-micron bubble estimation using image 
analysis

To estimate the size of bubble using DO concentration 
indirectly, the interaction formula with high accuracy is 
needed. This interaction formula and its parameter is 
estimated by the experiment data about the size of bubble 
and DO concentration. Therefore, to make accurate formula, 
a lot of measurement results are needed. Therefore, in this 
chapter, the size of sub-micron bubble and DO concentration 
in certain conditions is measured. 

To measure the size of sub-micron bubble, image analysis 
method is used. Among three direct measurement methods, 
image analysis is selected. This method can measure the 
homogeneous bubble with high reproducibility.

3.2.2.1 Sub-micron bubble generation
Sub-micron bubble was generated by sub-micron bubble 
generator develop in chapter 3.1. Using the length and the 
diameter of the hose, the bubble generating condition was 
controlled as Table 3.1. The air flowrate was fixed as 200 ㎖
/min. To make same condition to measure the size of bubble 
and DO concentration, bubble generation was started when 
water temperature is 12±0.5 ℃, and measurement was 
performed when water temperature is 16±0.5 ℃. The 
schematic diagram of this experiment is same with Figure 3.8.
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Bubble size measurement method is different between 
microbubble and sub-micron bubble. In the case of 
microbubble, usually particle counter was used with 
controlled volume pump. And in the case of sub-micron 
bubble, after sampling the sub-micron bubble by pipet, image 
analysis was performed in this research among mentioned 
methods above. However, if two kinds of bubble is existed in 
water at the same time, it’s hard to measure the average 
bubble size because of the difference of the scale of results 
between particle counter method and image analysis. 
Therefore, in this research, among the conditions in Table 
3.1, only sub-micron bubble was generated condition is used 
which observed milky water after ultrasonic wave irradiation 
only. And, DO concentration is measured at the same time 
by DO meter (ProODO, YSI Inc.), to evaluate the relationship 
between the bubble size and DO concentration.

Figure 3.8 Schematic diagram of experiment set up
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3.2.2.2 Observation
To measure the size of bubble, optical microscope was used. 
Even though the maximum magnification is X2400, X1200 was 
used in this experiment to secure wider view. Because bubble 
move in the water continuously, chasing and focusing on the 
bubble is very hard in the narrow view. To remove the noise 
such as dust or heterogeneous bubble, only circle and 
moving ones are recognized as bubble. The example to 
observe the sub-micron bubble is shown in Figure 3.9.

Figure 3.9 The example of sub-micron bubble observation

3.2.2.3 Image revising
Enlarging photo which take a sub-micron bubble using 
optical microscope was same to Figure 3.10 (a). Because the 
boundary of bubble is not clear, accurate measurement is 
impossible. The size measurement results of sub-micron 
bubble could be changed according to the researchers. To 
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solve this problem and make standard method to make 
boundary clearly, image revising was performed using image 
revising program (Photoshop CS5, Adobe).

In this research, the main objective to image revising is the 
boundary clearing. To achieve this objective, first of all, 
original image (Figure 3.10 (a)) was transformed as grey type 
as Figure 3.10 (b). By transforming to grey type, the hue and 
saturation is removed from the image and only lightness is 
remained in the image. In other words, the variable in the 
image could be reduced as one, lightness.

And then, “posterize“ was performed to reduce the number 
of color in the image. ”posterize“ is the command to remain 
a specific number of colors in the image. In this research, 
all image was arranged as four colors. The results of image 
revising is shown in Figure 3.10 (c). 
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(a) The raw picture of sub-micron bubble

(b) After transformation to grey type
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(c) After boundary clearing

Figure 3.10 The process to revise image for boundary clearing

3.2.2.4 Measurement
Every image in computer consist of pixels. Therefore, if the 
real length of pixel could be known, real length of all object 
in image could be measured. Figure 3.11 shows the enlarged 
image after revising. In the case of this example, the 
diameter of sub-micron bubble is same with the real length 
of the seven pixels. In this experiment, because the real 
length of a pixel was 0.31 ㎛, the diameter of this example 
was estimated as 2.17 ㎛.
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Figure 3.11 The size of sub-micron bubble measurement by counting the 

number of pixels. 

3.2.3 The relationship between DO concentration and the 
size of bubble in DO meter

3.2.3.1 The principle of DO concentration measurement by 
DO meter
DO meter is an electronic device that measures the 
proportion of oxygen (O2) in the liquid being analysed. They 
usually measure DO concentration based on the Clark cell 
method. This method is developed by Clark at 1953 to 
measure DO concentration of blood. The chemical formula of 
this method is same to below

  anode: 2Ag + 2Cl- → 2AgCl- + 2e-

  cathode: 2e- + 0.5O2 + H2O → 2OH-
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Figure 3.12 illustrate the process of DO measurement in DO 
meter. ⓵ the dissolved oxygen pass the membrane by 
diffusion. ⓶ And this make oxidation-reduction reaction on 
the electrode. ⓷ During reaction, electrical current is 
produced. DO meter measure concentration using this 
current. Danneel demonstrated an approximately linear 
relation between oxygen pressure and current when using 
two large platinum electrodes with 20 ㎷ between them 
(Severinghaus and Astrup, 1986).

Figure 3.12 The process of DO concentration measurement in DO meter

In DO meter, membrane is usually made by teflon. These 
membrane protect the electrode and electrolyte solution in 
the probe and prevent the bubble from contacting with 
electrode directly which can cause the measurement error. 
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However, these membrane has their own mesh size. 
Therefore, if the size of bubble is smaller than the mesh size 
of membrane, bubble can contact with electrode directly. 
Then, electrode recognize this bubble as the supersaturated 
sample, and the value of DO concentration measured by DO 
meter is increased. Therefore, among the bubbles which 
generated, the ratio of the bubbles whose size is smaller than 
mesh size of membrane, is the main factor to increase DO 
concentration measured by DO meter. 

3.2.3.2 Bubble size distribution 
Microbubble generated by CMG is generated by breaking up 
of larger bubbles. The prediction of the size of daughter 
bubble was very hard to explain in physical methods. 
Therefore, to analyze the daughter bubble size distribution, 
several size distribution function is used. 

Models used for the description of daughter particle size 
distribution can be classified as three forms: empirical, 
statistical and phenomenological. Among these, statistical 
model assumes that the size of daughter bubble is a random 
variable and its probability distribution satisfies a simple 
equation. The functions to explain the size distribution of 
daughter bubble are normal distribution, beta distribution 
and uniform distribution (Liao and Lucas, 2009). 
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In this research, bubble size distribution according to the 
flowrate was measured by particle counter (chemtrac Model 
PC2400D, USA) to find appropriate distribution model using 
CMG with 3 ㎜ nozzle and 200 ㎖/min air flowrate. The 
measured bubble size distribution results was compared with 
normal and beta distribution as figure 3.13 and 3.14.

