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Chapter 1

Introduction

1.1 Background

Around the end of the 1990s, several major media outlets covered the rapid growth of young
oysters in Hiroshima due to the effects of microbubbles (Fig. 1.1), and the existence and
success of microbubbles spread throughout Japan [1]. It was Professor Hirofumi Ohnari who
provided microbubble technology for oyster farming in Hiroshima. Microbubbles of 1-100
pm in diameter [2] and nano-sized bubbles (ultrafine bubble) have been named fine bubbles
by ISO20480-1 in recent years. Microbubbles are characterized by high internal pressure; the
gas pressure inside a bubble is higher than the liquid pressure due to the action of surface
tension, and long residence time [3] as shown in Fig. 1.2. The most common air-embedded
non-fine bubbles cannot maintain a spherical shape in water, but instead deform into an
elliptical shape and rise with a zigzaging or spiral motion [4]. Microbubbles, on the other
hand, do not deform and rise slowly enough [5]. Therefore, in clean water where the
concentration of dissolved gases is not high, microbubbles are in contact with water for a
long time, and the dissolution of the air in water progresses. However, the situation is
different under conditions of supersaturation at shallow water depths as will be described in
the following sections.

Microbubbles have been reported to have cleaning effects [6] and to reduce frictional

resistance [7]. Compared to millimeter bubbles, microbubbles have a large interfacial area
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concentration and a high mass transfer rate due to the large internal pressure, as well as having
high penetration ability into narrow areas [8]. In addition to these characteristics,
microbubble flows can be composed of only gases and water, making them economical and
low environmental impact, and have been utilized in a wide range of fields as will be

described in Section 1.3.

F o "
o ' 9 *
] & o
L2 Ld -
ol o * . .
ro"' : Microbubble =
r‘ - # . . . ‘. "
&, - ™ . |
L . P .
L] o & n » - &
[ e * Ll

Fig. 1.1 Microbubble.

Water surface

%Ef Burst
Disappearance O

Shrinkage Q Rising
Microbubble (MB) Q

VNIV
< —
Fine bubble (FB)  Non-fine bubble  Vall

O oo

Fig. 1.2 Difference in behavior between microbubble and non-fine bubbles.



1.2 Characteristics of microbubbles

1.2.1 Rise velocity

Although the rise velocity, V7, of microbubbles depends on the liquid properties,
microbubbles become small spherical shapes in water, and the behavior of microbubbles is
similar to the settling motion of solid spheres in water with surface-active agents. Therefore,
the rise velocity [9] of microbubbles in water as the no-slip condition can be explained by

the following Stokes equation:

VT _ (pL _pG)gd;

ST (1.1)
Re = PVrds (1.2)
Ly

where dp is the bubble diameter, p; the density of liquid, ps the density of gas, and . the
viscosity of liquid. The bubble Reynolds number, Re, of microbubbles in water is less than 1
at dp =100 um in water as calculated by Eq. (1.1) and Eq. (1.2). Since Re < 1, the rise velocity
of microbubbles can be expressed by Eq. (1.1) [10, 11]. The relationship between V7 and d3
of microbubbles at the temperature 7= 293 K in water is shown in Fig. 1.3. Microbubbles of

10 um rise only about 19.5 cm per hour.
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10
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Fig. 1.3 Relation between Vrand dp by Stokes law.

1.2.2 Shape regimes

Grace et al. [12] pointed out that E6tvds, Morton and Reynolds numbers, Eo, M and Re, are
dominant factors governing the shape of fluid particles rising or falling freely through
stagnant liquids. They showed that deformation of fluid particles depends on Eo and M, and
fluid particles of small Eo less deform than those of high Fo even at the same M.

Here, Fo and M are defined by

E, _(p.—Pg)ed,
Eo = b _ L G B
0 7 o (1.3)
4
(P —pPs)g
M=+t "°c2
0lo’ (1.4)

where F} is the buoyant force, F; the surface tension force, and o the surface tension (c =
72.8 mN/m at T = 293 K). Table 1.1 shows the relation of dz and Eo at the same M for
microbubbles and millimeter bubbles in air-water system. See Clift et al. [ 13] for more details
of Eo and M of bubbles and drops. The Eo of dz =100 um was sufficiently small to indicate
that the surface tension is mostly responsible for the shape of the bubble. This is understood

why non-fine bubbles cannot maintain a spherical shape in water and deform into an elliptical



shape, etc. In contrast, microbubbles can maintain a spherical shape as shown in Fig. 1.2.

1.2.3 Internal pressure

Microbubbles have a spherical interface and are surrounded by water and liquid molecules
with large intermolecular forces on the outside, and gas molecules exist only at a sparse
density compared to the inside of the bubble. The pressure inside the bubble is therefore
higher than the pressure around the bubble by Ap according to the following Young—Laplace

equation due to the effect of surface tension.

Ap=— (1.5)

The relationship between dp of an air bubble in water and the internal pressure, ps, of bubble
is shown in Table 1.2 (assuming the surface tension of water ¢ is 72.8 mN/m at 7= 293 K

and the surrounding pressure is 1 atm).

Table 1.1 Relation between dg and Eo at M = 3.1 x 107! (air-water system).

dp Eo
6 mm [13] 5
1 mm 0.14
100 um 1.35x 1073
10 pm 1.35x107°
1 um 1.35x 1077

Table 1.2 Relation between dz and pp.

dp ps [atm]
I mm 1.003
100 um 1.03
10 pm 1.29

I um 3.87
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It can be seen that when bubbles are reduced to microbubbles, the internal pressure of the
bubbles becomes non-negligible compared to atmospheric pressure (= 1 atm). On the liquid
phase side, the pressure is about the same as the system pressure (atmospheric pressure)
added to the liquid head (water pressure), but the internal pressure of the bubble is high, and
the gas component dissolves at a high mass transfer rate into the liquid phase in contact with

the bubble surface.

1.2.4 Mass transfer

Some studies have been reported that a microbubble can grow in the liquid [14, 15]. The
bubble diameter, dp, and the number density, np, of microbubbles are, therefore, important
factors in the development and improvement of the applications, and the control of these
factors is required for microbubble generators and applications [16]. However, both dz and
np would change in time after generation due to the mass transfer between the bubbles and
the surrounding liquid.

The cause of the trends in microbubbles diameter can be understood as follows. The

interfacial concentration, Cs, of the gaseous species forming a bubble is given by

C, =ch—I; (1.6)

where H is Henry’s constant, C; the concentration of liquid, and pp the gas pressure.

Assuming that the bubble shape is spherical yields

C 4c
C. =L o
S H [p”dj (.7

where o is the surface tension, and p; the liquid pressure. A difference between Cs and the
concentration, Co, of the dissolved gas in the liquid phase drives the interfacial mass transfer.

Therefore, the equilibrium diameter, dzeq, for Co is given by



" CHIC,-p, (1.8)

A bubble of dp smaller (larger) than dp., will shrink (grow). Microbubbles in liquid flows are
usually poly-dispersed and may grow or shrink depending on their size and dpe, resulting in

a change in the bubble size distribution.

1.3 Applications of microbubbles

Microbubbles have been utilized in a variety of fields such as agriculture [17], environmental
[18], washing process [19], medicine [20, 21], water treatment [22—24] and so on because of
their characteristics suitable for applications in those fields, e.g. small size, high internal
pressure, long residence time [3] and large interfacial area concentration [8]. A brief summary
of research in each field is given below. Fig. 1.4 (a)—(e) shows the applications of

microbubbles in various fields as will be described in the following.

Water Mlcrobubble water (b)

C
( ) Microbubble Ultrasound
Mlcrobubble Vibration or contrast
o crushing
Crops o o © o e Drug delivery
o2 H;

(d) (e)
% E
+ goé) P
Microbubble o 00 LR A T R
0 %% Microbubble

Fig. 1.4 Applications of microbubbles in various fields.
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(a) Agriculture and fisheries fields

Microbubbles are used to improve crop yields and quality. Some agricultural water is
unsuitable for agriculture, such as water with low dissolved oxygen or residual chlorine.
Problems with agricultural water can lead to crop growth problems and soil contamination.
Therefore, by adding microbubbles to agricultural water, the amount of dissolved oxygen can
be increased by the long residence time and large interfacial area concentration, and the water
quality can be improved by the contaminant removal effect, thereby increasing the activity
of agricultural crops [25-28].

In aquaculture, microbubbles are being used in the cultivation of fish and shellfish. In
oyster farming [1], it has been reported that injecting microbubbles into the oyster farm
increases blood flow to the oysters and promotes their growth. In addition, when farmed fish
are present in high-density tanks, they may die due to anoxic conditions. Microbubbles
injected into the tank can improve the anoxic condition by dissolving oxygen from

microbubbles into seawater [29, 30].

(b) Environmental fields

Cleaning processes are important in the manufacturing and production processes of industrial
products, and in the food industry, including beverage products, the removal of oil and grease
adhering to pipe walls is also necessary [31]. However, conventional industrial cleaning
processes use chlorofluorocarbon gas, volatile organic compounds, acid-alkali cleaning
agents, etc., and the environmental burden caused by these chemicals and the cost of waste
liquid treatment have become issues. In response, there is a need to develop a cleaning
technology with less environmental impact [32]. Therefore, development of a cleaning
technology that can remove or reduce these chemical substances using microbubbles is

underway.

(c) Medicine fields

Microbubbles of 10 um in size are used as contrast agents in ultrasound diagnosis [33, 34]
and have a shell structure in which the surface is covered with a thin shell of surfactant, lipid,
or protein. The natural frequency of microbubbles has a large acoustic impedance difference

from that of body tissues, resulting in a strong ultrasonic echo signal [20]. Researches have



also been underway to utilize microbubbles for cancer and stone treatment. Recently, a
technique for removing dental plaque using microbubbles has also been reported to reduce

periodontal disease [35].

(d) Water treatment fields

Microbubble technologies are being used in water treatment. Ozone is often used as an
oxidant in drinking water disinfection and wastewater treatment [36, 37]. Ozone treatment is
reported to be very effective in reducing color in dye wastewater because it attacks
conjugated double bonds, which are often associated with color [21]. However, the low
solubility of ozone has been attributed to its low mass transfer rate between gas and liquid.
The effectiveness of ozone treatment can be enhanced by increasing the surface area of ozone

through the formation of smaller bubbles.

(e) Drag reduction

In recent years, microbubbles have been applied to drag reduction in ship engineering, and
this method has been effective in reducing drag over a wide range of speeds. It has been
reported that microbubbles have a very large effect of reducing drag [38, 39]. There is no
established theory on the mechanism of frictional drag reduction by microbubbles, but one
of the possible mechanisms is the density effect. The size of bubbles is one of the important
influencing factors and is mainly related to the flow characteristics. Smaller bubbles are more

beneficial for drag reduction [40].
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1.4 Removal effects of microbubble

Up to the present, many studies have been conducted on cleaning using microbubbles. For
instance, Tamura et al. [41] reported the effects of microbubbles using a Venturi tube to
promote the removal of chemical solvent. Fujimoto et al. [12] reported the detergency effects
of adding surfactants to microbubbles generated by a Venturi-tube-type microbubble
generation method, and the effects of removing surfactants adsorbed on skin surface by
microbubbles [43]. Takahashi et al. [44] used ozone microbubbles generated by a pressurized
dissolution method in photoresist removal. The existence of microbubbles in ozonized water
increased dissolved ozone concentration and improved the photoresist removal rate. Their
cleaning efficiency was however inferior to that of hot concentrated sulfuric acid, and it has
not yet been widely used in practical applications. Furthermore, Minagawa et al. [45] reported
that in immersion cleaning of lubricant oil in water containing microbubbles, numerous
bubbles are generated within the oil, which coalesce and grow, adsorb the oil, and then float
to the surface, thereby removing the oil. However, the mechanism by which microbubbles
are generated in oil has not been fully elucidated.

As described above, studies on cleaning with microbubbles have been reported, and the
factors that make water containing microbubbles effective for cleaning, e.g., the adsorption
of dirt at the gas-liquid interface, the effects of surface charge, the possibility that bubbles act
as an abrasive, the lifting effect of bubbles on dirt, and the soaking of dirt into the
microstructure by lowering surface tension. However, none of these factors has been clearly
demonstrated, and the detailed mechanism regarding the removal effect has not been fully

elucidated.

1.5 Microbubble generation methods

Several methods for generating microbubbles have been proposed. The dz and np of the
generated bubbles are different for each method as shown in Fig. 1.5. The main methods are

described below.
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Fig. 1.6 Pressurized dissolution method.

(a) Pressurized dissolution method

In the pressurized dissolution method [49], the liquid and gas phases are mixed under high
pressure to dissolve the gas phase in the liquid phase, and then the pressure is rapidly reduced
at the nozzle to form microbubbles from the dissolved gas phase as shown in Fig. 1.6.
Although this method requires a container for dissolving the gas phase under high pressure,
it can generate microbubbles with diameters of several tens of micrometers or less at high

number density.
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(b) Gas-liquid shear method

This method makes use of breakup of gas-phase clumps by shearing the flow to generate
microbubbles. A Venturi tube [50] has a condensed flow section as shown in Fig. 1.7. After
the mixture of the gas and liquid phases reaches the speed of sound in the converged flow
section, a sudden increase in pressure generated under the condensed flow section causes
bubbles to expand rapidly and collapse to form microbubbles. Although it is difficult to
generate microbubbles of several tens of micrometers or less at high density with this method,
the simple structure makes it easy to downsize the equipment.

A microbubble generation method by swirling flow [51] is shown in Fig. 1.8. In a
swirling flow, a gas-liquid two-phase flow is formed by mixing the gas phase with the liquid
phase that is swirling at high speed in the circumferential direction in the flow path, and the
gas phase is broken up by shearing and crushing due to the difference in swirling speed to
generate microbubbles. This method is characterized by the ability to control bubble

refinement by the swirling velocity.
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Fig. 1.7 Microbubble generator using a Venturi tube.
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Fig. 1.8 Microbubble generator using a swirling flow.
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(c) Microporous pores method

This method is a microbubble generation method for gas miniaturization [52, 53]. The gas is
supplied to a cylindrical section composed of a porous membrane with microporous pores as
shown in Fig. 1.9. Bubbles exuding from the micropores on the sides of the cylinder and are
cut off from the pores and flow downstream due to shear force exerted by the liquid flow
perpendicular to the direction of bubble expansion in the annular flow of the double cylinder
that surrounds the cylinder. The size and number density of microbubbles vary to some extent

depending on the balance between the gas flow rate and liquid flow velocity.

Although there are other methods for generating microbubbles, an equipment for the
generation of microbubbles can realize further cost reduction and miniaturization and can
nicely change the relationship between the cleaning object and the cleaner/generator with

respect to dirt is desired when considering their use in various fields.

1.6 Objectives

In order to investigate the removal mechanism of microbubbles, it is important to develop a
measurement method to quantitatively evaluate the removal effects of microbubbles. In
addition, the relationship between the bubble diameter, the bubble number density, and the
bubble behavior in the vicinity of the object to be cleaned and the removal effect is important.