To estimate the similarity between measured bubble size 
distribution and normal or beta distribution, r square was 
calculated in every case. As the results, r square value was 
calculated as 0.989-0.994 when compared with normal 
distribution and 0.990-0.994 when compared with beta 
distribution. Therefore, both normal and beta distribution are 
appropriate to explain the size distribution of generated 
bubbles from CMG. In this research, normal distribution was 
used for estimating the interaction formula between DO 
concentration and the size of bubble because the equation of 
normal distribution is simpler than that of beta distribution.
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(a) Flowrate: 5 ℓ/min (b) Flowrate: 6 ℓ/min

(c) Flowrate: 7 ℓ/min (d) Flowrate: 8 ℓ/min

(e) Flowrate: 9 ℓ/min

Figure 3.13 The comparison between the measured bubble size 
distribution and normal distribution
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(a) Flowrate: 5 ℓ/min (b) Flowrate: 6 ℓ/min

(c) Flowrate: 7 ℓ/min (d) Flowrate: 8 ℓ/min

(e) Flowrate: 9 ℓ/min

Figure 3.14 The comparison between the measured bubble size 
distribution and beta distribution
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3.2.3.3 Formula estimation

Based on the principle of DO concentration measurement 
from DO meter and bubble size distribution function, the 
interaction formula between DO concentration and the size of 
bubble was estimated. The membrane which installed in the 
DO meter probe has their own mesh size. Therefore, if the 
size of bubble is smaller than the mesh size of membrane, 
this bubble affect to electrode directly and increase the value 
of DO concentration in DO meter. When bubble was 
generated by bubble generator, the range of bubble size 
which affect to electrode directly is the bubbles whose size is 
below than the mesh size () in Figure 3.15. The quantity of 
these bubbles are increased as the average size of bubble is 
decreased (    ). Therefore, DO concentration was 
increased as the average size of bubble was decreased. 

Figure 3.15 The range of bubble which affect to electrode in DO meter 

directly
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The quantity of bubble which affect to electrode in DO meter 
directly can be expressed as the cumulative function of the 
bubble size distribution until mesh size (). Therefore, it can 
be expressed as the below equation. 

      
  

  

In this equation, our interesting is the relationship between 
DO concentration and the average size of bubble (). And 
there are approximately linear relation between oxygen 
pressure and current. Therefore, above equation can be 
expressed as below equation. 

   × 
  

  

In here, , , ,  is the parameter of this equation.

3.2.4 Parameters estimation using experiment results

Measured DO concentration and bubble size was marked as 
dot in Figure 3.16. For the more accurate estimation, not 
only explained conditions, but also the experiment results at 
chapter 2.1 and commercial bubble generator (O2 land) also 
used to parameter estimation.
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Figure 3.16 The results of DO concentration and bubble size 

measurement and interaction formula of them. 

Based on the experiment results, parameters are estimated by 
least square method. The estimated interaction formula is 
shown in Figure 3.16. The r square of this equation is 
calculated as 0.991. 

  × 

  
   

 where,   
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3.2.5 Summary

(1) There are three direct methods to measure sub-micron 
bubble; DLS, AFM, and image analysis. All of these methods 
is hard to adjust in field. Instead of them the indirect 
method to use DO concentration can be alternative option to 
measure the size of sub-micron bubble in field. However, 
improvement is need for more accurate measurement. 

(2) To improve the accuracy of indirect measurement method 
which use DO concentration, experiment results were needed 
to determine the form of function and parameters. In this 
research, the size of sub-micron bubble was measured by 
image analysis method with DO concentration. Especially, the 
accuracy of measurement was improved by image revising. 

(3) Based on the bubble size distribution, the form of 
interaction function between DO concentration and the 
average size of bubble was estimated. As the result, 
interaction function could be expressed as the function of 
cumulative normal distribution.

(4) Based on the results from (2) and (3), reliable interaction 
function between DO concentration and the size of bubble is 
developed. It is expected that reasonable measurement of the 
bubble size will be possible in the field by using this method.



78

3.3 The effect of design and operating conditions 
on sub-micron bubble generator

3.3.1 Introduction

To develop the efficient bubble generator, the analysis of the 
effect of each factors on bubble generation is needed. In 
chapter 2.2, the effect of factors are analyzed by modeling. 
Based on the results of chapter 2.2, sub-micron bubble 
generator was developed at chapter 3.1. However, there are 
limitation to analyze the effect of each factors on bubble 
generation by modeling only. 
It is necessary to verify through experiments. 

The main factor which decide the efficiency of sub-micron 
bubble generator, is the size of sub-micron bubble. 
Therefore, to measure the size of bubble easily, indirect 
measurement method using DO concentration was improved 
in chapter 3.2. Thus, easy and fast measurement of the size 
of sub-micron bubble become possible. 

Therefore, in this chapter, based on the above results, 
sub-micron bubble generator was made from 2 HP pump. 
And the effect of each factors on sub-micron bubble 
generation was investigated to suggest proper design and 
operating conditions. 
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3.3.2 Experiment methods

Sub-micron bubble generator and experiment set up is 
shown in Figure 3.17 briefly. This device consist of pump 
and hose, same with chapter 3.1. And ejector, pressure 
gauge, reducer was added for experiment. Inflow hose was 
fixed at the bottom edge of water tank. and outflow hose was 
fixed at the opposite place with inflow hose. These two hoses 
are placed in the same water tank to circulate water. The 
diameter of inflow hose is 25 ㎜, and outflow hose is 
changed according to the experiment conditions. 

Figure 3.17 The schematic diagram of sub-micron bubble generator with 

2HP pump
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The efficiency of bubble generation was evaluated by the DO 
concentration, and this results was converted as the size of 
sub-micron bubble using interaction formula in chapter 3.2. 
For the accurate experiment, initial conditions of DO 
concentration and temperature was unified. The initial DO 
concentration of this experiment was 11±0.5 ㎎/ℓ and 
temperature was 12±0.5 ℃. While sub-micron bubble 
generator is operated, DO concentration was measured when 
the water temperature was 16±0.5 ℃. These results are used 
to estimate the size of sub-micron bubble. 