Therefore, it is necessary to clarify not only the removal effects but also the relationship
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between the bubble diameter and number density near the object to be cleaned and the
removal effects. Furthermore, in order to fully demonstrate the performance of equipment
using microbubbles, it is necessary to understand the change in diameter of microbubbles.
Moreover, because conventional microbubble generators require the supply of liquid, there
is a need for a compact and low-cost generation method that can generate microbubbles at
any local location.

The objective of this study is to clarify the relationship between the behavior of
microbubbles in the vicinity of oil and the removal process, and to investigate the diameter
change of microbubbles and the generation mechanism of microbubbles, and to obtain design

guidelines for the removal mechanism and new generators of microbubbles.

1.7 Structure of dissertation

This dissertation consists of five chapters. An overview of each chapter is given below.

In Chapter 1, as background of this study, the overview of previous research on the
properties of microbubbles, fields of application, cleaning fields, and methods of generation
was presented, and the issues related to the effects and properties of microbubbles that are
the subject of this study were discussed. The purpose and methods of this study were

described.

In Chapter 2, the purpose is to investigate the mechanism of the improvement of removal
effect by microbubbles by continuously measuring the diameter and the number density of
microbubbles and the change in the thickness of dirt in the vicinity, and quantitatively
examining the influence of microbubbles on the removal of oil dirt. Experiments on the
removal effects of water flows in a horizontal channel with and without microbubbles are
therefore conducted to investigate the removal process by microbubbles. Silicone oil
adhering to the bottom wall of the channel is used as dirt. The local thickness of the oil is

measured during cleaning from micrographs of fluorescence intensity by laser-induced
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fluorescence method.

In Chapter 3, a calculation method based on mass transfer is proposed to predict the
diameter change of a single bubble and the bubble diameter distribution of a group of
microbubbles with time. Numerical simulations based on the Rayleigh-Plesset equation are
developed to investigate the time evolution of bubble diameter and the mass transfer of
dissolved gas between bubbles and water in microbubble flow in a duct. Experiments on
microbubbles in a water stream generated by a pressurized dissolution method are also
conducted to investigate changes in the bubble size distribution of bubble groups and to

obtain data for validation of the numerical method.

In Chapter 4, a method requires neither a pump nor a complex piping system, with which
it is possible to generate bubbles in a stagnant liquid pool and at any local location, is
developed. Since the bubble generation mechanism of the pressurized dissolution method is
not based on effervescence but on shrink of the cavitation bubbles, subcooled boiling might
be one of the candidates for the new microbubble generation method. Therefore, a
microbubble generation method based on subcooled boiling on a thin metal wire is proposed.
The generation process of microbubbles is observed using a high-speed camera to evaluate
the bubble diameter and the number density. The experiments are conducted using resistance
heating by direct current (DC) and alternating current (AC) in several electric power

conditions.

In Chapter 5, the results and findings obtained in the previous chapters are summarized

and the conclusions of this dissertation are given.
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Chapter 2

Effects of microbubbles on removal of viscous oil from

duct wall

2.1 Introduction

The cleaning process is important in the manufacturing and production processes of industrial
products [1, 2], and in the food industry the removal of oil and grease from pipes is also
necessary [3, 4]. However, conventional industrial cleaning uses chlorofluorocarbon gas [5,
6], volatile organic compounds [7], acid-alkali cleaning agents [8], and other chemicals [9],
which pose environmental burdens, chronic health problems and waste liquid treatment costs
[10, 11]. There is therefore a need to develop cleaning technologies with less environmental
impact [12].

There have been many studies on cleaning using microbubbles. Lin et al. [13] used
microbubbles to remove dental plaque in order to reduce a risk of periodontal disease.
Takahashi et al. [ 14] reported that the use of ozone microbubbles generated by a pressurized
dissolution method increased the concentration of ozonized water and improved the cleaning
speed, but the cleaning efficiency was inferior to that of hot concentrated sulfuric acid, and
the method has not yet been widely put to practical use. Matsuura et al. [15] carried out
cleaning of polymer ink from a glass substrate using microbubbles. They suggested that the

cleaning method should take into account microbubble adsorption onto ink surfaces to
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improve the cleaning effects on hydrophobic materials. Factors that make water containing
microbubbles effective for cleaning have been speculated as adsorption of dirt at the gas-
liquid interface, an effect of surface charge, an abrasive effect of bubbles, a lifting effect of
dirt by bubbles and so on [16-20] as shown in Fig. 2.1. However, none of the factors has
been clearly demonstrated, and the detailed mechanisms related to the removal effect have
not been fully elucidated. It is important to develop a measurement method to quantitatively
evaluate the cleaning effect to clarify the cleaning process with microbubbles. Akuzawa et al.
[21] proposed a method for continuously measuring the amount of removed lard oil based on
temporal changes in the intensity of fluorescence generated by irradiation of a laser beam to
the lard oil mixed with fluorescent dye (laser-induced fluorescence method). Although this
method enables them to quantitatively evaluate the amount of removed oil, the effects of
microbubbles on the oil-removal process could not be discussed in detail due to a lack of the
information on the microbubble characteristics such as the number density and the diameter.

Experiments on the removal effects of water flows in a horizontal channel with and
without microbubbles were conducted to investigate the oil removal process with
microbubbles. Silicone oil adhering to the bottom wall of the channel was used as dirt. The
local thickness of the oil was measured during cleaning from micrographs of fluorescence
intensity from fluorescent dye mixed into the oil. The bubble diameter and the number
density in the vicinity of the oil were also measured by using an image processing method.
The behavior of microbubbles in the vicinity of the oil and its relation with the removal

process are also discussed.

Surface charge Adsorption Abrasive effect Lift

Fig. 2.1 Factors of microbubbles effective for cleaning.
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2.2 Experimental apparatus and methods

2.2.1 Experimental setup and experimental conditions

Fig. 2.2 (a) shows a schematic of the experimental apparatus which consisted of a
microbubble generator (Science, SMBO-PS480), an acrylic water tank, a pump (IWAKI,
MD-6ZK), a flow meter (Nippon Flow Cell, NSP-5-B006), a test section, and an inverted
microscope (Nikon, ECLIPSE Ti-U). The dimensions of the tank were 300 % 300 x 500 mm
in width, depth and height, respectively. The tank was filled with water purified using a water
purification system (Merck, Elix UV5). The water temperature 7 [K] and the dissolved
oxygen concentration DO [kg/m?] in the water tank were measured using a waterproof digital
thermometer (Nekken, Safety Thermo, SN3000) and a luminescent dissolved oxygen meter
(HACH, HQ30d LDO101-01), respectively. The temperature was 7'= 298 + 0.5 K and DO
of purified water was (8.45 £ 0.2) x 107 kg/m>. During the experiment with flows containing
microbubbles, the microbubble generator was operated for a sufficient time in advance to
reach a quasi-equilibrium state in the tank, DO at which was (9.65 + 0.2) x 10> kg/m?®. Water
was then started to flow into the channel by the pump. After passing through the test section,
water flowed into a drain tank. The liquid volume flow rate was adjusted using valves
installed in the flow path. The length of the experimental test was 350 mm and the oil was
placed 200 mm downstream from the channel entrance.

The cross-section of the oil removal section is shown in Fig. 2.2 (b). The measurement
section was a part of the bottom surface of the rectangular channel with the cross-sectional
area of 5 and 10 mm in height and width, respectively. The area of the oil part was 4 mm X
4 mm and the depth was 200 um. The bottom plate was removable, and the oil containing
fluorescent dye was applied to a recess on the top surface of the protruding part of the bottom
plate, which was then fixed in such a way that the oil interface was exposed to the water flow
on the same plane as the bottom wall of the channel, i.e., flush mounted as shown in Fig. 2.2
(c). The initial thickness of oil was 200 pm and the change in the thickness could be measured
without removing the test section, thereby enabling non-contact and continuous measurement

of the oil thickness.
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The experiments were carried out at Re = 250, 750, 5000 and 6750 with the uncertainty
less than 1% so as to observe cleaning effects in laminar and turbulent flows, where Re is the

Reynolds number defined by

pud,
Re = ——= 2.1
‘ eh)

Here p is the density of water (998 kg/m?), u the viscosity of water (0.89 mPas), u (= Q/S.)
the cross-sectional mean velocity, dy (= 4S./P.) ~ 6.7 mm the hydraulic equivalent diameter,
O the liquid volume flow rate, S. the channel cross-sectional area (50 mm?), and P. the
perimeter of the channel (30 mm). The length, L., of the entrance section is usually
recommended to be longer than L. = 0.058dxRe and L. = 30dy for laminar and turbulent
flows, respectively, to achieve fully-developed states. As shown in Table 2.1 the present
experimental setup satisfies the condition except for Re = 750. It will be shown in Section
2.3.1 the wall shear stress calculated using correlations for fully-developed state gives a

reasonable explanation of cleaning rate, so that L. was considered to be acceptable.

Table 2.1 Entrance length Le.

Re Le [mm]
250 96
750 290

5000 200

6750 200
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Fig. 2.2 Experimental apparatus. (a) Schematic of experimental setup. (b) Channel cross-

section of test section. (c) Side view of test section.
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2.2.2 Observation system and image analyses for oil thickness

measurement

Fig. 2.3 shows a schematic of the optical system for observation using an inverted microscope.
The test section was set on the stage, a high-speed camera (Photron, FASTCAM NOVA S12)
was mounted on the camera port, and the microscope backlight or laser beam was illuminated
according to the imaging conditions. The magnification of the objective lens (Nikon, S Plan
Fluor 10x) was 10, and the resolution of the captured images was 2 pum/pixel. In the
measurements of bubble diameter and bubble number density, the backlight was irradiated
from above the test section and the transmitted light was recorded by the high-speed camera.

A laser beam was used to irradiate fluorescent dye in the oil for measuring the oil
thickness, 8. Coumarin 6 (TCI) was used as fluorescent dye. The laser beam passed through
a lens (SIGMAKOKI, DLB-26-120PM) placed between the inverted microscope and the
laser source (Optic Electronic Co., Ltd.), which expanded the beam diameter at the focal
point of the microscope and widened the region of fluorescence intensity measurement. The
laser beam then entered the microscope horizontally through an access port located on the
back of the microscope and was reflected by a dichroic mirror (Edmund Optics, DICHROIC
LONG-PASS 500NM 25.2 x 35.6) installed at a 45-degree angle in the microscope. The laser
beam was then irradiated onto the oil region. A rotary shutter was connected to a motor
(ORIENTAL MOTOR Co, Ltd, SCM26JA-360) to control the irradiation time of the laser
beam, and the speed was adjusted by a speed controller (US2D6-JA-CC). As shown in Fig.
2.3, the fluorescence emitted from the fluorescent dye in the oil by the laser beam passed
through a dichroic mirror and a long-pass filter (Edmund Optics, PREC-ISION LONG-PASS
550NM 25MM). The high-speed camera connected to the camera port was used to take the
fluorescence images every 30 s for 120 s, and the oil thickness was measured from the
fluorescence intensity at each instant as will be described in Fig. 2.4. The shutter speed was
1/6000 s and the frame rate was 10 fps when measuring the oil thickness.

After 120 s, the microscope was used with a 4x objective lens (image resolution was 5
pm/pixel) and backlight to observe the removal process for a wider region and the behavior
of microbubbles in the vicinity of the oil interface. The shutter speed was 1/16000 s and the

frame rate was 10 fps.
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Fig. 2.4 An example of fluorescence image.

Fig. 2.4 shows a grayscale image (300 x 300 pixel) recorded for the oil thickness
measurement. The spatial resolution of the image was 2 pm/pixel. The mean fluorescence

intensity, 7, was obtained by averaging the local intensity (grey scale value), I;;, of each pixel

ij, that is

=299 xi=299
SIS L
T L A (2.2)



28 Chapter 2 Effects of microbubbles on removal of viscous oil from duct wall

where M;; is a mask function which takes 1 for fluorescence region and 0 for background
region.

When the fluorescence is irradiated with a laser beam, electrons of the fluorescent dye
molecules are excited. Photons are emitted when returning from the excited state to the
ground state. The number of emitted photons is proportional to the concentration, C, of the
fluorescent dye in the sample, 6 and the intensity, /1., of the laser light. The fluorescence

intensity, /, can therefore be expressed as

[ CI,8 (2.3)

Two slide glasses (Artec, 8534) were set up as shown in Fig. 2.5 for validation of this relation.
The gap between the slide glasses was filled with an oil, and the fluorescence intensity was
measured by irradiating a laser beam from below. Moving from ¢ = 0.05 mm to 0.40 mm in
0.05 mm increments, images were taken at each position and the average fluorescence
intensities were obtained. The relationship between & and I is shown in Fig. 2.6. The linear

increase in / with increasing & shows that Eq. (2.3) is valid.
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Fig. 2.5 Test cell and measurement points.
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Fig. 2.6 Relation between oil thickness & and fluorescence intensity 1.

It is known that fluorescent dyes exhibit a decrease in fluorescence intensity after
prolonged exposure to laser light, i.e., photobleaching [22, 23]. Thus, it is necessary to
understand the amount of fluorescence intensity reduction due to photobleaching to evaluate
the oil thickness from I. Fluorescence intensities for photobleaching without flow and for
cleaning condition are denoted by /p(¢) and /c(¢), respectively. Since the initial thickness, d(0),
of the sample oil is constant, from Eq. (2.3), the fluorescence intensity and initial thickness
are related as Ip(0) = Ic(0) = CI1.0(0). When confirming the photobleaching effect, the
thickness o(f) of the oil does not change because of no flow, i.e., 6(r) = 6(0). The

proportionality equation between /p(¢) and 6(0) can therefore be expressed as

1p(8) o C1,,8(0) /() 24

where f(¢) is the decay rate of I due to photobleaching. In the oil removal experiment, the

relationship between /() and 6(¢) can be expressed as (Fig. 2.7)

Io(t) < C1,,8(2) f (1) (2.5)
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Fig. 2.7 Relationship between removal effect and photobleaching.

Substituting Eq. (2.4) into Eq. (2.5) yields

5 = 2@ 500

1,0 (26
The oil thickness can therefore be evaluated from /p and Ic.
To reduce the influence by the variation in C and/or I in each experimental run, the

normalized intensities were used:

() = Le® §(0)

1) 2.7)

where I'c(f) = Ic(¢)/1c(0) and I'p(t) = Ip(t)/Ip(0). By obtaining Ic(¢)/Ic(0) and Ip(¢)/Ip(0), the

thickness, d(¢), at each time can be obtained.
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2.2.3 Evaluation methods of bubble diameter and number density

2.2.3.1 Image processing

(a) Image processing with average image

In the image processing, bubbles generated by using the microbubble generator were
observed with a high-speed video camera (Photron, FASTCAM NOVA S12) as shown in Fig.
2.8 (a). The bubble diameter, da, and the number density, 7z, of microbubbles flowing through
the measurement section were obtained by applying image processing to the captured images.
When the captured image (Fig. 2.8 (a)) was processed as obtained, shades of gray that were
not bubbles or bubbles that were stationary are also detected. Therefore, background removal
was performed using the average intensity projection method. At first, an average image of
all the images taken was created (Fig. 2.8 (b)), and then the average image was subtracted
from each image taken as a background image to create an image showing only microbubbles
passing through the measurement section of the cleaning effect (Fig. 2.8 (c)). This image was
inverted and dp and np were measured (Fig. 2.8 (d)). ImageJ (Ver. 1.49, Windows version)

was used to calculate and subtract the average image.