3.3.3 Experiment results and discussion

3.3.3.1 The effect of hose diameter
To analyze the effect of hose diameter on sub-micron bubble 
generation, four kinds of hose diameter were used for 
experiment. The air flowrate was fixed as 20 ㎖/min and the 
length of hose was fixed as 10 m. In this experiment, braid 
hose was used. The outline of this experiment is shown in 
Figure 3.18.
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Figure 3.18 The schematic diagram of sub-micron bubble generating 

experiment according to the diameter of hose 

The change of DO concentration according to the diameter 
of hose was shown at Figure 3.19. As figure 3.19 shows, the 
DO concentration was increased as the diameter of hose was 
decreased. When the diameter was decreased, the pressure 
and headloss in hose was increased. As the results of them, 
the force on bubble was increased. And same as modeling 
result, the change of DO concentration was decreased as the 
diameter of hose was increased. 
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Figure 3.19. DO concentration according to the diameter of hose

In this experiment, sub-micron bubble was generated when 
the diameter of hose was 8 and 10 ㎜. In this conditions, the 
size of sub-micron bubble which calculated by the rational 
formula is same to Table 3.3. This results mean that there is 
the certain diameter to start to generate sub-micron bubble 
same as microbubble generation. 

Table 3.3 The DO concentration and size of bubble according to the 

diameter of hose

Diameter(㎜) 8 10 12 16

DO concentration
(㎎/L)

12.29 11.38 10.61 10.1

Bubble size (㎛) 2.65 3.61 × ×
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3.3.3.2 The effect of pressure

To analyze the effect of pressure in hose on sub-micron 
bubble generation, the number of hose was increased from 
one to four to change the pressure in hose while the 
diameter and flowrate are fixed. The air flowrate, the length, 
and diameter was fixed as 50 ㎖/min, 10 m, and 12 ㎜, 
respectively. And braid hose was used. The outline of this 
experiment is shown in Figure 3.20.

Figure 3.20 The schematic diagram of sub-micron bubble generating 

experiment according to the pressure

The change of DO concentration according to the pressure 
was shown at Figure 3.21. As figure 3.21 shows, the DO 
concentration was increased as the pressure in hose was 
increased. According to the modeling results, the effect of 
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pressure is small when the size of bubble is small. However, 
this experiment results shows that pressure can affect to the 
efficiency of sub-micron bubble generation. This results 
mean that sub-micron bubble can be generated in large 
bubble breaking up. However, in the case of sub-micron 
bubble generation, breaking the small bubbles up has more 
advantageously. Therefore, further study is need to evaluate 
the effect of pressure on sub-micron bubble generation.

Figure 3.21 DO concentration according to the pressure

In this experiment, sub-micron bubble was generated when 
the number of hose is one, only. The DO concentration and 
generated bubble size is shown in Table 3.4.
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Table 3.4 The DO concentration and size of bubble according to the 

pressure in hose

Diameter × 
number

12 ㎜ × 4 ea. 12 ㎜ × 3 ea. 12 ㎜ × 2 ea. 12 ㎜ × 1 ea.

Pressure (bar) 1.1 1.9 3.6 4.8
DO concentration

(㎎/L)
7.26 9.07 9.91 12.37

Bubble size (㎛) × × × 3.19

3.3.3.3 The effect of length 
To analyze the effect of length of hose on sub-micron bubble 
generation, the DO concentration was measured with 
changing the length of hose from 5 to 50 m as figure 3.22. 
The air flowrate and diameter was fixed as 50 ㎖/min and 12 
㎜, respectively. and braid hose was used. 
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Figure 3.22 The schematic diagram of sub-micron bubble generating 

experiment according to the length of hose

The change of DO concentration according to the length of 
hose was shown at Figure 3.23. As figure 3.23 shows, the DO 
concentration was increased as the length of hose was 
increased until 30 m. However, more than 30 m, the DO 
concentration was not increased as the length of hose is 
increased. When the length of hose was increased, the force 
on bubble was increased because of the increase of the 
headloss. However, according to the modeling result about 
the length of hose, the effect of the length of hose is 
gradually decreased. Therefore, it is determined that the 
results of modeling and experimental results to match. 

Figure 3.23 DO concentration according to the length of hose
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In this experiment, sub-micron bubble was generated when 
the length of hose was above than 10 m. In this conditions, 
the size of sub-micron bubble which calculated by the 
rational formula is same to Table 3.5. This results mean that 
there is the certain length to start to generate sub-micron 
bubble.

Table 3.5 The DO concentration and size of bubble according to the 

length of hose

Length (m) 5 10 20 30 40 50

DO concentration
(㎎/L)

10.56 12.37 13.21 14.52 14.31 14.3

Bubble size (㎛) × 3.19 2.90 2.56 2.61 2.61

3.3.3.4 The effect of the friction coefficient
To analyze the effect of the friction coefficient of hose on 
sub-micron bubble generation, the DO concentration was 
measured with changing the kinds of hose as braid hose, 
teflon hose and wrinkled pipe as figure 3.24. The air flowrate 
and length was fixed as 50 ㎖/min and 10 m, respectively. In 
this case of diameter condition, 12 ㎜ of braid and teflon 
hose and 13 ㎜ of wrinkled pipe was used. 
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Figure 3.24 The schematic diagram of sub-micron bubble generating 

experiment according to the kinds of hose

The change of DO concentration according to the kinds of 
hose was shown at Figure 3.25. Even though the pressure is 
almost same, the different of DO concentration is much 
higher among the kinds of hose. Especially, DO concentration 
in wrinkled pipe whose fraction coefficient is highest among 
three hose, is higher than braid and teflon hose. This results 
is because the friction coefficient of the hose is increased, 
the headloss is increased, the force on bubble is increased. 
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Figure 3.25 DO concentration according to the kinds of hose

In this experiment, sub-micron bubble was generated in 
every experiment conditions. In this conditions, the size of 
sub-micron bubble which calculated by the rational formula 
is same to Table 3.6. This results mean that the size of 
sub-micron bubble is decreased as the fraction coefficient is 
increased.

Table 3.6 The DO concentration and size of bubble according to the 

kinds of hose

Hose material Braid Teflon Wrinkle pipe

DO concentration
(㎎/L)

12.22 13.09 14.86

Bubble size (㎛) 3.26 2.93 2.49
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Figure 3.26 show the change of DO concentration according 
to the length of wrinkled pipe and braid hose. In this 
experiment, the diameter of braid hose and wrinkled pipe is 
12 and 13 ㎜ respectively. Air flowrate is fixed as 50 ㎖/min. 
As the results of experiment, wrinkled pipe showed higher 
DO concentration than braid hose in every length conditions. 
And the difference of DO concentration between wrinkled 
pipe and braid hose was not decreased as the length of them 
are increased. Therefore, when using the hose or pipe which 
has higher friction coefficient, the length of hose or pipe can 
be reduced than lower friction coefficient hose or pipe to 
generate the same size bubble. DO concentration and the size 
of sub-micron bubble which calculated by the rational 
formula, according to the length of wrinkled pipe is same to 
Table 3.6.

Figure 3.26  DO concentration according to the length and kinds of hose
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Table 3.7 The DO concentration and size of bubble according to the 

length of wrinkled pipe

Length (m) 5 10 20

DO concentration
(㎎/L)

12.85 14.86 15.73

Bubble size (㎛) 3.01 2.49 2.34

3.3.3.5 The effect of initial bubble size

Bubble generator which used in this experiment generate 
large bubble at air inflow ejector, and then it is broken up to 
sub-micron bubble. According to Marshall (1990), the size of 
bubble generated at ejector can be estimated as below 
equation. 

  


 


 


 


 

According to this equation, the radius of air inflow orifice, 
air flowrate, and water velocity is the major factors to 
determine bubble size which generated at ejector. Thus, in 
this research, to investigate the effect of initial bubble size, 
DO concentration was measured with changing the air inflow 
from 10 to 300 ㎖/min. The the length, and diameter of braid 
hose was fixed as 10 m and 12 ㎜, respectively as Figure 
3.27.
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Figure 3.27 The schematic diagram of sub-micron bubble generating 

experiment according to the air flowrate

The change of DO concentration according to the air 
flowrate was shown at Figure 3.28. As figure 3.28 shows, the 
DO concentration was increased as the air flowrate was 
increased.  When the air flowrate was increased, the size of 
initial bubble was increased. As the results of them, the 
force on bubble was increased. However, the effect of the air 
flowrate is decreased gradually, as the air flowrate is 
increase. This is caused by the relationship between air 
flowrate and the size of initial bubble. As shown in the 
equation above, the size of the bubble generated from ejector 
is proportional to the 0.36 power of the air flowrate.
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Figure 3.28 DO concentration according to the air flowrate

The relationship between the size of initial bubble size and 
DO concentration is shown in Figure 3.29. As figure 3.28 
shows, the DO concentration was proportionally increased to 
the size of initial bubble. In the modeling about the size of 
initial bubble, force on bubble is constant until certain initial 
bubble size. After the certain initial bubble size, the force on 
bubble is proportion to the size of initial bubble. Because the 
size of initial bubble in every experiment conditions bigger 
than 2 ㎜, the experiment results show the proportional 
range between initial bubble, size and DO concentration. In 
this experiment, sub-micron bubble was generated when the 
air flowrate was above than 20 ㎖/min. The size of 
sub-micron bubble which calculated by the rational formula 
is shown in Table 3.5 with initial bubble size and DO 
concentration.
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Figure 3.29 DO concentration according to the initial bubble size

Table 3.8 The DO concentration, initial bubble size and the size of 

generated bubble according to the air flowrate

Air flow (mL/min) 10 20 50 100 150 200 250 300

Initial bubble size 
(㎜)

6.6 9.9 11.9 15.4 17.8 20.0 21.5 23.2

DO concentration
(㎎/L)

9.95 11.38 12.37 12.83 13.3 14.29 14.40 15.00

Bubble size (㎛) × 3.74 3.19 3.02 2.87 2.61 2.59 2.47

Increase the air flowrate is one of the methods to increase 
the efficiency of sub-micron bubble generation in sub-micron 
bubble generator. However the control of air flowrate for 
reducing the size of sub-micron bubble has two limitation. 
First, as shown in equation above, the increase of air 
flowrate is the low efficiency to enlarge the size of initial 
bubble. And it is observed in experiment that the operation 
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of pump become unstable and stop as air flowrate increase. 
This phenomenon was happened because the air is entrapped 
in the pump. Therefore, when sub-micron bubble generator 
was operated, the air flowrate should be decided carefully. 
Because of them, air flowrate is not suitable as the factor to 
reduce the size of sub-micron bubble in operation.

3.3.4. Summary 

(1) In this research, the effect of the various factors in 
bubble generator on the efficiency of sub-micron bubble 
generation was investigated. For that, sub-micron bubble 
generator was made and DO concentration was measured 
according to the changing of various factors. As the results, 
the efficiency of bubble generation was increased as the 
diameter of hose was decreased and pressure, the length of 
hose, fraction coefficient and air flowrate was increased. 

(2) Experiment results shows similar tendency with the 
modeling expectation at chapter 2.2. However, the effect of 
pressure on the sub-micron bubble generation showed the 
difference between experiment results and modeling 
expectation. Further study should be needed to explain this 
difference. 

(3) The minimum size of sub-micron bubble as 2.34 ㎛ was 
generated in the case of wrinkled pipe which diameter and 
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length are 13 ㎜ and 20 m, with 50 ㎖/min air flowrate, 
However, changing the design and operating conditions, 
smaller bubble could be generated. 
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Chapter 4. Characteristic of sub-micron 
bubble

4.1 Introduction

In environmental treatment process, bubble extend their 
application fields. Bubbles are used in flotation process widely 
to treat drinking water or wastewater traditionally. However, 
recently, bubble was applied in various environmental 
treatment process such as aeration process, oil washing 
process and so on.

The efficiency of these processes are usually increased as 
the size of bubble is decreased. Therefore, application of 
sub-micron bubble should increase the efficiency of 
treatment process sharply. Especially, the development of the 
sub-micron bubble generator and the improvement of the 
size measurement method of sub-micron bubble by DO 
concentration in chapter 3 will be helpful to apply and 
operate process using sub-micron bubble. 

However, without consideration of the characteristic of 
sub-micron bubble, it’s very hard to achieve the goal which 
expected efficiency by using sub-micron bubble. Therefore, 
this research evaluated the rise velocity, mass transfer and 
zeta potential of sub-micron bubble and compared with 



100

microbubble. As the results of this chapter, the basic 
characteristic of sub-micron bubble is supplied. 
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4.2 Rise velocity

4.2.1 Theoretical approach (Parkinson et al., 2008)

Under conditions where the Reynolds number approaches 
zero, the terminal velocity for single solid sphere in viscous 
liquid could be expressed by Stokes’s law. 

 

∆

 where  : the terminal velocity according to the Stokes’ law
        : gravitational acceleration
        ∆: the difference of density between the sphere and 

the surrounding fluid
        : the diameter of the sphere
        : fluid viscosity

When the spherical body is a fluid, the tangential stress 
induces vorticity within the sphere, resulting in the 
dissipation of energy. In this case, terminal velocity could be 
evaluated by Hadamard-Rybczynski equation. 

   

∆
×′

 ′

 where   : the terminal velocity according to the 
Hadamard-Rybczynski equation

        ′: the internal viscosity of the fluid drop



102

Where the spherical body is bubble, the internal viscosity is 
insignificant (i.e. ′≪ ) because the inside of spherical is 
consisted of air. Therefore, the terminal velocity of bubble 
according to Hadamard-Rybczynski equation could be 
evaluated as below equation.