100 pum

Microbubb_le

(a) Original image (b) Averaged image

(c) Subtracted image (d) Inverted image

Fig. 2.8 Image processing with average image.
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Fig. 2.9 Image processing with contour and center detection.

(b) Detection of bubble and diameter calculation

The original image (Fig. 2.9 (a)) was Sobel filtered and binarized to detect bubble contours.
The Sobel filter was a 3 x 3 pixel differential filter that produced a gradient of luminance.
The luminance gradient was large for the contours of the in-focus image, and small for the
out-of-focus bubbles and background. Therefore, by binarizing the Sobel-filtered image with
a threshold value, only the bubble contours could be detected (Fig. 2.9 (b)). After detecting
the contour of bubbles by the Sobel filter and binarization, bubbles in the focal plane were
extracted (Fig. 2.9 (¢)), and the geometric centers of bubbles were detected using the normal
Hough transform (Fig. 2.9 (d)). The diameters of the detected bubbles were evaluated as the

mean distances between the centers and the contours.

2.2.3.2 Evaluation of average bubble diameter and number density

The sphere-volume-equivalent diameter, dp;, of each bubble flowing in the vicinity of the oil
interface was obtained using the above measurement method, where the subscript i is the
index of bubbles detected in the images. The diameters of the detected bubbles were
evaluated as the mean distances between the centers and the contours. The mean bubble

diameter, ,, was then calculated as
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ds=—Yd,, 2.8)

where N is the total number of bubbles detected.

The average number density, 7, , of micro-bubbles was calculated as

_ 1 &
Ay =— {EZN@} (2.9)

where K is the number of sample images (20,000), Hpor is the depth of field (DOF, 310 um),
S'is the measurement area, and N3, is the number of bubbles in the jth image. The resolution
of the captured images was 2 um/pixel, and therefore, the uncertainty of dp is £2 um. The
d s was calculated from dp of over 10,000 bubbles, the uncertainty in 7, was 2.4 x 1072 um,
which is about 0.2% of the typical 4,. The uncertainty in 7z, was 5.4 x 10® m™, which is
about 0.8% of the typical value of 7.

The following shows a DOF measurement method. As shown in Fig. 2.10, DOF was
determined as the distance at which a bubble was recognized by moving the stage of the
inverted microscope in the depth direction, using the position at which the bubble was in
focus as a reference. The image of the detected bubble is shown in Fig. 2.11. The diameter

of the bubble shown in Fig. 2.11 is approximately 30 um.

Microbubble -

O o TN o —o—

+

Measurement region |;|
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Microscope

Fig. 2.10 Measurement of DOF.
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Fig. 2.11 Images of bubble detection.
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2.3 Results and discussion

2.3.1 Influence of water flow on oil removal

Before discussing the removal effects by a water flow with microbubbles, the influence of
water flow is investigated in this section. Two laminar flow conditions (Re = 250 and 750)
and two turbulent flow conditions (Re = 5000 and 6750) were considered. Fig. 2.12 shows
changes in o until 120 s. The & decreases with increasing time, and the amount of removed
oil increases with increasing Re. Therefore, even without microbubbles, the water flow has a
removal effect.

The relationship between the thickness decreasing rate, —dd/dt, and the shear stress, T,
is shown in Fig. 2.13, where dd/dt is calculated by fitting a linear function to the d(¢) data and

Tw 1s estimated as

T, = &pﬁz (2.10)
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Fig. 2.12 Changes in oil thickness & by water flow.
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Fig. 2.13 Relation between —dd/dt and t,, of water flow.

64
— for Re <2300
Re
0.3164

ReO.ZS

A= 2.11)

otherwise

The removal rate increases as the shear stress increases and is proportional to t,,"2. Hence, it

is assumed that the removal rate is proportional to the frictional velocity, u* = (t./p)"?, i.e.

L 2.12)

where ¢, is a dimensionless constant and its value was obtained as 7.3 x 107° by fitting Eq.

(2.12) to the data. Integrating Eq. (2.12) yields

8(t) = 5(0) —c, \Em (2.13)
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Eq. (2.13) is compared with the experimental data as shown in Fig. 2.12; the dashed lines are
for the laminar flows, and the solid lines are for the turbulent flows. The correlation is
consistent with the experiment. Hence, the oil removal by water flow is mainly due to the
shear stress acting on the oil interface. Although the entrance length is somewhat shorter than
the calculated value at Re = 750 shown in Table 2.1, the reasonable trend in Fig. 2.13

indicates that the flow was developed.

2.3.2 Influence of microbubbles on oil removal

Fig. 2.14 shows the probability density functions, P(dp), of dp of bubbles within the region
from the channel wall to 170 um apart from the wall. The bin width was set to 5 um. In all
the conditions, the peak diameter around 20 pum slightly decreases as Re increases, implying
that small microbubbles were brought to the near wall region against buoyancy due to
turbulent fluctuations. The effects of Reon 4, and 7, are shown in Fig. 2.15. Increasing
Re has no significant effect on 4, and 4, ~ 30 um. On the other hand, 7, increases as
Re increases.

Fig. 2.16 shows 0(¢) in water flows with microbubbles. The & decreases with time, and
the amount of removed oil increases with increasing Re as well as in the water flow cases.
Table 2.2 shows 8 at 120 s in each case. The removal effects were confirmed to be enhanced

by microbubbles whatever the Reynolds number is.
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Fig. 2.14 Probability density function of bubble diameter.
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Fig. 2.15 Relation between Re, 4, and 7, of microbubbles.
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Fig. 2.16 Changes in oil thickness & by water flow with microbubbles.

Table 2.2 Oil thickness at 120 s. The unit is [um].

Re 250 750 5000 6750
Water flow 194 188 158 149
Microbubbles flow 186 168 136 114

Fig. 2.17 shows a relation between 7, and the removal rate excluding the effects of
water flow, 1.e., Eq. (2.12). It 1s shown that the effects of microbubbles increase almost

linearly as 7, increases. Therefore,

dod T
e N 2.14
dt K p B B ( )

where L is the distance from the oil interface, bubbles within which contribute to oil removal
enhancement, and cg [m*/s] is a constant representing the amount of oil volume removed by

a bubble. The L is approximated as L ~ ,, so that
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Fig. 2.17 Relation between —dd/dt—c[t./p]"? and 72, of water flow.

8(t) = 8(0) — (cs \/gﬁ + cBZzBﬁB} (2.15)

By fitting this functional form to the data, we obtained cz = 3.8 x 1072 m%/s. Eq. (2.14) is
compared with the data in Fig. 2.16, in which the dashed lines are for the laminar flow cases
and the solid lines are for the turbulent flow cases. The data and the correlation are in
reasonable agreement, which demonstrates the validity of the model. The reason why the
liquid velocity (Re) does not appear in the microbubble effect can be understood as follows:
the increase in # increases the number of bubbles passing through the oil section per unit
time. However, the residence time of bubbles in that section decreases. The former and the
latter exhibit the proportionalities oc % and oc % !, respectively, so that the flow rate effects

are cancelled out and only 7, plays the role.
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2.3.3 Adhesion of microbubbles on oil interface under turbulent flow
condition

In the above sections, the removal effect was locally evaluated using the laser-induced
fluorescence. In the microbubble experiment, the fluorescence intensity I = 0 occurred after
t = 240 s in the turbulent flow of Re = 6750. Fig. 2.18 shows the process of oil removal.
Microbubbles attach to the water-oil interface and the number of adhering bubbles increases
as ¢ increases. The bubble size obviously becomes large. The large bubble indicated with the
white circle at £ = 330 s is swept away by the water flow in the direction of the black arrow.
After that, a peeling-off indicated with the black dashed circle occurs from the original
location of the large bubble. The peeling also expands with ¢ in the direction of the white
arrow shown in the image of = 480 s.

Fig. 2.19 shows the process of large bubble generation, where ¢’ is the time at which the
bubbles attach to the oil interface and get larger. The state of microbubble adhesion and
growth is shown in Fig. 2.19 (a). Large bubbles coming from the upstream could not attach
to the oil, and only microbubbles did due to turbulent fluctuations. In addition, the attached
microbubbles became larger and coalesced with other bubbles around them as shown in Fig.
2.19 (b). The coalescence of such bubbles resulted in bubbles reaching a certain degree of

size, and they were pushed and swept away by the water flow, followed by peel-off.
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Fig. 2.18 Processes of oil removal with bubble detachment (Re = 6750).
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Fig. 2.19 Microbubble attachment and bubble coalescence.

Let us check whether the growth of microbubbles is caused by coalescence or mass
transfer of gaseous species from water to the bubbles. Water with microbubbles was made to
flow into the channel, and then the flow was stopped immediately after some microbubbles
attached to the oil. This condition is referred to as the stagnant water condition in the

following. The relationship between ds and ¢’ in the stagnant water condition is shown in Fig.
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2.20; microbubbles can grow by mass transfer of oxygen from water without coalescing with
each other. A relation between dp and ¢’ in the water flow is also shown in Fig. 2.20. In the
microbubble flow, DO in the tank was kept at 9.65 x 10 kg/m? due to the continuous
generation of microbubbles. That is, it provided the same DO in the vicinity of the oil,
regardless of time. The growth rate in the bubbly flow was the same as in the stagnant water
at the initial growth stage and, thus, microbubbles can grow by mass transfer without
coalescing in microbubble flow. After 90 s, the microbubbles in the bubbly flow grew faster
after a certain time if no coalescence occurred in the bubbly flow. The data of the microbubble
flow in Fig. 2.20 depart from those of the stagnant flow case after 120 s. This is due to bubble
coalescence with surrounding bubbles. The bubble size became larger than 300 um and
coalesced with another large bubble, which causes the jump in the data plots at 240 s as

shown in Fig. 2.21.

800lllll|llll|||||||||||||

[ T AT 7]
L A Measured (stagnant water) : -
- O Measured (microbubble flow) ' A ;
640 . A After coalescence of large bubbles ! a
E 480 R | ]
= - Bubble coalescence starts IA -
R AOS ]
320 [ ANDAET ]
I AAAAA OOQOOCE) ]
: AT 000090 | ]
160 [ AB=C00 | ]
I 00O ' ]
[ é%oo ! 1
A0 ]
A8, ds(0) = 20 ~ 25um | ; ]
0 60 120 180 240 300

t [s]

Fig. 2.20 Relation between dp and ¢’ in stagnant water and microbubbles flow.



45

t'=0s 6

Os
80 s 90 s
91 s 98 s

Fig. 2.21 Microbubbles (MB) grow to a certain degree and coalesce with other bubbles.

It is important to observe the condition under which the peeling occurs and to evaluate
the extent of the peeling. Fig. 2.22 (a) shows the state of oil at # = 600 s in the water flow of
Re = 750 with microbubbles. The fluorescence intensity measurement showed the decrease
in thickness under this condition, but no peeling off was observed. The black shading regions
in the image indicate bubbles in water and on the upper wall of the channel outside the focal
plane. In this experiment, the microbubbles did not adhere to the interface, resulting in no
peeling in the laminar flow even with microbubbles. Fig. 2.22 (b) shows oil images in the
turbulent flow of Re = 6750 without microbubbles at # = 600 s and 720 s. No peeling was
observed in these flows. Fig. 2.22 (c) shows the state of the oil in the turbulent flow with
microbubbles. At # = 600 s, peeling of oil occurred and the area of peeling expanded with
time. Fig. 2.23 shows the ratio of the area, in which peel-off takes place, to the area of oil
region (4 mm % 4 mm). Peeling began around ¢ = 380, and the peel-off rate increased with

time.



46 Chapter 2 Effects of microbubbles on removal of viscous oil from duct wall

t=600s

(a) Microbubbles flow in laminar flow (Re = 750).

t=600s 720 s

(b) Water flow in turbulent flow (Re = 6750).

t=600s 720 s

(c) Peel-off of microbubbles flow in turbulent flow (Re = 6750).
Fig. 2.22 Microbubble adhesion and peel-off.
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Fig. 2.23 Relation between peel-off rate and ¢ (Re = 6750).

Fig. 2.24 shows a schematic of the whole process of oil removal. In the early stage (the
left part of the figure), oil removal is mainly due to the shear stress acting on the oil interface,
and when microbubbles are mixed, the microbubble effect is superposed. In a turbulent
bubbly flow at high Re, microbubbles attach to the water-oil interface, and those bubbles
grow by mass transfer of gas species from water and the bubble growth initiates bubble
coalescence from ¢ ~ 120 s. Bubbles that have grown by bubble coalescence are swept away
by the water flow, which results in peel off around 7 = 380 s (the right part of the figure). The

overall residual adhering rate decreases with time.
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2.4 Conclusions

Oil removal experiments were conducted using viscous silicone oil adhering to the bottom

wall of a horizontal rectangular channel to investigate the effects of microbubbles on the

removal of oil on the wall surface. The fluorescence intensity of the fluorescent dye mixed

in the silicone oil was photographed by a microscope to measure the change in oil thickness,

and the bubble diameter and number density in the vicinity of the wall surface were also

measured to investigate the removal rate enhanced by microbubbles. As a result, the

following results were obtained:

(1)

2)

€)

(4)

The amount of oil removed by the water flow increases with increasing Re, showing that
the water flow has cleaning effects even without microbubbles. This is attributed to the

shear stress acting on the oil interface.

Adding microbubbles to the water flow increases the amount of oil removal. In other
words, microbubbles have a removal enhancement effect. The higher the bubble number
density, the larger the removal effect is. The removal effect of microbubbles can be
evaluated by a model that assumes that the amount of oil removal is proportional to the

number of microbubbles in the vicinity of oil interface.

The removal rate can be modeled as a superposition of the effects of shear stress and the

presence of microbubbles.

Microbubbles adhering to oil under turbulent conditions can be grown by mass transfer.
The cleaning effect is largely promoted by peeling of the oil by the detachment of large

bubbles grown on the oil interface.
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Chapter 3

Numerical prediction of microbubbles in water with mass

transfer

3.1 Introduction

The diameter, dp, and the number density, 7, of microbubbles are important factors in the
development and improvement of the applications, and the control of these factors is required
for microbubble generators [1]. Many studies have therefore reported dp and np of
microbubbles in bubble-generation systems such as a swirl-type [2], a Venturi-type [3], a
shear-type [4], a pressurized-dissolution-type [5-7] and microporous pores-type [8].
However, both dp and np would change in time after generation due to the mass transfer
between bubbles and the surrounding liquid. The microbubbles adhering to the oil interface
grow by mass transfer and the detachment of grown bubbles from the oil interface largely
contributes to removal of oil from a flow channel as discussed in Section 2.3.3. On the other
hand, Ward et al. [9—11] reported that a bubble shrinks in a dilute solution of oxygen in water.
The cause of these opposite trends (growth/shrinkage) can be understood from the direction
of mass transfer depending on the gaseous species concentration in the liquid as described in
Section 1.2.