   

∆
× 


 




4.2.2 Rise velocity measurement method

4.2.2.1 Microbubble

In this research, microbubble generator was used which 
made from 350 W pump and simple nozzle (diameter: 3 ㎜). 
This device was operated with fixed air flowrate as 200 ㎖
/min, and water flowrate as 9 ℓ/min. To maintain 
microbubble in the water tank, water was circulated by 
bubble generator. 

Rise velocity of microbubble was measured by the equipment 
as Figure 4.1. Optical microscope (Nickon optiphot) which 
connected with a CCD camera (Nickon optiphot), is placed 
under the horizontal direction to be able to observe rising 
bubbles. Image analysis system consist of computer, monitor 
and image analysis program. The screen taken using a CCD 
camera was analyzed via image analysis software (i-solution 
5.0, Sometech). This program perform the image analysis to 
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be automatically up to 1/1000 seconds. Bubble observing cell 
(inside dimension; L65 × H15 × W10 mm) entering the 
microscope are fixed parallel to the microscope. And at the 
upper and bottom side of cell, hole of Ø 1 ㎜ is made and 
linked with valve and tube to control whether or not to inject 
air bubbles.  

Figure 4.1 Schematic diagram of equipment set up for bubble rise 

velocity measurement

4.2.2.2 Sub-micron bubble

For generating sub-micron bubble, sub-micron bubble 
generator was used which made from 350 W pump and teflon 
hose (diameter: 3 ㎜, length: 20 m). This device was operated 
with fixed air flowrate as 200 ㎖/min, and water flowrate as 
1.4 ℓ/min. The average size of bubble was 1.07 ㎛ observed 
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by optical microscope. To maintain sub-micron bubble in the 
water tank, water was circulated by bubble generator. 

Same with the case of microbubble, rise velocity of 
sub-micron bubble was measured by the equipment as Figure 
4.1. However, instead of optical microscope, Zeta phoremeter
Ⅱ (SEPHY, France) was used for this experiment. Zeta 
phoremeterⅡ was originally used for the measurement of 
zeta potential of colloid or bubble. When strong light source 
irradiate to the cell, based on the Doppler effect, this 
instrument recognized the movement distance and position. 
Zeta potential is evaluated by the measurement results of the 
movement distance and position. If sub-micron bubble is 
injected to the cell, even though the size of bubble can’t be 
measured, the movement distance and position can be 
measured (Cho et al., 2005). Using this characteristic of this 
instrument, rise velocity of sub-micron bubble was measured 
by measuring the vertical moving distance in specific time. 

4.2.3 Measurement results

4.2.3.1 Microbubble

In this experiment, 108 bubbles are observed in 6 times 
measurement. Figure 4.2 is one of the example of 
microbubble rise velocity measurement. The size of bubble 
and its rising distance was measured using sequential 
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photographs which taken same bubble at different time 
during bubble risen in the cell. Rise velocity was evaluated 
by the measured moving distance and the time interval 
between sequential photographs. Table 4.1 shows the results 
to evaluate the rise velocity of bubble in Figure 4.2.

Figure 4.2 The example of rise velocity measurement of microbubble

Table 4.1 The example of rise velocity measurement

Bubble size
(㎛)

Moving distance 
(㎛)

Interval time
(ms)

Rise velocity 
(㎜/s)

1 36.51 365.08 534 0.68

2 48.68 636.87 534 1.19

3 48.85 750.45 534 1.41

4 16.23 111.55 534 0.21

5 54.42 910.68 534 1.71

Figure 4.3 shows the rise velocity according to the bubble 
size. And predicted rise velocity by Stokes’ law and 
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Hadamard-Rybczynski equation was shown in figure 4, also. 
As the results, rise velocity from experiment has similar 
tendency with predicted ones. The mean square error 
between experiment and two predicted rise velocity (Stokes’ 
law and Hadamard-Rybczynski equation) was 0.072 and 0.078, 
respectively. Therefore the accuracy of two predicted value is 
almost same. 

Figure 4.3 Rise velocity of microbubble according to bubble size

Similar tendency between microbubble rise velocity and 
predicted rise velocity by Stokes’ law or 
Hadamard-Rybczynski equation, are also reported from other 
researchers. Figure 4.4 and 4.5 show the bubble rise velocity 
measurement results by other researchers. Two researches 
report that rise velocity of microbubble show similar 
tendency with Stokes’ law. And in the case of Parkinson et 
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al., (2008) the rise velocity of microbubble is almost same 
with the predicted one by Hadamard-Rybczynski equation. 
According to the results of this experiment and two other 
researches, the trend of the microbubble rise velocity can be 
explained by using the two equation. 

Parkinson et al., (2008) report that rise velocity of 
microbubble is faster than Stokes’ law. In figure 4.4, solid 
line means the Stokes’ law and broken line means the 
Hadamard-Rybczynski equation. Thus, he said that the rise 
velocity could be expected by the Hadamard-Rybczynski 
equation. But, Takahashi (2005) report that rise velocity of 
microbubble is slower than Stokes’s law which shown in 
figure 4.5 as broken line. This difference looks caused by the 
difference of bubble generating methods. While Parkinson, et. 
al., measured rise velocity by observing single bubble, 
Takahashi measured that by observing many bubbles at the 
same time. In the case of Takahashi experiment, bubbles 
looks like to affect the movement of them each other, and 
then it makes rise velocity slow. In the case of this 
experiment, even though rise velocity of microbubble was 
measured by same method with Takahashi, the result of 
measurement was similar with the results of Parkinson, et. 
al. In the case of this experiment, it looks that the effect on 
the movement of microbubbles makes it faster. 
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Figure 4.4 The measurement 
results of microbubble rise velocity 
according to bubble diameter by 
Parkinson, et. al. (2008)

Figure 4.5 The measurement 
results of microbubble rise 
velocity according to bubble 
diameter by Takahashi (2005)

4.2.3.2 Sub-micron bubble

In this experiment, 14 bubbles are observed in 4 times 
measurement. Figure 4.6 is one of the example of 
sub-micron bubble rise velocity measurement. The movement 
of bubble was recorded, and the movement distance and 
interval time was evaluated using this movie. Based on these 
results, rise velocity of sub-micron bubble was calculated. 

(a) Case 1: rise velocity = 0.78 ㎛/s
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(b) Case 2: rise velocity = -0.64 ㎛/s

Figure 4.6 The example of rise velocity measurement of sub-micron 

bubble

As the results of rise velocity measurement, the average rise 
velocity and its standard deviation was 0.39 ㎛/s and 1.68 ㎛
/s, respectively. The predicted rise velocity of sub-micron 
bubble generated in this bubble generator by Stokes’ law, 
was 0.40 ㎛/s. Even though it’s very similar with the 
experiment results, it’s hard to conclude that rise velocity of 
sub-micron bubble is follow to the Stokes’ law because of 
high standard deviation. Moreover, one of observed bubble 
move 2 times faster than the average rise velocity as figure 
4.6 (a), and another bubble moved to the direction of gravity 
like figure 4.6 (b). As the results, sub-micron bubble showed 
the random motion in water. It looks that the movement of 
sub-micron bubble is affected by the temperature, the 
movement of water molecules and the tiny current as well as 
buoyancy of air in bubble.  
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4.3 Mass transfer

In the absence of chemical reaction, gas–liquid mass transfer 
to a low solubility gas bubble is controlled by molecular 
diffusion in the liquid phase. Therefore, the mass transfer 
from bubble to liquid is characterized by the liquid-side mass 
transfer coefficient, , which is defined by




 ∆

 where,  : the number of moles of diffusing gas through 
interfacial area
        : liquid-side mass transfer coefficient
         : interfacial area
        ∆: the difference of dissolved gas concentration 
between interface and bulk

  is decided by the interface mobility. Interface mobility is 
distinguished as the bubble size. Larger bubbles is usually 
behave as fluid particles with mobile surfaces, while smaller 
bubbles is behave as solid particles with rigid surface. 
Edwards (Edzwald, 2010) suggest that the surface of a bubble 
below a diameter of approximately 100 ㎛ is rigid. Therefore 
only rigid surface case is considered in this research. The 
mass transfer coefficient, , in rigid surface is suggested by 
Frössling (1938) as 
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 where, : bubble diameter
         : bubble-liquid relative velocity
         : mass diffusivity
        : constant (usually 0.6 was used)
        : kinematic viscosity

To evaluate the effect of the size of bubble on mass transfer, 
mass transfer in column is evaluated by modeling. In this 
modeling, the rise velocity of bubble assumed that follow the 
Stokes’ law. In this situation, the mass transfer from bubble 
to water for rising bottom to top of column could be 
calculated as below. 

 

   


  ∆×  ′


′   



 



∆

   



 where, : residential time of bubble in column (  )

         : surface area of bubble ( )
        : viscosity
        : density of liquid
         : density of gas
        ′: the modified mass transfer coefficient
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0.5 m column was assumed to evaluate the mass transfer 
from bubble to water according to the size of bubble. The 
parameters which used in this modeling shown in Table 4.2. 
Figure 4.7 show the number of moles which transferred from 
single bubble to water according to the bubble size during 
bubble flotation. As increasing the size of bubble, the 
interface between water and bubble is increased while the 
residential time in column decreased. because of the 
combined effect of them, transferred air from bubble to 
water is increased as the size of bubble is increased. For 
example, in this condition, mass transfer moles from the 10 
㎛ bubble is about 3 times larger than the 1 ㎛ bubble. 

Table 4.2 The parameters for mass transfer modeling

Parameter Value

Bubble diameter (㎛) 1-10

The length of column (m) 0.5

mass diffusivity (㎜2/s) 0.002

Density of water (kg/㎥) 998.2

Density of air (kg/㎥) 2.6

kinematic viscosity (㎡/s) 1.002 × 10-6

Viscosity (㎩·s) 0.001

Temperature (℃) 20
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Figure 4.7 The number of moles which transferred from bubble to water 

in column (single bubble)

However, the mass transfer is increased as the size of bubble 
is decreased when the same volume of air is considered. 
Figure 4.8 showed the mass transfer from bubble to water 
with fixing the air volume as 50 ㎛ of single bubble. As the 
results, the mass transfer amount is greatly increased as the 
size of the bubbles is small. The number of bubbles 
increases, the surface area between the water and the bubble 
is also increased greatly. For example, even though mass 
transfer from the 10 ㎛ bubble is about 3 times larger than 
the 1 ㎛ bubble, total mass transfer with fixed air volume as 
50 ㎛ of single bubble, mass transfer from the 1 ㎛ bubble is 
about 316 times larger than the 10 ㎛ bubble. 
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Figure 4.8 The number of moles which transferred from bubble to water 

in column (50 ㎛ of single bubble's volume)
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4.4 Zeta potential

4.4.1 Measurement method

In the case of microbubble, because of the high rise velocity, 
the zeta potential of the bubbles was measured with a set of 
equipment comprising an electrophoresis cell, microscope, 
CCD camera and a video image analyzer, as shown in Figure 
4.9 (Dockko et al., 1998 Han et at., 2004). However, in the 
case of sub-micron bubble, it is known that zeta potential 
can be measured by commercial zeta measurement 
equipment because of low rise velocity (Jin et al., 2007; Fan 
et al., 2010; Cho et al., 2005).

Figure 4.9 Equipment for electrophoresis measurement (Kim, 2010)
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Sub-micron bubbles were generated by sub-micron bubble 
generator produced in the lab. This generator is consisted of 
350 W pump and 3 ㎜ teflon hose with 20 m. Sub-micron 
bubble generator is operated with fixed air flowrate and 
water flowrate as 200 ㎖/min and 1.4 ℓ/min, respectively. 
The average bubble size is measured by optical microscope 
as 1.07 ㎛. Sub-micron bubble is generated in the water tank 
and water is circulated to maintain sub-micron bubbles in 
water tank.

Zeta potential of sub-micron bubbles were measured by Zeta 
phoremeterⅡ (SEPHY, France). Each data point for zeta 
potential was an average of 5 measurements or above at 
room temperature. In this instrument, zeta potential is 
calculated using the Smoluchowski equation from observed 
mobility. 

The solution pH was adjusted by addition of HCl or NaOH 
aqueous solution from 3 to 10. And NaCl was used to change 
solution condition with ranging from 10–4 M to 10–2 M in 
increments of one order of magnitude. Zeta potential of 
sub-micron bubbles according to pH and the concentration 
of NaCl, were measured to show the effect of them. 
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4.4.2 Measurement results

4.4.2.1 Zeta potentials of sub-micron bubbles according to pH

Figure 4.10 shows the experiment results of this research 
and other studies about the relationship between the zeta 
potential of sub-micron bubble and pH. In this research, zeta 
potential was negative between pH 3.0 and 10.0. And the zeta 
potential was decreased from –4.39 to –28.13 ㎷ as pH was 
increased. This results show that sub-micron bubbles prefer 
adsorption of OH- ions to adsorption of H+ ions. This trend 
is shown in other studies to measure the zeta potential of 
sub-micron bubbles. Even though the methods to generate 
sub-micron bubbles were all different, the zeta potential 
according to pH was similar each other. 