A bubble of ds smaller (larger) than the equilibrium diameter, dgey, Will shrink (grow).

Microbubbles in liquid flows are usually poly-dispersed and may grow or shrink depending
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on their size and dpey, resulting in a change in the bubble size distribution. A method for
predicting the temporal change in the size distribution would therefore be useful for design
and development of the applications utilizing microbubbles. Although the time evolution of
a single bubble has been studied so far [12, 13], that of the size distribution of microbubbles
has been rarely investigated.

In this chapter, numerical predictions of the mass transfer for single microbubbles and
microbubble groups were carried out, and the validity of the predictions was discussed

through comparisons with experimental data.
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3.2 Numerical method

3.2.1 Single bubbles

The gas volume fraction, a, in a water flow containing microbubbles is usually low. The
mass transfer between each bubble and the surrounding water can therefore be approximated
as that of an isolated bubble in water. In addition, the slip velocity is very small, so that the
diffusion governs the mass transport near a bubble. Hence, the numerical model of Takahira
et al. [14], in which the Rayleigh—Plesset equation [15] is coupled with the one-dimensional
advection-diffusion equation in the polar-coordinate system, for a single spherical bubble in
an infinite stagnant liquid is employed as the basis of the present numerical method.

The Rayleigh—Plesset equation is given by

d’R 3(dRY 1 1( de
ar 2(dtj o, |:pB R o) 2 di P (3.1

where R is the bubble radius, ¢ the time, p; the liquid density, and p the liquid viscosity. The

pa 1s given by
3NR,T
py=" G (32)

where N is the number of moles in a bubble, Rg the gas constant, and 7 the absolute
temperature. The system is assumed to be isothermal. The concentration, C;, of the ith gas
species in water is calculated by solving the following one-dimensional advection-diffusion

equation:

—+u, =
ot r* or r* or

or

2
ac,.+ R?> 0C, ig(rzD,.aCij (3.3)
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where D is the diffusion coefficient, and u, (= dR/dt) the velocity normal to the interface. The

Cs is given by

Prli
Cy = CHZO % (3.4)

where Cr0 is the concentration of water, and y the molar fraction. The concentration, Co, far
from a bubble is given as the bulk concentration. The mass transfer rate, rz1;, through the gas-

liquid interface is given by

oC,
m, = 4nR2D,.—r’ (3.5)

r=R

When the concentration of a substance is non-equilibrium between gas and liquid, mass

transfer through the interface occurs, and the amount of mass transfer is determined by the

concentration gradient at the interface. The following is a description of the solution
algorithm for the above set of equations:

(1) The time variation of the bubble diameter is obtained by solving the Rayleigh—Plesset
equation Eq. (3.1). ps in Eq. (3.1) is calculated by the equation of state, Eq. (3.2).

(2) ur (= dR/dt) 1s determined from the solution of (3.1). The one-dimensional advection-
diffusion equation, Eq. (3.3), is then solved using the finite difference method to obtain
the concentration distribution in the liquid phase. As for the boundary condition at the
interface, the molar concentration of dissolved bubbles at the gas-liquid interface is
calculated by Henry's law using Eq. (3.4).

(3) The mass transfer rate, 71;, of the gas component i in the bubble is calculated using Eq.
(3.5), the pressure inside the bubble changes as the size and composition of the bubble
change.

The loop from (1) to (3) is repeated.
The fourth-order Runge—Kutta [16] and the second-order centered difference schemes

are used for the temporal and spatial differentiations, respectively.
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3.2.2 Bubble groups in liquid flows

In simulations of microbubbles in water flows, the following assumptions are made in

addition to the single bubble simulations:

(1) The interaction between microbubbles is negligible.

(2) The distributions of the concentrations of gas species around a bubble are not affected
by the liquid flow.

(3) The concentration of gas species, the bubble number density and the bubble size
distribution are uniform in the cross-section of a flow.

(4) Bubbles are moving with the liquid flow.

(5) Bubble coalescence and nucleation are negligible.

When microbubbles are observed in a coordinate system moving with water flow in the
duct (Fig. 3.1 (a)), the mass transfer between each bubble and surrounding water can be
approximated by that of an isolated bubble in stagnant water. Fig. 3.1 (b) shows a schematic
of the method to predict the bubble size distribution. The microbubbles are classified into
150 bubble size classes (1-150 um with 1 um step), and a’é of bubbles in the jth bubble-size
class is calculated by using the method described in Sec. 3.2.1. The mass transfer rate, n'a;i ,
of the jth class in a unit volume is evaluated by multiplying the mass transfer rate, n'a‘éBi, of

the single bubble and the number density, né, of bubbles in the class:
m! =nlm’ (3.6)
The total mass transfer rate, myz;, of bubbles in all the classes is evaluated as

iy = Z)m’ (3.7)

The increase in Cx; is then given by solving the following equation:
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(b) Size distribution.

Fig. 3.1 Schematic of simulated system.
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3.2.3 Influence of each numerical parameter on prediction of dp

In this section, the effects of parameters used in the calculations, such as the time step, Az,
and the grid spacing, Ar, on the calculation results are discussed. Table 3.1 shows the
calculation conditions and the physical constants used to investigate the effect of each
parameter [17, 18], where dpo is the initial bubble diameter, pvqper the saturation water vapor

pressure, and y; the mole fraction of the i-component.

Table 3.1 Numerical conditions.

T [K] 298

pL [kg/m?] 997

1 [Pa-s] 8.94 x 1074
Do [Pa] 1.013x 10°
c [N/m] 7.13 x 1072
R¢ [J/mol-K] 8.315
Dvapor [Pa] 3169
moa [kg/mol] 0.032
MN» [kg/mol] 0.028
M0 [kg/mol] 0.018
Do» [m?/s] 2.67x107°
Yor -] 1.0

t [s] 2.0

dpo [m] 1.0 x 107
DO [kg/m?] 1.47 x 1072

(a) Influence of the time step
In order to set an appropriate value for the time step width A¢, the effect of A7 on the time

variation of the bubble diameter was investigated. Fig. 3.2 shows the time variation of bubble
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diameter. Fig. 3.2 shows that for time increments Az < 1.0 x 107" s there is substantially no
effect of At on the bubble diameter. Note that for Az> 1.0 x 1077 s, the computation became
unstable. The time step was set to Ar= 1.0 x 1077 s in the following simulations to reduce the
computational time, since At have almost no effect on the computation results in this

calculation range.

30 T T T

dg [um]

L At [S] 7 T
— 1.0x107
------ 5.0x10°

------ 1.0x10°®

Fig. 3.2 Effects of Af on bubble diameter change.

(b) Influence of the grid spacing

When calculating the concentration distribution of each gas component in the liquid
phase around a bubble, it is necessary to discretize the space in the radial direction. The
influence of Ar on the time variation of the bubble diameter was investigated as shown in Fig.
3.3. Slight differences in the time variation of the bubble diameters were caused by Ar.
Therefore, the relationship between the errors €a- and Ar was investigated. The results are
shown in Fig. 3.4 and Table 3.2. Here, ea- was defined for bubble diameter d at # =2 s, based

on the calculation result for the smallest grid spacing (Ar = 6.0 x 107%):

dt:2s _dt:2s B
L= dt=2s Ar=6.0x10 (3.9)

Ar=6.0x10"%

€a
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Fig. 3.4 Relation between Ar and €a.



62 Chapter 3 Numerical prediction of microbubbles in water with mass transfer

Table 3.2 Effects of Ar and ea,.

Ar[-] ear [%]
80Ox10°  —2.82
40%x10°  —1.44
20100  —0.72
20x107  —0.12
1.0x107  —0.05
6.0 x 1078 —

As Ar increases, the mass transfer rate decreases due to the weakening of the concentration
boundary layer, and the bubble diameter tends to be underestimated. The error decreases as
Ar decreases, and converges to almost zero for Ar > 2.0 x 1077, The larger the value of Ar,
the more accurate the calculation is, but the calculation becomes more time-consuming. In
this study, the value of Ar =2.0 x 10”7 was chosen, which yields an error of less than 0.15%

for Ar=6.0 x 1078,

(c) Influence of computational domain

The influence of the computational domain on the bubble diameter in the calculation of the
concentration distribution in the liquid phase was investigated. The effect of the ratio of the
computational domain size 4 to dp, A= A/ dp, on the time variation of d is shown in Fig.
3.5. The error, €z, of dp at each A is shown in Fig. 3.6. £; was defined for the bubble
diameter d at ¢ = 2.0 s, based on the bubble diameter d at 4 =100, i.c.,

dt=23 _dtN=2.v
= (3.10)

A=100

€
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Fig. 3.5 Effects of A on bubble diameter change.
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Fig. 3.6 Relation between A and &;.

The time variation of dp was influenced by A, but the dependence on &; converged to
almost zero for A > 10. The error in bubble diameter at #=2 s is 0.09% for A =20 compared
to A= 100. Therefore, A =20 was chosen in this study because it has an error of less than

0.1% with respect to 4 = 100.
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3.3 Results of single bubble simulations

3.3.1 Validation for growing bubble

The experiments on a water flow containing microbubbles to investigate a cleaning process
of viscous oil adhering to the channel wall were described in Chapter 2. The results showed
that microbubbles attached to the oil interface and became larger in time. An experiment on
a single bubble attaching to the oil interface in a stagnant water was also conducted and the
cause of the bubble growth is the mass transfer from oxygen-rich water to the bubble. Fig.
3.7 shows the temporal change in the bubble diameter measured in the literature (the circles).
The initial bubble diameter is 25 um and the bubble grows monotonically and enters the sub-
milli range at ¢ ~ 40 s, the diameter reaches 260 um at ¢ = 240 s, i.e., it is no longer a
microbubble. It should be noted that the bubble shape was not perfectly spherical because of
the formation of the three-phase contact line between the bubble, the liquid and the oil. See
Chapter 2 for more details.

The single growing bubble was simulated using the present numerical method. The
initial bubble diameter was 25 um and the initial concentration of DO was 9.65 x 10 kg/m?
as in the experiment. The oxygen, nitrogen and water vapor were considered. The other
numerical conditions are shown in Table 3.3. The initial conditions of pp and N were set by
using the following Young—Laplace equation (Eq. (3.11)) and the equation of state (Eq. (3.2)),

respectively:

20

pBO:pL+FO (3.11)

The prediction is shown in Fig. 3.7 by the solid line. The bubble growth is well reproduced
by the present method. The slight deviation for # > 90 s can be attributed to the fact that the

bubble shape was not perfect spheroid in reality.



65

O Measured (Fig. 2.18) .
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Fig. 3.7 Microbubble growth (single bubble).

Table 3.3 Numerical conditions for single bubble simulation.

T [K] 298

pL [kg/m’] 997

i [Pa-s] 8.94x 1074
Po [Pa] 1.013x 10°
c [N/m] 7.13 x 1072
R¢ [J/mol-K] 8.315
Dvapor [Pa] 3169
mo: [kg/mol] 0.032
MN: [kg/mol] 0.028
M0 [kg/mol] 0.018
Do» [m?%/s] 2.67x107°
Dn: [m?%/s] 2.0x107°
Ho» [Pa] 4.42 x 10°
Hy: [Pa] 8.57 x 10°
At [s] 1.0 x 1077

Ar [m] 2.12x 1077
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3.3.2 Validation for shrinking bubble

Ward et al. [11] carried out an experiment on dissolution of a single bubble in stagnant liquid.
Fig. 3.8 shows the temporal change in measured d3 (the circles). The initial diameter is 212
um, i.e., it is not a microbubble. However, the bubble shrinks monotonically and d3 is less
than 100 um for # > 590 s. Ward et al. [11] also predicted the time evolution of dp using the
statistical rate theory and obtained a good agreement between the data and the prediction (the
dotted line) as shown in Fig. 3.8.

The time evolution of dp of the shrinking bubble was predicted by using the present
numerical method as shown by the solid line in Fig. 3.8. dgo, T and po were set to 212 um,
298 K, and 2.5 x 10* Pa, respectively as reported in the experiment. The other conditions
were set as given in Table 3.1. The bubble diameter predicted by the present method agrees
well with the measurement and the prediction by Ward et al. [11] though some deviation
between them is observed for > 600 s. The fluid properties and transport coefficients such
as the diffusion coefficients used in the literature were not provided there, and the values
given in Table 3.1 were used in the present simulation. There could therefore be slight
differences in those values. Since the rate of change in the bubble diameter is not fast at the
early stage of the diameter change, the possible differences in the calculation conditions does
not affect the result. The decreasing rate however becomes large for 1> 600 s, and the present
prediction shows some deviation from the result of Ward et al. for the steep change in the
bubble diameter.

The good agreements in Secs. 3.3.1 and 3.3.2 show that the present method is capable

of accurately predicting the mass transfer between a single bubble and liquid.
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Fig. 3.8 Comparison between experiment data of a single shrinking bubble (Ward et al.,

1982) and numerical prediction.

3.3.3 Effects of dissolved oxygen concentration on dp.,

Numerical simulations of single bubbles were carried out at various initial bubble diameter
and DO to investigate the effects of these parameters on daey. The temperature was set at 7=
298 K. Figs. 3.9 and 3.10 show the changes in dp in time at a low and a high DO, respectively.
Fig. 3.9 shows that under the low dissolved oxygen condition (DO = 8.8 x 107 kg/m?),
bubbles of dzo > 35 um grow, while those of dgo < 30 pm shrink. The dae, is therefore in
between 30 and 35 pum, and a slight difference in the initial size can drastically change ds
after experiencing mass transfer. Under the high dissolved oxygen concentration condition
(DO =1.47 x 102 kg/m?), bubbles of dpo > 4 um grow, while those of dgo < 3 pm shrink, i.e.,

dpeq 1s much smaller than in the low DO case.
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Fig. 3.9 Change in dp at low DO (8.8 x 1073 kg/m?).

dg/dgg

06 |“\ | I | I
0.02 0.04 0.06 0.08 0.10
t[s]

Fig. 3.10 Change in dp at high DO (1.47 x 1072 kg/m?>).

The dpey was calculated as a function of DO by Eq. (1.8) as shown in Fig. 3.11, where

only oxygen was considered. The da., steeply decreases as DO increases at the small DO
range. For DO < 8.6 x 1073 kg/m?, all microbubbles (1-100 pm) shrink, while they grow for

DO>3.2 % 1072 kg/m’.
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3.4 Results of Validation for microbubble flow

3.4.1 Experimental

3.4.1.1 Experimental apparatus and methods

Experiments on microbubbles in a water stream generated by a pressurized dissolution
method were conducted to investigate changes in the bubble size distribution of bubble
groups and to obtain data for validation of the numerical method. Fig. 3.12 shows a schematic
of the experimental apparatus which consisted of the compressor, the pump, the dissolution
tank, the decompression nozzle for inducing cavitation, and the test section. Water purified
by a Millipore system (Elix UV3) was used for the liquid phase. Water and air were supplied
to the dissolution tank by the pump (Iwaya Electric, 25AJT0751B) and the compressor
(Hitachi, SRL-2.2DA6), respectively. The air was dissolved in water in the dissolution tank
at the gauge pressure of 0.1 MPa. The dissolution tank consisted of the outer and inner
cylinders. The air and water supplied to the dissolution tank formed an upward bubbly flow
in the inner pipe, and then water fell from the top end of the inner cylinder to form a film
flow on the outer surface of the cylinder. Air dissolved into water through the air-water
interfaces of the falling film and bubbles. The excess gas in the dissolution tank was
exhausted through the exhaust valve. The DO at the upstream region of the nozzle was
controlled by changing the water level in the dissolution tank, in other words the gas-liquid
contact time. The DO in the upstream region of the decompression nozzle was measured by
a DO meter (HACH, LDO101-01 HQ30d). The water with microbubbles flowed into the
upper tank through the test section. The acceleration of the flow at the decompression nozzle
(Fig. 3.13 (b)), whose dimensions were 4, 32 and 54 mm in the width, depth and length,
respectively, while in the middle part of 4 mm length had 1 mm width, reduced the pressure
when water flowed through the nozzle, and cavitation occurred there. The cavitation bubbles
consisted of not only vapor molecules but also non-condensable gas molecules, which had
dissolved in water in the dissolution tank. Pressure recovery at the downstream of the nozzle

induced condensation of the vapor molecules, and remained non-condensable gas molecules
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formed microbubbles. See Maeda et al. [S] for more details of the experimental apparatus

and the bubble generation mechanism.

Air flow meter y Exhaust valve
— Pressure gauge
D P Decompression nozzle Upper tank
EXhaUSt a|r :"'::F o[F p i

Dissolution tank —__

Air compressor

e Air flow mete
Regulator A Il
o4 LQ—J
Critice‘ll nozzle Pump Lower tank

Fig. 3.12 Apparatus for microbubble flow experiment.

Fig. 3.13 (a) shows the test section, which was the square duct, the dimensions of which
were 32, 32 and 1070 mm in the width, depth and length, respectively. The dp and DO were,
respectively, measured by using the phase Doppler anemometry (PDA, DANTEC, 60X) and
the DO meter at L = 400, 550, 700 and 900 mm, where L is the distance from the exit of the
decompression nozzle. The flow was confirmed to be developed for L < 400 mm. The
scattering angle of the PDA optics, i.e., the angle between the transmitter and the receiver
was 90 degrees. The sample number, Ny, of bubbles was 20,000. The np was evaluated from
the data acquisition rate and the liquid velocity measured by PDA [5-7]. The water
temperature and the concentration of dissolved oxygen (DOix) in the upstream region of the
decompression nozzle were fixed at 298.0 + 1.0 K and (1.47 + 0.01) x 1072 kg/m?,
respectively.

The liquid volumetric flux, J;, at the nozzle throat ranged from 9.0 to 13.5 m/s. Fig. 3.13
(c) shows the flow patterns in the decompression nozzle. No cavitation (NC) occurred at low

Jr (=9.0-10.0 m/s). At medium Jz (= 10.5—-11.5 m/s), bubble cavitation (BC) occurred at the
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entrance of the decompression nozzle. Cavitation developed as J; increased, and it transited

to sheet cavitation (SC) which covered whole decompression nozzle at J;, = 12.0 m/s.

Upper tank
. Flow
Decompression nozzle |
L= 400 mm 550 mm 700 mm 900 mm |
T . . . . |:|
° ° ° ° ’
| : i
54 mm*— 4 x 32 mm?2 1070 mm 32 x 32 mm2

(a) Test section and measurement points.

Upstlream 54 mm Downlstream
I I

Visualized region
Ymm____ N\ /\
HRN \
4 mm 1 mm

4 mm

(b) Decompression nozzle.

Downstream
Upstream
J; [m/s] 9.0 10.0 10.5 11.0 115 12.0 125 13.0 13.5
(c) Flow pattern in the decompression nozzle.

Decompression
nozzle

Fig. 3.13 Test section (a), decompression nozzle (b) and flow pattern in the

decompression nozzle (c).
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3.4.1.2 Results of microbubble flow

The probability density function, P/, and the volume fraction, o/, of the jth bubble size class

are shown in Figs. 3.14 and 3.15, respectively, where o was calculated by

3
nd ,

o’

n,P’ (3.12)

When the cavitation does not occur in the decompression nozzle (NC, J; = 9.0-9.5 m/s), dp
is mainly in the range of 0—60 pm and o takes low values due to the low 1. The bubble size
distribution shifts to the larger diameter side with increasing L. When BC occurs in the nozzle
(Jr = 10.5-11.5 m/s), the bubble size distribution at L = 400 mm is sharper than that in the
NC case and o/ at L = 400 mm increases with J;. The bubble size distribution shifts to the
larger diameter side as L increases and o increases mainly for dg = 20-50 um. These
increases in dp and o are due to the mass transfer between bubbles and water. When SC
occurs in the nozzle (J; = 12.5-13. 5 m/s), the distributions of 7 and o/ at L = 400 mm are
broader compared with those in the BC case. The bubble size distribution shifts to the larger
diameter side with increasing L. The o’ increases especially for dg = 20-50 pum and the
increase at larger dz (> 60 um) is not significant. This is attributed to that the mass transfer
rate of small bubbles is larger than that of large bubbles due to the large interfacial area
concentration per unit gas volume. Experimental data of the total volume fraction and the

time evolution of the difference are described in the following section.
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Fig. 3.14 Bubble size distribution.
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Fig. 3.15 Gas volume fraction.
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3.4.2 Comparison between numerical predictions and measured data

Numerical predictions of P(dp) are compared with the data in Figs. 3.16-3.18. The predicted
P(dp) are in agreement with the data for all the conditions and L. Numerical predictions of
ou(dp) are compared with the data in Figs. 3.19-3.21. The predicted o show the same trends
as the experimental results, that is, (1) the change in o is small for Jz = 9.0-9.5 m/s, (2) a
increases with L mainly for dp = 20-50 pum, and (3) the increase in a with L is small for dp >
60 um. Hence, the numerical simulation can predict well the diameter change due to the mass

transfer between bubbles and water.

0.3 — T T T T
L [mm] Measured Prediction
400 o ]
N 550 A —
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0 50 100 150
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Fig. 3.16 Measured and predicted bubble size distribution of J, = 9.0 m/s (NC).
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Fig. 3.17 Measured and predicted bubble size distribution of J; = 10.5 m/s (BC).
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Fig. 3.18 Measured and predicted bubble size distribution of J; = 12.5 m/s (SC).
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Fig. 3.19 Measured and predicted volume fractions of J; = 9.0 m/s (NC).
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Fig. 3.20 Measured and predicted volume fractions of J; = 10.5 m/s (BC).
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Fig. 3.21 Measured and predicted volume fractions of J, = 12.5 m/s (SC).

Fig. 3.22 shows the total volume fraction, a, of bubbles, which is calculated by

S

N, i3

Ny~ ed g,
o=— E — 3.13
N 6 G-19)

s j=1

The horizontal axis is the time, 7%, elapsed after passing the exit of the decompression nozzle,
which is calculated by 7z = L / U, where U is the mean liquid velocity in the measurement
section. The curves in the figure represent the predicted a.. The a increases with 7z when BC
or SC occurs in the nozzle (J; > 10.5 m/s). On the other hand, the change in a is small for
the NC cases (J. = 9.0-9.5 m/s). Thus, the mass transfer rate between bubbles and water in
the cavitation cases (BC and SC) is larger than that in the NC cases due to higher bubble
number densities, i.e., larger interfacial area concentrations. The predictions agree well with
the experimental data. Hence, the numerical method can reasonably predict the mass transfer
rate between bubbles and water.

Fig. 3.23 shows the time evolution of the difference, ADO, between DO (DO,) in the
upstream region of the nozzle (DO before bubble generation) and DO at each measurement
point (ADO = DO, — DO). The ADO increases in time for J; > 10.5 m/s, whereas it does not
change so much for J; = 9.0-9.5 m/s. The increases in ADO correspond to the increase in o

shown in Fig. 3.22. The dissolved gas in water was transferred to bubbles through the
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interface. Hence, the concentration of the dissolved gas decreases and the bubble diameter
increased with time. The curves in Fig. 3.23 show the predictions, which agree well with the
data. Since the numerical simulation assumes that no bubble nucleation occurs in the
downstream region of the nozzle, this agreement supports the validity of the assumption.
Thus, the decrease in DO in the downstream region of the nozzle was mainly caused by the
mass transfer of the dissolved gas into the existing bubbles, and the decrease of the dissolved
gas concentration due to bubble nucleation was negligibly small because of the small number
of bubble nucleation. These results also show that the proposed numerical method can
reasonably predict time evolution of bubble size distributions, volume fractions and

concentrations of dissolved gas, provided that the reliable initial condition is available.
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Fig. 3.22 Time evolution of volume fraction of bubbles.
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Fig. 3.23 Time evolution of ADO.
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3.5 Conclusions

Numerical simulations based on the Rayleigh—Plesset equation and the one-dimensional
advection-diffusion equation were carried out to investigate the time evolution of bubble
diameter and the mass transfer of dissolved gas between bubbles and water after bubble
generation for a single microbubble and microbubble groups. As a result, the following

conclusions were obtained:

(1) The present numerical method can accurately predict the growth and shrinkage of a

single microbubble.

(2) Microbubbles in water flows usually have size distribution and bubbles larger and
smaller than the equilibrium bubble diameter become larger and smaller in time,

respectively. The size distribution thus changes in time.

(3) The proposed numerical method can reasonably predict time evolutions of bubble size
distributions, void fractions and concentrations of dissolved gas, provided that a reliable
initial condition is available. Since the numerical simulation assumes that no bubble
nucleation occurs in the downstream region of the nozzle, the agreement between the
prediction and the experiments proves weak influence of the bubble nucleation on the

mass transfer between the phases.
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Chapter 4

Generation of microbubbles by subcooled boiling

4.1 Introduction

Various microbubble generation methods have been proposed so far, e.g., the gas-liquid
shearing/Venturi tube (bubble breakup) method [1, 2], the ultrasonic wave bubble generator
[3, 4], the method based on steam condensation [5, 6] and the pressurized dissolution method
[7, 8]. Most of the available methods however require a fluid flow typically with high velocity,
a large equipment, resulting in a high operating cost [9—11]. In addition, the experiments in
Chapter 2 showed that one of the removal mechanisms is that microbubbles attach to the oil
and grow, causing the oil to peel-off, and therefore, it is desired to develop a low-cost and
compact microbubble generator which does not require the fluid flow, and that can be applied
where cleaning is necessary. Since the bubble generation mechanism of the pressurized
dissolution method is not based on effervescent but on shrink of cavitation bubbles [7],
subcooled boiling might be one of the candidates of the microbubble generation method.

A microbubble generation method based on subcooled boiling on a heated wire in a
liquid with dissolved incondensable gases is proposed in the following. Vapor bubbles are
generated due to boiling, and they shrink to form microbubbles of the incondensable gases
after the subsequent condensation. Since the proposed method requires neither a pump nor a
complex piping system, it is possible to generate bubbles in a stagnant liquid pool. The

position, shape and number of heating wires can be changed depending on the application.
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The advantage of the proposed method is that generation of microbubbles in arbitrary local
positions without liquid supply, so that it can be used in various industrial applications such
as water purification systems and chemical processes without water dilution and circulation
as well as milli and micro channel applications. Although the proposed method requires a
heat input, it can minimize the energy input because it can generate microbubbles at any
position required. It, therefore, has a potential to contribute to miniaturization and cost
reduction of a microbubble generation apparatus. The diameter and the number density of

generated bubbles were measured to demonstrate the performance of the proposed method.
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4.2 Experimental apparatus and methods

4.2.1 Experimental setup and experimental conditions

4.2.1.1 Experimental setup and measurement area

Fig. 4.1 shows the experimental apparatus, which mainly consisted of the heating thin metal
wire, the power source and the water tank. The wire was platinum (Nilako, PT-351165) of
0.10 mm diameter and 30 mm length and was soldered with lead wires. Table 4.1 shows the
properties of the platinum wire used in these experiments. The wire was polished by a
sandpaper (#1000) to make small cavities on the surface. The aluminum frame was equipped
in the acrylic water tank of 80 x 160 % 120 mm in width, depth and height for fixing the
platinum wire. The tank was filled with water purified using a water purification device
(Millipore, Elix3). The electrical conductivity of the purified water was 6.7 x 107° S/m. The
amount of water was 1.0 x 107> m?, so that the level of the free surface was 80 mm. The
platinum wire was heated by applying a voltage to it for vapor bubble generation. The power
supply system was used as the source of AC power (NF ELECTRONIC INSTRUMENTS,
4210 P-STATION MINI) and DC power (ALINCO, DM130MYV). The applied voltage was
recorded by the data logger (GRAPHTEC, midi LOGGER GL900). A traverse
(SIGMAKOKI, TSD-8028S, TSD-803, KSPA-806M) was installed under the acrylic tank for
focusing the high-speed camera. A halogen light (OLYMPUS, ILP-1) with a light guide cable
(OLYMPUS, KFLG-2) was used as the light source. A telephoto lens (NIKON, Nikkor Ai
AF 80-200 mm {/2.8D) and a wide-angle lens (NIKON, Nikkor Ai AF 24 mm {/2.8D) were
combined in opposite directions for photography. The images were taken at a magnification
of 2.5%, with a resolution of 2.37 um/pixel.

The bubble generation process was observed using a high-speed camera (Photron, SA-
X2). The imaging area (2.00 x 2.00 mm?) was about the central part of the platinum wire as
shown in Fig. 4.2. Since vapor bubbles were detached from the wire and shrunk to the
microbubbles before they reached 0.15 mm above the wire, the measurement area of 2.00 x

1.50 mm? was set 0.15 mm above the wire. Note that the size of microbubbles was little
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change in the vertical direction in the measurement region, and therefore, the microbubbles

were in the thermally equilibrium condition.
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Fig. 4.1 Experimental apparatus.
Table 4.1 Platinum property [12].
Density pp  [kg/m’] 2.15 x 10*
Melting point Tn [K] 2045
Heat conductivity ky [W/m-K] 71.6 [at 300 K]

Electrical resistivity p. [Q°m] 10.6 x 1078 [at 293 K]
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Fig. 4.2 Imaging area and measurement area.