Figure 4.10 The results of zeta potential measurement of sub-micron 

bubbles and comparison with other studies. 
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Figure 15 shows the measurement results of the zeta 
potential of a microbubble under the various conditions and 
by several researchers. Zeta potential of microbubbles was 
negative in almost pH conditions. And zeta potential was 
decreased as pH was increased same as the zeta potential of 
sub-micron bubbles. However, the zeta potential of 
microbubbles shows different with the one of sub-micron 
bubbles. Even though, the difference was small at low pH, 
the zeta potential of microbubbles are much lesser than the 
one of sub-micron bubbles at high pH. This results show 
that OH- adsorption capacity of microbubbles are bigger than 
that of sub-micron bubbles. 

Figure 4.11 Zeta potential of a microbubble under various conditions 

(Kim, 2010)
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4.4.2.2 The effect of the concentration of NaCl on zeta 
potential of sub-micron bubble

Figure 4.12 shows the change of zeta potential of sub-micron 
bubbles according to the concentration of NaCl and pH. Zeta 
potential was negative in all NaCl and pH conditions. And 
zeta potential was decreased as pH was increased and NaCl 
concentration was decreased. Especially, the effect of NaCl 
concentration on zeta potential of sub-micron bubble caused 
that an increase of NaCl solution concentration would not 
only cause more Na+ ions to adsorb onto the gas-liquid 
interface, but also compress the electrical double layer 
thickness of a bubble (Cho et al., 2005).

Figure 4.12 Effect of NaCl concentration on sub-micron bubble zeta 

potential
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Figure 17 shows the change of zeta potential of 
microbubbles, which average size was 27.8 ㎛, according to 
the concentration of NaCl and pH. Same as sub-micron 
bubbles, zeta potential was decreased as pH was increased 
and NaCl concentration was decreased. And all NaCl 
concentration and pH conditions, zeta potential of 
microbubble was lesser than that of sub-micron bubble. 
However, the change of zeta potential of microbubble 
according to the concentration of NaCl, was much bigger 
than that of sub-micron bubble. This results shows that not 
only anions, but also cations adsorption capacity of the 
sub-micron bubble are lesser than microbubble. 

Figure 4.13 Effect of NaCl concentration on microbubble zeta potential 

(Shin, 2003)



121

4.5 Conclusions

In this research, the major characteristic of sub-micron 
bubble, rise velocity, mass transfer and zeta potential, was 
measured. And comparing with the characteristic of 
microbubble, the characteristic of sub-micron bubble could 
be clear. 

(1) Rise velocity of microbubble and sub-micron bubble was 
measured by image analysis. In the case of microbubble, rise 
velocity showed good agreement with those predicted by 
Stokes’ law or Hadamard-Rybczynski equation. However, in 
the case of sub-micron bubble, rise velocity doesn’t showed 
good agreement with them. Because of the size of bubble, the 
movement of sub-micron bubble are affected by surrounding 
conditions such as temperature, micro-current and so on. 

(2) Mass transfer according to the bubble size was evaluated 
by the modeling. In the case of single bubble, mass transfer 
was increased as the size of bubble was increased. However, 
in the case of constant gas volume, mass transfer was 
increased as the size of bubble was decreased.

(3) In the case of zeta potential, the experiment results were 
compared with other studies which measured zeta potential 
of sub-micron bubble and microbubble. As the results, the 
zeta potential of sub-micron bubble was decreased as pH was 
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increased and NaCl concentration was decreased. The change 
of zeta potential of sub-micron bubble according to the pH 
and NaCl concentration, was smaller than that of 
microbubble. It looks caused by the difference of adsorption 
capacity of ions. 

(4) The analysis of the characteristic of sub-micron bubble 
will help to select proper bubble according to the objectives 
and conditions of the process. Therefore, the process which 
used bubbles, could be operated with high efficiency.
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Chapter 5. Conclusion

On this study, sub-micron bubble generation principle is 
modeled based on microbubble generation principle. Through 
the improved bubble size measuring method using DO 
concentration, the generation of sub-micron bubble is 
identified and the design and operating condition are 
examined. To use sub-micron bubble effectively in various 
process, the rise velocity, mass transfer rate, and zeta 
potential are measured.

A modeling for sub-micron bubble generation principle is 
firstly performed. To do this, the generation principle in 
microbubble generator was firstly inspected. After making a 
simple bubble generator with a pump and a nozzle, the size 
and the distribution of microbubble were measured changing 
the size of nozzle and flowrate. By comparing the results to 
conventional bubble generation theories, the best principle 
that can explain bubble generation was deduced. 
Consequently, microbubble generation by the breaking of 
bubble by hydraulic force was the best explanation. So, 
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microbubble generation principle modeling was performed 
focalized on analysis of hydraulic force exerted on bubble in 
nozzle. The force exerted on bubble is gauged through fluid 
momentum equation and Bernoulli's equation. By examining 
the impacts of the radius of nozzle, pressure, relative 
velocity, the length of nozzle, initial bubble size, and friction 
coefficient to hydraulic force, it can contribute to 
sub-micron bubble generation device development. 

Reflecting the modeling results, a sub-micron bubble 
generator with a pump and a hose was developed. This 
device generates sub-micron bubbles by using high shear 
force in a hose to induce powerful and repetitive breaking of 
bubble.  

Using this device, before conducting the experiment, a simple 
bubble size measuring method by DO concentration was 
improved which is easily applicable on site. Data which need 
to deduce an interaction formula between DO concentration 
and average bubble size are obtained by image analysis. 
Based on the measuring principle of DO meter, a better type 
of formular which shows the relation between them more 
precisely is determined. Putting these together, an interaction 
formular is deduced which shows the relation between DO 
concentration and the average bubble size.

An experiment for an appropriate design and operation 
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factors was conducted  based on the developed sub-micron 
generator and the interaction formula. As a result, it was 
found that the size of sub-micron bubble gets smaller as the 
diameter gets smaller, and the pressure, length, air flowrate, 
fraction coefficient get larger. This is a similar result with 
the previous modeling. Therefore, through such results, it is 
anticipated to make more efficient sub-micron bubble 
generator.
 
At last, a study on basic characteristics of sub-micron 
bubble was conducted for application for various process. As 
for rise velocity, while the microbubble's is easily assumed 
with the conventional theory, the sub-micron's is found 
difficult to be assumed because it is sensitively affected to 
the surrounding environment.

As for mass transfer rate, if comparing at a single bubble, 
microbubble shows higher rate than sub-micron. But if 
comparing in the same volume of air, it was found that 
sub-micron's mass transfer rate was much higher.