Fig. 4.3 shows a schematic of the experimental setup used to observe the generation
process of individual microbubbles in detail. The experimental apparatus consists mainly of
an inverted microscope (Nikon, ECLIPSE Ti-U) and a bubble generator (Fig. 4.1). The
distance between the bottom of the tank and the position, where the platinum wire was fixed,
was kept close so that the platinum wire would be within the DOF. A microscope was used
to take photographs, and the magnification of the objective lens (Nikon, S Plan Fluor 20x)
was 20. The area of the image was the center of the platinum wire, and the bubble generation
state was photographed from the vertical direction down with a high-speed camera (Photron,
SA-X2). The area of 0.13 x 0.30 mm? (Fig. 4.4) was set at the center of the platinum wire in
the longitudinal direction and included the surface of the platinum wire. The shutter speed
was 1/6666 s and the frame rate was 200,000 fps to observe the behavior of individual

bubbles. The spatial resolution was 1.00 um/pixel.
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Fig. 4.4 Imaging area.

4.2.1.2 Experimental conditions

All experimental conditions are shown in Table 4.2. The effects of direct current (DC),
alternating current (AC), the dissolved oxygen concentration, DO, and AC frequency on
microbubbles were investigated. The water temperature, 7, and DO in the water tank were
measured using a thermometer and a luminescent dissolved oxygen meter (HACH, HQ30d
LDO101-01), respectively. The temperature was initially set at 7= 298 + 0.5 K and DO of
purified water was (8.5 = 0.3) x 10~ kg/m?. Experiments in reduced DO conditions (4.5 x
107 and 0.05 x 107% kg/m?) were also conducted to investigate the effects of DO on the

microbubble generation process. In the condition of DO = 4.5 x 103 kg/m®, the purified
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water was degassed by heating, and then the water temperature was reduced to room
temperature in an airtight container. In the condition of DO = 0.05 x 107 kg/m?, 0.32 kg/m?
of sodium sulfite was added to water degassed by boiling to further reduce DO by the

reaction:

2NazS03 + 02 — 2NaxS04 (4.1)

Note that the incondensable gases other than the oxygen was still dissolved in this condition
because only the oxygen was reduced by the chemical reaction. The concentration of Na;SOs
is much lower than the concentration in which the effect of Na>SO3 on pool boiling heat

transfer was reported [13], and therefore, the effect could be negligible in this experiment.

Table 4.2 Experimental conditions.

Type of current | f[Hz] g [MW/m?] | DO [x 107 kg/m’]
1.5+£0.1
3.0+0.1
DC — 8.5+0.3
45+0.1
6.0+0.1
15 45+0.1
1.5+0.1 8.5+0.3
3.0+£0.1
05+0.2
60
AC 45+0.1 45+0.3
8.5+03
6.0+£0.1
240 8.5+0.3
45+0.1
960
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4.2.2 Measurement methods

4.2.2.1 Evaluation method by image analyses

The sphere-volume-equivalent diameter, dp;, of each bubble and the number density, nz, in
the measurement area were obtained by the image processing as described in Section 2.2.3.
The uncertainty of dz was £2 pm. The mean bubble diameter, ,, was calculated from dp
of over 7,000 bubbles, the uncertainty of ;, was2.4 x 1072 um, which is about 0.2% of the
typical 4, . The uncertainty in the average number density, 7, was 4.6 x 10® m~, which is

about 0.05% of the typical value of 7,.

4.2.2.2 Measurement time

In measuring dp and np, the measurement time was examined. The voltage was applied for
60 s at the power level significantly producing microbubbles. Since the heat flux fluctuates
over time in the case of AC, the average heat flux, ¢, was defined as the time-averaged heat

flux as in the following equation:

R 4
g=—= (4.2)
S, nd]

pp

where Q is the heating value per unit time, S, the surface area of platinum wire. The subscript

p indicates a platinum wire. Experimental conditions are shown in Table 4.3.

Table 4.3 Experimental condition for measurement time evaluation.

Type of current ¢ [MW/m?]  T,[°C] DO, [x 107 kg/m®]  ¢[s]
AC (f= 60 Hz) 4.5 298 8.50 60
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The time variation of 4, and 7, are shown in Fig. 4.5. 4, showed little variation
which was found to be within £5% of the mean of all data. The 7, showed large time
variability, but were within +10% of the mean of all data after = 7.5 s. The changes in 7 and
DO during the bubble generation experiment is shown in Fig. 4.6. Although T slightly
increases and DO slightly decreases with time due to heating and bubble generation, the
changes in 7 and DO during the measurement time (30 s) were less than 1 % of the initial
values. Note that the time around 7 = 0.0 s was immediately after the generation of bubbles,
so that there were not enough bubbles in the measurement area and the state of bubble
generation was not steady. Therefore, the period around ¢# = 0.0 s was excluded from the

measurement, and ¢ = 0.50 ~ 30.5 s was set as the measurement time.

30 ' " T ' T ' T ' T ' 3
o dg
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0l T Average 42 &
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© X,

2N o0
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Fig. 4.5 Relation between d,, 7,and 1.
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Fig. 4.6 Changes in T and DO.

4.2.2.3 Evaluation method of heat transfer from wire surface

Fig. 4.7 shows a schematic diagram of the circuit used to measure the temperature 7w of the
platinum wire. It is known that the mean temperature of the platinum wire is to be
proportional to the electric resistance, Rp, and the temperature of the platinum wire was

therefore evaluated from the time variation of R,.

| Vo
Platinum wire
AC/DC Data logger
Power supply
Resistance
-
Vi

Fig. 4.7 Circuit diagram.
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At first, the relation between the temperature of the platinum wire and the heat transfer
surface temperature, 7w, of the platinum wire is examined as follows. The magnitude of the
difference between the internal temperature and the surface temperature of a cylinder is

related to the Biot number, Bi, which is expressed by

Bi=—" (4.3)

where Iy (= dp/4) is the hydraulic equivalent length, which divides the volume V), of the
platinum wire by its surface area S, and / the heat transfer coefficient. The heat conductivity
ky = 71.6 W/m-K from Table 4.1, and & = 10°~10° W/m*K for phase change heat transfer,
substituting the maximum % = 10° W/m?:K into equation (4.3), Bi = 0.030. Since Bi << 1.0
for the present condition, the temperature distribution could be almost uniform on the metal
surface [14], and the temporal change of the temperature was determined only by the
relationship between the heat capacity of the wire and the amount of heat transferred through
the surface. Therefore, in this study, 7w of the platinum wire can be represented by the mean
temperature.

The process of calculating 7w 1s as follows. First, the voltage Vz applied to a fixed
resistor (electrical resistance Rz = 0.05 Q, 100 ppm/K) is measured with a data logger. The

following equation was obtained from Ohm's law at both ends of the resistor.

Ve =1pRy 4.4)

The /£ was calculated from the above equation by substituting the measured Vz and Rg. Since
the input resistance of the data logger was 1.0 MQ, the current flowing through the data
logger could be negligible, and the current flowing through the fixed resistor and the current
flowing through the platinum could be considered equivalent. The resistance of the lead wire
was measured with an LCR meter (HIOKI, IM3536) and was less than 1.0 mQ, i.e., less than
0.25% of the resistance of the platinum wire (437.0 mQ at 7w = 298.3 K), thus the lead wire
resistance was ignored.

Similarly, the following equation holds at both ends of the platinum wire.
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V,=1;R, 4.5)

Using [ given by Eq. (4.4) and V), measured by the data logger, R, was calculated. Then, R,
(Rp1, Rp2) was measured at two water temperatures (701, 702) using the LCR meter, and the
relationship between R, and 7w was obtained by linear approximation; the relationship with
Tw obtained from R, at To1 =298.3 K and 702 = 322 K is shown in Fig. 4.8. From the obtained

data, it can be seen that R, and 7w have the following relationship.

sz —Rp1
R,~-R, = ﬁ(TW —Ti) (4.6)
02 01

The resistance ratio of platinum wire obtained in this experiment at 7 =273 K and 7w = 373
K was 1.388. The difference from that of a platinum resistance thermometer (1.385) [15] was
less than 1.0 %. Therefore, the relationship between Rp and 7w obtained in this experiment is

reasonable.

0 1 ] 1
273 373 473

Tw [K]

Fig. 4.8 Relation between 7w and R,.



96 Chapter 4 Generation of microbubble by subcooled boiling

4.3 Results and discussion

4.3.1 Influence of DO and microbubble generation mechanism

4.3.1.1 Influence of dissolved oxygen concentration

The microbubble generation experiments with DO = 8.5 x 107, 4.5 x 10~ and 0.05 x 1073
kg/m?, alternating current of the frequency /= 60 Hz and the time-averaged heat flux g =
4.5 MW/m? were carried out. Fig. 4.9 shows the generation state of microbubbles at £ = 5.0
s. The number of microbubbles generated at DO = 0.05 x 10~% kg/m* was small as shown in
Fig. 4.9 (a) though vapor bubbles were confirmed to be generated on the platinum wire under
this condition as shown in the magnified image, Fig. 4.9 (d). On the other hand, in Fig. 4.9
(b), microbubbles are more visible at DO = 4.5 x 10~* kg/m?, and the further increase in DO
up to 8.5 x 107 kg/m?® (Fig. 4.9 (c)) results in a large increase in the number of microbubbles.

Then, the generation process of individual microbubbles was observed using a
microscope to confirm the following three generation patterns, A, B and C. An example of
the bubble generations in Pattern A from a certain time #o after the steady state was reached
is shown in Fig. 4.10 (a). The vapor bubble grows on the wire surface with volume oscillation
by repeating expansion and condensation. The bubble elongates vertically and then detaches
from the wire. The second is the process in which only the tip of the vapor bubble is broken
off and becomes a microbubble when the vapor bubble generated on the platinum wire
expands and condenses. Fig. 4.10 (b) shows a bubble generated in Pattern B. The behavior
of the bubble attaching to the wire is similar to that in Pattern A, whereas the microbubble is
generated by breakup from the parent bubble when the bubble shape becomes unstable due
to rapid condensation. Pattern C shown in Fig. 4.10 (¢) is very different from the other two;
1.e., the vapor bubbles larger than hundred microns collide on the wire, and subsequently they

collapse to form multiple microbubbles.
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..

(a) DO [kg/m’] = 0.05 x 107 (b) 4.5 x 1073 (c)8.5% 1073

50 pm

(d) Vapor bubble (DO = 0.05 x 10~ kg/m?)

Fig. 4.9 Images of generated microbubbles (= 5.0 s).
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t=1t+0.0x107s 1.0x107°s 3.0x107s
(a) Detachment of microbubble; pattern A.

t=1t+00x107s 0.5x107s 3.0x 1073 s 10x107s
(b) Breakup of vapor bubble; pattern B.

t=t+0.0x107s

4.0x107s 45x107s
(c) Collapses of vapor bubble; pattern C.

Fig. 4.10 Process of microbubble generation.

The probability density function, P(ds), of the bubble diameter is shown in Fig. 4.11.
The total numbers of samples used in the calculation of P(ds) were 3.5 x 10°, 8.9 x 10* and
7.4 x 10* at DO = 8.5 x 1072, 4.5 x 107 and 0.05 x 107 kg/m>, respectively. The peak
diameter around 10 pm slightly increases and the distribution becomes broader as DO
increases, which results in the increase in the mean bubble diameter 7, with increasing DO
as shown in Fig. 4.12. The effects of DO on n, is also shown in Fig. 4.12. The n,

increases with increasing DO. This is due to the increases in nucleation rate [16, 17] and in
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active nucleation sites on the wire surface as the concentration of dissolved incondensable
gas increases. The number density of 10'! m™ is several times larger than that obtained with
the pressurized dissolution method [7]. Nitrogen was also dissolved in water as well as
oxygen, and the concentration of nitrogen in the saturated condition can be estimated as 14.0
x 107 kg/m® at 298 K and 9.6 x 107 kg/m® at 373 K from Henry’s law. The total
concentration of the dissolved incondensable gases is estimated as 22.5 x 107, 11.9 x 1073,
and 9.65 x 1073 kg/m® for DO = 8.5 x 1072, 4.5 x 107 and 0.05 x 1073 kg/m?, respectively.
Hence, the small difference in 7, between DO = 4.5 x 107 and 0.05 x 107 kg/m’

conditions is due to the small difference in the total concentration of dissolved gases.

DO [x 10 kg/m?]
— 0.05
---- 45
.- 85

60 80 100
dg [um]

Fig. 4.11 Bubble size distribution (g = 4.5 MW/m?, f= 60 Hz).
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Fig. 4.12 Effect of DOon g4, and 71, (g=4.5MW/m? =60 Hz).

4.3.1.2 Microbubble generation mechanism

Based on the dependence of the bubble diameter and the number density on DO, the
generation mechanism of microbubbles in the subcooled boiling method can be summarized
as follows. Vapor bubbles are generated on the heated surface as schematically shown in Fig.
4.13 (a) when the platinum wire is heated by electric current. In fact, the bubbles consist not
only of vapor but also of incondensable gases, e.g., oxygen and nitrogen, coming from the
liquid phase during the bubble growth. The bubble size can be as large as several hundred
microns at the bubble growth stage (Fig. 4.9 (d)). Then the bubbles are released from the wire
or collapse, and rapidly shrink in the subcooled water due to the condensation of vapor, while
the incondensable gases remain inside the bubbles. Thus, microbubbles consisting of the
incondensable gases appear in the bulk liquid (Fig. 4.13 (b)). Note that the microbubbles
contain a very small amount of vapor which is determined by Dalton's law. When the
concentration of the dissolved incondensable gases increases, the number of incondensable
gas molecules in the vapor bubbles generated by the heating increases, which results in
increase of the number of molecules in the generated microbubbles, i.e., the size of the

generated microbubbles. The number of generated microbubbles also increases with the



101

concentration of the dissolved gases due to the increase of bubble nuclei.

Conducting wire

Dissolved
/ gas
J\ Vapor

@/ 6lels) Q !.@! &

Thin platinum wire

(a) Vapor bubble generation.

Vapor Molecule of _
bubble Vapor  gas Microbubble

%@éé Cootns. gfg:%

Boiling Condensation

(b) Microbubbles consisting of incondensable gases.

Fig. 4.13 Microbubble generation process.

4.3.2 Influence of heat flux with DC and AC

4.3.2.1 Boiling curve of DC and AC

(a) Boiling curve of DC

Fig. 4.14 shows the boiling curve obtained by heating with DC. The abscissa is the difference
between 7w and the saturation temperature, A7y, and the ordinate is ¢ . The boiling curve
obtained by Shoji et al. [18] is also shown in the figure. Shoji et al. measured the boiling

curve in degassed water by heating a platinum wire with a diameter of 200 um by DC current.

The AT increases as ¢ increases, and ¢ increases as the degree of subcooling, AT,
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Fig. 4.14 Boiling curve for DC [16].

increases when compared at the same AT, It was also found that g, or CHF (Critical Heat
Flux) at AT of burn out, increases with an increase in A7s». The boiling curve obtained in

this experiment shows the same trend as that of Shoji et al. Therefore, the relationship

between ¢ and Ti in this experiment corresponds to the boiling curve in pool boiling.

(b) Boiling curve of AC

The boiling curve obtained with AC heating is shown in Fig. 4.15, which shows the
relationship between g and ATy, for one heating cycle, and the DC boiling curve obtained in
this experiment is also shown. Compared to the DC boiling curve, the overall ATy, is higher
for DC at the same g, but AT, is higher for AC in the latter half of the period when ¢ is
decreasing. In the case of DC, AT has reached the steady-state temperature at g because of
the long heating time at constant g. In the case of AC, AT is higher than that of DC because
of the long heating time at constant ¢g. On the other hand, in the case of AC, since g varies,
the steady-state temperature is not reached at any ¢. The temperature tends to be lower than

that of DC in the region where g increases and higher than that of DC in the region where ¢
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Fig. 4.15 Boiling curve for AC.

decreases. In particular, when g tends to increase, AT increases from the cooled state by the
ambient liquid, and the difference between ATy, and DC is large. On the other hand, when ¢
is decreasing, ATy, is lower than that of DC at the beginning of the decrease in g because 7w

is cooled from the already heated state.

4.3.2.2 Effects of DC and AC on microbubble generation

In order to discuss the effects of the heating condition on the microbubble generation, ,
and n, of microbubbles generated with the electric heating of DC (constant heating) and

AC (cyclic heating) (f = 60 Hz) were compared for 1.5 < g < 6.0 MW/m?. Note that the
boiling regime observed was the nucleate boiling in all the conditions. Fig. 4.16 (a) shows
that at g = 1.5 MW/m?, bubbles attaching to the platinum wire grow up to about 0.6 mm
diameter and reach the quasi-equilibrium state, while few microbubbles are generated for
both DC and AC. On the other hand, as shown in Fig. 4.16 (b)—(d), microbubbles are
generated for ¢ > 3.0 MW/m?, and the amount of bubbles increases as g increases.
Microbubbles were confirmed for § >3.0 MW/m? in DC and g >2.5 MW/m? in AC. The
reason why the minimum ¢ required for microbubble generation in AC is slightly lower

than in DC is as follows.
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DC ~

AC A

(@ g[MW/m’]=15  (b)3.0 (c)4.5 (d) 6.0

Fig. 4.16 Images of generated microbubbles (Top: DC, Bottom: AC).

The wire surface temperature 7 during one cycle and the bubble generation process at
g = 4.5 MW/m? are shown in Fig. 4.17 and Fig. 4.18, respectively. Since Tw is constant in
the DC case, microbubbles were generated from vapor bubbles at a constant generation rate
(Fig. 4.18 (a)) and the bubble generation pattern was mainly Pattern A (detachment) and B
(single breakup) in Fig. 4.10. On the other hand, the bubble generation rate with AC
fluctuates as shown in Fig. 4.18 (b)—(d), where P, P and Pc represent the instants shown in
Fig. 4.17. The bubble generation is not observed at the low temperature of P4 (Fig. 4.18 (b)),
while microbubbles are generated at Pg, where Ty is higher than the surface temperature with
DC and the microbubble generation due to bubble collapse (Pattern C in Fig. 4.10 (¢)) is
mainly observed. The bubble collapse efficiently produces multiple microbubbles, and
consequently, the number of microbubbles generated with AC is larger than that with DC.
As shown in Fig. 4.16 (c) and (d), the numbers of bubbles on the wire in the AC cases are
larger than those in the DC cases. This implies that the number of active cavities in the AC

cases are larger than those in the DC cases because of the higher maximum heat flux.



105

Thermophoresis of the microbubbles toward the wire surface due to high temperature
gradient in the vicinity of the wire was also observed during the no bubble generation period
in AC cases. The microbubbles move to the wire surface and play the role as nuclei in the

subsequent boiling period. These are also the reason of high bubble generation rate in the AC

cases.

Pattern A, B
Oscillating bubble v Pattern A, B, C Pattern A, B
473 — . | : ———1—20
DC AC(f = 60 Hz)
Tw — Tw
q - q |
z | £
< 373} =
|_ —_
| T

7 Microbubble
7 | generation period .
273L--"", | . | . | AN 0
0 0.002 0.004 0.006 0.008
t[s]

Fig. 4.17 Heat transfer surface temperature during one cycle (g = 4.5 MW/m?).

(b) AC; £ =0.002 s (Pa).
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Fig. 4.18 Generation state with different heat transfer surface temperature.
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Fig. 4.19 shows the relationship between ¢ and #n, . The 7, increases with
increasing g for both DC and AC. Hence, 71, can be easily controlled by changing
electric current. The larger 7, with AC implies that AC can generate microbubbles more
efficiently than DC. The P(dp)s of the bubble diameter are shown in Fig. 4.20; the peaks
appear around 15 pum for both DC and AC, and the probability around 20-40 um increases
as ¢ increases. Fig. 4.21 shows the relationship between ¢ and g,. The 4, slightly

increases as ¢ increases for both DC and AC, whereas AC gives somewhat larger .
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Fig. 4.19 Effectsof ¢ on n,.
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Fig. 4.20 Bubble size distribution.
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The relationship between ¢ and the average void fraction, g, is shown in Fig. 4.22.

For both DC and AC, G increases as ¢ increases. In addition, g is about 2 to 3 times

higher for AC than for DC at the same ¢ .
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Fig. 4.22 Effects of ¢ on {.

There are two possible reasons for the higher bubble generation rate in the AC cases

than in the DC cases. The first is that AC cases cause more bubbles to reattach to the fine
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wire. For the number of reattached bubbles measured over the same time period (1 heating
cycle: 1/120 s), the number was 7 for DC and 25 for AC. Second, the number of bubble
nucleus was higher for AC than for DC. For the number of bubble nucleus measured over the
same time period (one heating cycle: 1/120 s), the number was 10 for DC and 51 for AC. The
number of bubbles in AC was found to be five times higher than in DC. This is due to the
fact that at the same average heat flux, the maximum heat flux in the AC case is larger than
in the DC case. The number of bubble collapses is higher in the AC case than in the DC case
(Pattern B and C). From the above, it is considered that higher number of microbubbles is

generated in the AC cases due to the increase in the number of bubble nucleus.

4.3.3 Influence of AC frequency

The f was varied in the range of 15 < < 960 Hz to investigate the influence of f on the
microbubble generation in the cyclic heating. The g was fixed at 4.5 MW/m?. Fig. 4.23
shows the state of microbubble generation at time ¢ = 30 s after heating started. The number
of bubbles with large diameters decreases as fincreases as can also be confirmed in Fig. 4.24
(a). Fig. 4.24 (b) shows the relationship between fand 7, . Though the increase in f decreases
d s, T,is deteriorated as fincreases; the reduction in 7, is about 40% by the increase in f

from 60 to 240 Hz. Both 4, and 7, approach those values in the DC case as f increases.

f=15Hz 60 Hz 240 Hz 960 Hz
Fig. 4.23 Microbubbles generated with different AC frequencies (AC, g =4.5 MW/m?).
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Fig. 4.24 Relations between f, 4, and 7.

4.3.4 Microbubble generation using a nichrome wire

Since nichrome wires are often used as a heating element, the performance of the bubble
generation method with a nichrome wire was also examined. The nichrome wire (Nilaco,
691167) of 0.10 mm diameter and 30 mm length was used, which was preliminary heated
once for a sufficient time to form an oxide film to promote the detachment of microbubbles
from the wire. The g was 4.5 MW/m? and 6.0 MW/m?. The power supply was AC. Fig.
4.25 shows the state of microbubble generation captured at # = 30 s. The microbubbles can
be generated by the nichrome wire and the generated bubbles are relatively larger than those
generated by the platinum wire. The effects of § on 4, and 7, are shown in Table 4.4.
Being similar to the cases with the platinum wire, 4,and 7, obtained with the nichrome
wire increase with increasing ¢ . At the same g, there is no significant difference in
between the platinum and nichrome wires, but 7, is lower for the nichrome wire. These
differences can be attributed to the difference in the surface structure, i.e., the size and

number of cavities made by polishing with the sandpaper and surface oxidization.
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(1) Nichrome wire (2) Platinum wire

(a) g=4.5MW/m?

(1) Nichrome wire (2) Platinum wire
(b) g=6.0 MW/m?

Fig. 4.25 Comparison in bubble generation state between nichrome and platinum wires

Table 44 4, and 7, ateach 7.

AC, f=60Hz q [MW/m?] 3.0 4.5 6.0
_ Platinum wire 14 16 17
d  [pm] ] )
Nichrome wire — 17 18
Platinum wire 0.28 1.01 1.42
Ty [% 10" m7]
Nichrome wire 0.52 0.71
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4.4 Application of bubble generation method based on subcooled

boiling to oil removal effects

The characteristics of microbubbles generated using the proposed method have been
discussed up to the previous section. This method can generate bubbles in stagnant liquid
pools without pumps or complex piping systems. The position, shape, and number of heating
wires can be changed so as to be suitable for various applications. It is necessary to consider
the importance of generating microbubbles in a position where they can act on dirt for
efficient cleaning. Therefore, in this section, the performance of the proposed method is
briefly examined for a cleaning process of highly viscous oil.

Fig. 4.26 shows an experimental setup for a cleaning application submerged in a water
pool, which mainly consisted of the heating thin metal wire, the power source (Matsusada,
SRJ500), the water tank and the dirt plate (40 x 40 mm in width and length). A nichrome
wire (Nilaco, 691167) of 0.10 mm diameter and 30 mm length was soldered with lead wires.
The acrylic water tank of 80 x 160 x 120 mm in width, depth and height was filled with water
of 1.0 x 107 m>. Lard oil (MIYOSHI OIL & FAT CO., LTD.) was adhered to the dirt plate
with a thickness of 4 mm. The viscosity and density of the lard oil are 40.6 mPa-s (at 7=311
K) and 914 kg/m?, respectively [19]. The water temperature was set at 7= 300 + 0.5 K. The
cleaning time was 10 min, and the dirt locations were L = 20 £ 0.5 mm and 60 + 0.5 mm
above the wire. DO = (8.5 £0.3) x 107 kg/m® and g =4.5, 6.0 MW/m? (AC, f= 60Hz).

Fig. 4.27 shows the results of the different installation distance L and ¢ . The left side
is the bottom view and the right side is the reversed front view. The right side of the graphs
in Figs. 27 (a), (b) and (c) shows the height of the highest point of the lard oil after cleaning.
The relation among ¢, L and the residual volume of lard oil at the plate, Vs, is shown in
Table 4.5. Fig. 4.27 (a) is the initial state of lard oil adhering to the plate. Figs. 4.27 (b) and
(d) show the different cleaning effects caused by different g . Section 2.3.2 shows that the
number density of microbubbles affects the cleaning effect and that the number density of
bubbles generated by Section 4.3.2 increases with ¢ . The consistent results were obtained,

1.e., the oil removal was enhanced by increasing ¢ . Figs. 4.27 (c) and (d) show the different
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cleaning effects caused by different L. In a stagnant pool, the farther away microbubbles are
from the generator, the less likely they are to reach the dirt by natural convection, thus
weakening their cleaning effect (c). On the other hand, the closer the microbubbles are to the
generator, the more efficiently they can act on the dirt (b). The experimental results have thus
demonstrated that generating bubbles near a removal target using the proposed method is

effective to enhance the cleaning effect.

Power
source
(DC/AC) ]
1 Plate with dirt |
Acrylic water tank £
ry V4 5 .
1 i = oil
“-tapA [ —Lard oil . :
LI I{g) T hs Y bottom view front view
A
80 mm
Fig. 4.26 Experimental setup for cleaning.
Table 4.5 Relation of @, L and Vyes.
g [MW/m?] L [mm] Vyes [mm?]
4.5 20 3410
6.0 20 4147

6.0 60 5020
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(a) £=0 min.

() g=6.0 MW/m?, L =20 mm.

(d) 7=6.0 MW/m?, L =60 mm.
Fig. 4.27 Effects of L and ¢ on oil removal. (= 10 min in cases (b), (c) and (d)).
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4.5 Conclusions

The feasibility of microbubble generation using subcooled boiling with an electrically heated
thin wire was confirmed and the diameter and number density of generated microbubbles
were measured from high-speed video images. As a result, the following results were

obtained:

(1) The proposed method can generate microbubbles at a high number density. The
dependence of the bubble number density on the concentration of the dissolved oxygen
implies that microbubbles consist of incondensable gases transferred from the liquid
phase into vapor bubbles during the bubble growth in boiling and the subsequent

condensation.

(2) The cyclic heating with AC is more effective for generating microbubbles than the
constant heating with DC.

(3) The number density increases with increasing the time-averaged heat flux, which also
increases the mean bubble diameter though the increasing rate of the diameter is not

significant.

(4) Both platinum and nichrome wires can be used for the proposed method. The effects of
the heat flux on the bubble size and number density are qualitatively the same for both

materials.
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Chapter S

Conclusions

Microbubbles have a long residence time in the liquid phase, high internal pressure and high
interfacial area concentration due to their small diameter, which often promote physical and
chemical phenomena related to the interface. Microbubbles with these properties have been
widely used in the agricultural, marine, and environmental fields. In recent years,
environmental problems have spread, especially water pollution. Therefore, microbubbles
consisting only of air and water are expected to be applied to the cleaning process. Factors
that make water containing microbubbles effective for cleaning include the abrasive effect of
bubbles, the effect of surface charge, the adsorption of dirt at the gas-liquid interface, and the
lifting effect of the bubbles on dirt. However, none of these factors has been clearly proven,
and the detailed mechanism regarding the removal effect has not been fully elucidated. In
addition, in order for microbubbles to perform well in their application, it is necessary to
understand the change in diameter and number density of microbubbles. Furthermore, the
generation of microbubbles is very important in the microbubble cleaning process. However,
most current generation methods are costly and large in size, thus, low-cost and compact
generation methods are expected. By overcoming these issues, the application of

microbubbles can be expanded.

Hence, in this dissertation, the objective was to clarify the relationship between the
behavior of microbubbles near oil and the removal process, and to examine the diameter
change of microbubbles and the mechanism of microbubble generation in order to obtain

design guidelines for removal mechanisms and new microbubble generators.
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In chapter 2, dirt removal experiments were conducted using viscous silicone oil
adhering to the bottom wall of a horizontal rectangular channel, and the effects of
microbubbles on oil removal from the wall was investigated by continuously measuring the
thickness change of the contamination using a fluorescence-induced method. The bubble
diameter and number density in the vicinity of the wall surface were also measured to
investigate the removal rate enhanced by microbubbles. The behavior of microbubbles
attached to dirt was also examined to investigate the cleaning mechanism of microbubbles.

As a result, the following conclusions were obtained:

(1) The amount of oil removed by the water flow increases with increasing the
Reynolds number, showing that the water flow has cleaning effects even without
microbubbles. This is attributed to the shear stress acting on the oil interface.