As for zeta potential, sub-micron bubble showed nearer to 
zero value than that of microbubble under any pH and NaCl 
conditions. This is assumed to be attributable to the weaker 
force for ions to adsorb to its surface than that of 
microbubble. 
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The results of the study on fundamental characteristics of 
sub-micron bubble are considered to be applicable in various 
processes. 
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국문초록

    본 연구는 sub-micron 기포의 발생 가능성을 실험과 모델링을 
통해 조사하였다. 그리고 기포의 크기를 DO 농도를 통해 간단하게 
측정할 수 있는 방법을 개량하여 sub-micron 기포 발생 장치에서의 
다양한 인자들에 의한 영향을 확인하였다. 그리고 sub-micron 기포
의 부상 속도, 물질 전달율, 제타 전위와 같은 특성을 조사하였다. 

1. Sub-micron 기포 발생 원리 모델링
1.1 미세기포 발생장치에서의 기포 생성 원리
    미세기포 발생장치에서 미세기포가 생성되는 원리를 실험과 이론
의 비교를 통해 규명하였다. 실험은 유량과 노즐의 크기를 바꿔가며 
진행하였다. 그리고 그 결과와 기존 기포 생성 이론과의 비교를 통해 
미세기포 발생장치에서의 기포 생성 원리를 가장 잘 설명해 주고 있
는지 살펴보았다. 
    그 결과 핵 형성 이론은 미세기포 발생 조건 및 경향에서, 직접
적인 공기 주입에 의해 기포가 생성되는 이론은 기포의 크기에서 실
험 결과와 큰 차이를 보였다. 그에 반해 기포 파괴에 의해 새로운 기
포가 생성되는 원리는 미세기포 발생장치에서의 기포 생성 경향 및 
그 크기를 설명하는데 적합하였다. 그리고 기포의 크기를 비교한 결
과 미세기포 발생장치에서의 기포 크기는 유량 및 노즐의 크기에 큰 
영향을 받지 않는 것으로 조사되었다. 

1.2 노즐 내 기포가 받는 수리학적 힘 모델링
    노즐 내부에 있는 기포에 가해지는 수리학적 힘을 유체의 운동량 
방정식 및 베르누이 방정식을 통해 모델링하였다. 그리고 이를 바탕으
로 관경, 압력, 유속, 길이, 초기 기포 크기, 조도계수 등이 기포가 받
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는 수리학적 힘에 미치는 영향을 살펴보았다. 그 결과 관경이 작아질
수록, 그리고 압력, 유량, 길이, 초기 기포 크기, 조도계수 등이 커질
수록 기포에 가해지는 수리학적 힘이 커짐을 확인할 수 있었다. 

2. Sub-micron 기포 발생장치의 개발
2.1 Sub-micron 기포 발생장치 개요
    위의 실험 및 모델링 결과를 바탕으로 펌프와 호스를 이용하여 
기포 발생장치를 제작하였다. 그 결과 특정 관경 및 길이 조건에서 
sub-micron 기포가 발생함을 확인하였다.

2.2 Sub-micron 기포 크기 측정 방법
    기존 sub-micron 기포 크기 측정 방법들은 공통적으로 기포 측
정이 어렵고 현장 적용이 불가능하다는 단점이 있다. 이러한 단점을 
보완하는 측정 방법 중 하나는 DO 농도를 이용하여 간접적으로 측정
하는 방법이다. 본 연구에서는 DO 농도를 이용하여 간접적으로 측정
하는 방법의 정확성을 향상시키기 위해 DO 농도와 기포 크기간의 관
계식을 유도하였다. 
    이를 위해 sub-micron 기포의 크기를 광학현미경을 통해 측정
하고 이와 동시에 DO 농도를 측정하였다. 기포 크기는 광학현미경으
로 기포를 촬영한 후 이미지 보정을 거쳐 픽셀 수를 세는 방법으로 
측정하였다. 그리고 DO 농도와 기포 크기간의 관계식은 기포 크기 
분포가 정규분포를 따른다는 점에 착안하여 정규분포 누적 곡선의 형
태로 추정하였다. 그리고 이 식의 계수를 실험 결과를 바탕으로 추정
하여 관계식을 도출하였다. 

2.3 Sub-micron 기포 발생장치 설계 및 운전 조건 도출
    Sub-micron 기포 발생장치의 설계 및 운전 조건 도출을 위해 
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대용량의 sub-micron 기포 발생 장치를 제작하였다. 실험에서 기포
의 크기는 DO 농도를 통해 간접적으로 측정하였다. 
    실험 결과 관경이 작아질수록, 압력, 길이, 공기 유입량, 조도계
수가 커질수록 sub-micron 기포의 크기가 더 작아짐을 확인할 수 
있었다. 이는 앞의 모델링 결과와 유사한 경향을 갖고 있으며 따라서 
관 내 수리학적 힘이 sub-micron 기포 생성에 결정적인 영향을 주
고 있음을 알 수 있었다. 그리고 기포의 크기는 실험에 따라 약 2-4 
㎛로 추정되었다. 

3. Sub-micron 기포의 특성
    기포의 특성을 파악하는 것은 그에 따른 적합한 공정 선택 및 최
적화를 위해 중요하다. 따라서 본 연구에서는 기포의 기본적인 특성인 
부상 속도, 물질 전달율, 제타 전위를 측정하고 이를 미세기포의 그것
들과 비교하였다. 
    부상 속도의 경우 미세기포는 기존의 이론과 유사한 경향을 보인 
반면에 sub-micron 기포의 경우 기존 이론에 잘 맞지 않음을 알 수 
있었다. 이는 sub-micron 기포의 경우 작은 크기로 인해 주변 환경
에 영향에 민감하게 반응하기 때문이라 생각된다. 
    물질 전달율의 경우 기존 이론을 바탕으로 기포 크기에 따른 물
질전달율을 모델링하였다. 그 결과 단일 기포의 경우 기포의 크기가 
커질수록 물질 전달율이 향상되지만 동일한 기체 부피에서의 물질 전
달율은 기포의 크기가 작아질수록 월등히 높아졌다. 
   제타 전위의 경우 제타 전위 측정장치를 통해 sub-micron 기포의 
제타 전위를 측정하고 이를 기존 연구들과 비교하였다. 그 결과 
sub-micron 기포의 제타 전위는 모든 pH 및 NaCl 농도 조건에서 
미세 기포의 제타 전위에 비해 0에 가까운 값을 보였다. 이는 
sub-micron 기포의 경우 미세 기포에 비해 표면에 이온을 흡착시키
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는 힘이 약하기 때문이라 생각된다. 

주요어: 기포 파괴, sub-micron 기포, 기포 크기, 기포발생장치, DO 
농도, 부상 속도, 물질 전달율, 제타 전위
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