(2) Adding microbubbles to the water flow increases the amount of oil removal. In other
words, microbubbles have a removal enhancement effect. The higher the bubble
number density, the larger the removal effect is. The removal effect of microbubbles
can be evaluated by a model which assumes that the amount of oil removal is
proportional to the number of microbubbles in the vicinity of oil interface.

(3) The removal rate can be modeled as a superposition of the effects of shear stress
and the presence of microbubbles.

(4) Microbubbles adhering to oil under turbulent conditions can be grown by mass
transfer. The cleaning effect is largely promoted by peeling of the oil by the

detachment of large bubbles grown on the oil interface.

Based on the discussion of conclusions (4), the bubble diameter variation of
microbubbles is an important parameter for microbubble applications. Numerical
calculations of bubble diameter variation for single bubbles and groups of bubbles based on

Henry's law and the Rayleigh-Plesset equation were therefore proposed as follows.

In chapter 3, at first, numerical simulations based on the Rayleigh—Plesset equation and
the one-dimensional advection-diffusion equation were carried out to validate the change in

bubble diameter for the single growing bubble discussed in Chapter 2. Then, the validation
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for single shrinking bubble and the time evolution of bubble diameter and the mass transfer
of dissolved gas between bubbles and water after bubble generation for microbubble groups

were investigated. As a result, the following conclusions were obtained:

(5) The present numerical method can accurately predict the growth and shrinkage of a
single microbubble.

(6) Microbubbles in water flows usually have size distribution and bubbles larger and
smaller than the equilibrium bubble diameter become larger and smaller in time,
respectively. The size distribution thus changes in time.

(7) The proposed numerical method can reasonably predict time evolutions of bubble
size distributions, void fractions and concentrations of dissolved gas, provided that
a reliable initial condition is available. Since the numerical simulation assumes that
no bubble nucleation occurs in the downstream region of the nozzle, the agreement
between the prediction and the experiments proves weak influence of the bubble

nucleation on the mass transfer between the phases.

Conclusions (4) and (5) demonstrated that microbubbles attached to dirt and grown
under turbulent flow conditions, thereby promoting the cleaning effect. However, when the
water flow is slow, it is difficult for microbubbles to adhere to dirt. Therefore, a compact and
low-cost generation method that can generate microbubbles in the vicinity of stains dirt is

considered necessary.

In chapter 4, a microbubble generation method based on subcooled boiling on a heated
wire in a liquid with dissolved incondensable gases was proposed. The proposed method does
not require pumps or complex piping systems to generate bubbles in stagnant liquid pools.
The location, shape, and number of heating wires can be changed according to the application.
Since the bubble diameter and number density are important parameters of the microbubble
generation method, the performance of the proposed method was evaluated by measuring

them with a high-speed video camera. As a result, the following conclusions were obtained:

(8) The proposed method can generate microbubbles at a high number density. The
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)

(10)

(11)

dependence of the bubble number density on the concentration of the dissolved
oxygen implies that microbubbles consist of incondensable gases transferred from
the liquid phase into vapor bubbles during the bubble growth in boiling and the
subsequent condensation.

The cyclic heating with AC is more effective for generating microbubbles than the
constant heating with DC.

The number density increases with increasing the time-averaged heat flux, which
also increases the mean bubble diameter though the increasing rate of the diameter
is not significant.

Both platinum and nichrome wires can be used for the proposed method. The effects
of the heat flux on the bubble size and number density are qualitatively the same for

both materials.

As mentioned above, it is expected that the cleaning mechanisms clarified in this study

can be considered in manufacturing for practical applications. In addition, the developed

microbubble generation method can directly supply microbubbles to the target area for

cleaning in the cleaning field or necessary place in the other fields. Therefore, by using this

technology in future design and development, it can be expected that new developments will

be possible by increasing the number density locally.
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Appendix A

Evaluation of the amount of bubble generation

In Chapter 4, a method to generate microbubbles by subcooled boiling in still water was
proposed. This method does not require water flow and is proposed for practical use in the
field of compact cleaning system. It may also have a potential for application in water flow.
Therefore, the amount of microbubbles produced by the method in a flowing water is

discussed in this appendix.

A.1 Experimental setup and evaluation method

A.1.1 Experimental setup

The amount of generated microbubbles is important for understanding the efficiency of
bubble generation methods, the generation process, and design. However, in a pool water, it
is difficult to evaluate the amount of generated bubbles because all bubbles generated do not
flow in the same direction and their velocity fluctuates greatly. Therefore, the evaluation of
the amount of bubbles was attempted by generating microbubbles in a flowing water and
enforcing them to flow in the specified direction. A schematic of the experimental apparatus
used is shown in Fig. A.1 which mainly consists of a tank, a test section, a pump (IWAKI,
MD-6ZK), and a power supply. A high-speed camera (Photron, SA-X2) was used to capture

the microbubbles generated by heating the platinum wire by applying voltage to it. Pure water
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(To =298 = 0.5 K, DOo = (8.5 £ 0.3) x 10 kg/m?) purified by a water purification system
(Millipore, Elix3) was used for the liquid phase. Water in the tank was suctioned by a pump
and passed through the test section. The dimensions of the test section were 5 x 50 x 600 mm
in width, depth and height, respectively. A compression fitting was used to fix the platinum
wire, which was fixed straight by applying tension. The power source was either a AC power
supply (NF ELECTRONIC INSTRUMENTS, 4210 P-STATION MINI) or a DC power
supply (ALINCO, DM130MV).

In order to ensure that the generated bubbles flow without backflow, the Reynolds

number Re’ < 6 around the cylinder, where no Karman vortex is generated, [1]:

!

_ pud,
n

Re

(A.1)

where d, is the diameter of platinum wire, u the cross-sectional mean velocity, p the density
of water, and p the viscosity of water. Here, = 0.89 mPa-s at 7=298 K, thus, u# <0.06 m/s.
The entrance length, L., was calculated by Eq. (A.2).

L, =0.06Re'd,, (A.2)

Le=297 mm when # = 0.06 m/s in laminar flow, and the position of the wire was set at 350
mm downstream from the channel inlet, where dy is the hydraulic equivalent diameter of the

channel.
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Fig. A.1 Experimental apparatus.

The flow did not significantly affect the formation of microbubbles and their subsequent
contraction and growth, and # was considered to be the same as the advection velocity of
bubbles. Experiments were conducted under three conditions (z = 0.01, 0.02 and 0.03 m/s).

Microbubbles were generated at AC (f= 60 Hz), g =4.5 MW/m?, and the bubble generation

state, dp, and np were measured.

A.1.2 Evaluation method

The test section of the experimental apparatus is shown in Fig. A.2. The conservation of np

in a small area in a fluid with bubbles is expressed as

onyg

L4V (uyn,) =G, (A3)

where u is the velocity of the bubbles and G the amount of bubbles generated per unit time
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Fig. A.2 Test section of calculation.

and unit volume in the small area. Integrating Eq. (A.3) for the region bounded by the two

cross sections of the test section in the direction of the flow axis (Fig. A.2) yields

ony _
jV - dV+va-(uBnB)dV_jV G,dV (A.4)

Using the Gauss divergence theorem, Eq. (A.4) can be expressed as

[ ag: v + [uns -dS = [ GedV (A.5)

When the flow is in a steady state, Eq. (A.5) reduces to
jSuBnB -dS = jVGBdV (A.6)

Since the inflow surface in this region has only two cross sections perpendicular to the z
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direction, Eq. (A.6) can be expressed as

quanS — Ll;ﬁandS = IVGBdV (A.7)

Sour

where Si» and Sous are the inflow and outflow surfaces, respectively. u: is the z-directional
velocity component of the bubble velocity. Since bubbles are generated only on the platinum

wire, and the disappearance of bubbles is assumed to be negligible, Eq. (A.7) becomes

quanS - .[SuandS =gsl (A.8)

Sour

where gp is the amount of bubbles generated per unit length of platinum wire and / the length

of the platinum wire. Since there are no bubbles in S, gz is obtained as

1
g5 = 7jsuzngds (A.9)

out

In this experiment, at a certain height downstream from the platinum wire, the high-
speed camera was moved in the x and y directions using a traverse system to capture the
bubble generation state, and . and np in each region were obtained. The imaging system is
shown in Fig. A.3. When taking images with a spatial resolution that could capture
microbubbles, the volume of the image becomes small, and it is time-consuming to evaluate
the total amount of bubbles generated from the platinum wire. Therefore, the distribution of
bubbles was considered to be symmetric with respect to the platinum wire, and the amount
of bubbles generated was obtained for the measurement area shown in Fig. 4.2. This region
covers the area from the platinum wire to the wall in the y direction and the area from the
center of the platinum wire in the longitudinal direction to the x direction, where no bubbles

were observed. The bubble production rate G’ obtained in this region is expressed by

N |
G, = e (A.10)
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Gp'is assumed to be about 1/4 of the total amount of bubbles produced by the platinum wire.
The length of the platinum wire was set to 10 = 0.5 mm when evaluating the amount of
bubbles generated. The spatial volume of the imaging space is 2.00 x 0.31 x 1.50 mm? based

on the imaging area and DOF (see Sec. 2.2.3).

All measurement area

: Measurement area
7 (2.00 x 0.57 x 1.50 mm3)

4 e

10 mm ‘

ww g

Platinum wire

High speed camera

Fig. A.3 Measurement area.
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A.2 Bubble characteristics and heat transfer surface temperature

The relationship between #, 4, and 7, isshowninTableA.1. g, isalmostequal for u
= 0.00 and 0.01 m/s, while g, decreases with increasing # for u > 0.01 m/s. The 7,

decreases as u increases.

Table A.1 Relation between u, dp and ns.

i [m/s] d p [um] i, [<10" m™]
0.00 16.2 10.1
0.01 16.4 4.5
0.02 15.1 2.3
0.03 14.2 1.5

Fig. A.4 shows the time variation of the surface temperature 7w for each # during one
heating cycle (1/120 s). The average heat transfer surface temperature 7wuve is shown in Table
A.2. From Fig. A.4 and Table A.2, it can be seen that Twue for u = 0.03 m/s is lower than
that for the other conditions. This is due to the cooling effect on the heat transfer surface as
the subcooled water is more easily supplied near the heat transfer surface as u increases,
which is similar to the formation at low heat flux. The decrease in 4, may be due to the
decrease in n,, which reduces the probability of bubbles coalescing with each other and the
fact that vapor bubbles attached to the platinum wire were cooled more easily by the

subcooled water than in the pool water, making it difficult for relatively large diameter vapor

bubbles to be formed.
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Fig. A.4 Relation between ¢ and T.
Table A.2 Relation between # and Twave.
u [m/s] 0.00 0.01 0.02 0.03
Twave [m/s] 109.9 110.0 110.1 108.1

A.3 Evaluation of bubble generation

A.3.1 Flow state

Fig. A.5 shows a schematic diagram of the measurement area where the bubbles were
observed, and Figs. A. and A.7 show the flow states at u = 0.02 m/s. Microbubbles were
observed at (i, j)) = (1, 1) for DC and (7, j) = (1, 1 ~4) for AC. The AC condition generated

more bubbles than the DC condition.
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Fig. A.7 Images of generated microbubbles (AC (f= 60 Hz), § = 4.5 MW/m?).
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The 7, in each region was calculated for the images shown in the previous section. The
distribution of 7, for DC and AC is shown in Fig. A.8 which shows that there are no
bubbles near the wall surface and that 7, is higher for AC. The #, with AC exhibits peaks
at a distance from the platinum wire. The fact that 7, was higher for AC suggests that the
flow was disturbed by the bubbles during the generation of microbubbles, resulting in a bias

in the distribution.
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Fig. A.8 Distribution of 7,.

A.3.3 Rise velocity

The average velocity of bubbles in each region was calculated for the images shown in
Section A.3.1 by counting the number of pixels of the traveling distance in the z-direction
during 0.02 s. The number of bubbles sampled was 25. The distributions of #p. for DC and
AC are shown in Fig. A.9. In the case of DC, us. takes the largest values near the platinum
wire and decreases as it moves toward the wall. On the other hand, in the case of AC, the
distribution of up. is more skewed than that of DC. As shown in the previous section, the
distribution of bubbles is biased in the AC case, suggesting that up. is also affected by the

agitation.
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Fig. A.9 up. distribution.

A.3.4 Amount of generated bubbles

Gp'=2164 in DC case and Gz'=3610 in the AC case were calculated. The amount of
microbubbles produced by AC is about 1.7 times greater than that by DC, which is about
the same ratio as that in still water (Fig. 4.19).

From Eq. (A.10), gg = 1.45 x 10% s"'m™!, which corresponds to a platinum wire length of
0.87 mm and a bubble production rate of about 10 bubbles per cycle of ¢ variation (1/120 s),
clearly less than the image shown in Sec. 4.3.2. This may be due to the decrease in bubble
diameter caused by contraction of bubbles due to mass transfer through the gas-liquid
interface after bubble formation, and an increase in the number of microbubbles with

diameters that cannot be captured in the image (diameters of about 5 um or less).
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Appendix B

Attachment state of microbubbles to dirt surface in

laminar flow

In Chapter 2, microbubbles did not attach to the oil under the laminar flow conditions in the
horizontal channel due to buoyancy. It would be worth to investigate whether microbubbles
attach to the oil in a vertical flow channel even under laminar flow conditions.

Fig. B.1 shows the experimental apparatus which mainly consists of a microbubble
generator tank (Science, SMBO-PS480), a test section, a pump (IWAKI, MD-6ZK), a flow
meter (Nippon Flow Cell, NSP-5-B006), and a high-speed camera (Photron, SA-X2) was
used to capture the microbubbles attached to oil. Pure water (79 =298 = 0.5 K, DOy = (8.5 =
0.3) x 107 kg/m®) purified by a water purification system (Merck, Elix UV5) was used for
the liquid phase. Water in the tank was suctioned by a pump and passed through the test
section. The dimensions of test section were 300 x 300 X 500 mm in width, depth and height,
respectively. The cross-sectional area of test section were 5 and 10 mm in height and width,
respectively. The area of the oil part was 5 mm X 5 mm and the depth was 1 mm.

The experiments were carried out at Re = 1000 + 2, 2000 + 2 and 3000 + 3, where Re
was defined as in Eq. (2.1). Fig. B.2 shows the state of microbubbles attaching to the oil. Fig.
B.2 (a) is a state at = 0 s and Fig. B.2 (b) was a state at = 240 s. As in the results of Chapter
2, microbubbles attaching to the oil and grew to milli-bubble sizes and where swept away by
water. The attachment rate increases with increasing Re. The number of bubbles are
decreasing with increasing Re due to the fact that the growing microbubbles have already

been swept away by the water flow. Fig. B.2 clearly showed that microbubble attachment can
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also occur in laminar flows when microbubbles are generated near dirt.
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Fig. B.1 Experimental apparatus.
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Fig. B.2 State of microbubbles attached on oil.
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