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EFFECT OF DIFFERENT TYPES OF STATIC MIXER GEOMETRY ON 

QUALITY OF MICROBUBBLE GENERATION 

ABSTRACT 

This research project is mainly focused on the impact of different types of static mixer 

on the quality of microbubble generation. The design of the microbubble generation 

consists of venturi to allow the air intake by using pressure difference and then different 

static mixer geometry are tested to investigate the effect on bubble rising time and 

dissolved oxygen (DO). At the first part of study, the work comprises of the relationship 

of bubble rising time at different pressures and bubble diameter at different pressures. It 

has proved that higher pressure will induce small bubble diameter and the bubble rising 

time increases when pressure applied is increasing. Moreover, the factors that influences 

dissolve oxygen (DO) are studied as well. It is known that longer bubble rising time will 

have greater DO as the bubble rising time is a representation of bubble diameter. 

Therefore, it has recorded that the DO surged up by 40% when the diameter of bubble is 

reduced by 12% in this study. Also, the implementation of different types of static mixer 

geometry has significant improvement in DO and smaller bubbles are generated. The 

result is obvious when static glass marbles are used together with static mixer. The DO 

has been improved by around 10% when 2-phase marbles are applied together with static 

mixer compared to case with static mixer only. This is a result as greater bubble shredding 

in turbulence flow is found when multiple static mixers with different geometry are added 

into the system.  

Keywords: Microbubble, Static mixer, Dissolved oxygen (DO), Turbulence flow 
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EFFECT OF DIFFERENT TYPES OF STATIC MIXER GEOMETRY ON 

QUALITY OF MICROBUBBLE GENERATION 

 

ABSTRAK 

Projek penyelidikan ini tertumpu pada kesan pelbagai jenis pengadun statik pada 

kualiti penjanaan mikroba. Reka bentuk generasi mikrobubble terdiri daripada venturi 

untuk membolehkan pengambilan udara dengan menggunakan perbezaan tekanan dan 

geometri pengadun statik berbeza diuji untuk menyiasat kesan pada masa gelembung 

yang semakin meningkat dan oksigen terlarut (DO). Ia telah membuktikan bahawa 

tekanan yang lebih tinggi akan mendorong diameter gelembung kecil dan masa 

gelembung meningkat apabila tekanan yang digunakan semakin meningkat. Selain itu, 

faktor-faktor yang mempengaruhi oksigen terlarut (DO) juga dikaji. Adalah diketahui 

bahawa masa gelembung yang semakin panjang akan mempunyai DO yang lebih besar 

apabila masa gelembung yang semakin meningkat adalah perwakilan diameter 

gelembung. Oleh itu, ia telah mencatatkan bahawa DO meningkat sebanyak 40% apabila 

diameter gelembung dikurangkan sebanyak 12% dalam kajian ini. Juga, pelaksanaan 

pelbagai jenis geometri pengadun statik mempunyai peningkatan yang ketara dalam DO 

dan buih yang lebih kecil dihasilkan. Hasilnya adalah jelas apabila guli kaca statik 

digunakan bersama pengadun statik. DO telah diperbaiki sekitar 10% apabila kelereng 2-

fasa digunakan bersama pengadun statik berbanding dengan pengadun statik sahaja. Ini 

adalah hasil daripada pengecutan gelembung yang lebih besar dalam aliran turbulensi 

yang ditemui apabila pelbagai pengadun statik dengan geometri yang berbeza ditambah 

ke dalam sistem.  

 

Keywords: Mikroba, Pengadun static, Oksigen terlarut (DO), Aliran turbulensi 
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CHAPTER 1: INTRODUCTION 

1.1 General Introduction 

Microbubbles are defined as bubbles which have bubbles diameter size between 50µm 

to 200µm. Microbubbles have several characteristics, such as larger interfacial area, 

higher mass transfer rate and low rising velocity (Tsuge, 2010). Due to these 

characteristics, microbubbles are implemented in various fields and the most common 

applications are aerations, water treatment, drag reduction of ships, medical use, etc.  

There are few methods to generate microbubbles, among them are spiral liquid flow, 

ejector, electro flotation, venturi and pressurized-dissolution methods (Terasaka et al., 

2012). Venturi method is one of the famous microbubbles generation (MBG) method 

used by others due to its low cost and effective characteristics for MBG. Venturi-type 

MBG operates in such way that it allows a liquid stream which contains macro size 

bubbles to flow from the inlet of a venturi tube. When it flows through the constricted 

region, air will be sucked in as a result of pressure change, thus the macro size bubbles 

will be reduced to microbubbles by cavitation. However, the disadvantage of venturi type 

MBG is the coalescence of small bubbles which result in big bubble generation at the 

outlet of the venturi. Nevertheless, the recent research showed that by adding 50 ppm 3-

pentanol, 100 micro meter of microbubbles are mainly produced (Fujiwara, 2006).  

 

Figure 1.1: Microbubble generation in a venturi tube (Tsuge, 2016). 
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Microbubbles are difficult to capture in image form as the size of microbubble is very 

tiny, thus scientists have come out with some measurement methods to quantify and 

qualify microbubble as it is essentially important to understand the behavior of 

microbubble for the purpose of application. Up to now, several studies have demonstrated 

the measuring methods of size of microbubble, namely visualization method, laser 

diffraction or scattering method and also particle image velocimetry (PIV). 

 

1.2 Importance of Study 

The findings of this study, by considering the tremendous benefits of microbubble 

application, play a vital role in science and technology today. In addition, aquaculture 

business in Malaysia has been deteriorating due to the poor technique and less research-

focused on the possibility and potential of new technology or method to cope with the 

increasing demand of aqua-farming. Hence, a new approach will be uncovered in this 

study to examine the potential of this microbubble generator in boosting the dissolved 

oxygen (DO) in aquafarm because dissolved oxygen is the function of the yielding rate 

of aquafarming. 

 

1.3 Problem Statement 

Fresh water fish is one of the most promising sources of protein because it is relatively 

faster in both breeding and growing compared to other protein source such as cattle and 

poultry. Nevertheless, it was found that the production of freshwater fish in Malaysia has 

not even close to be the main supplier of increasing domain from international market. 

The main objective for that is lacking technology penetration in this prospective sector. 

Therefore, microbubble technology is introduced to increase the number freshwater 

fishes. 
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According to Thean et al (2016), shrimp aquaculture is quite intensive in Malaysia, 

but the productivity of shrimp is relatively lower compared to neighboring countries 

including Vietnam, Thailand and Indonesia. Dissolved oxygen is a significant factor in 

aquafarming as the water conditions and oxygen level inside the water is a decisive 

indicator of whether the production level of aquaculture in Malaysia is growing or 

reducing.  

Microbubble aeration is one of the techniques that has been adopted to boost the 

production rate of aquaculture in Malaysia. However, due to its high initiation cost and 

skill-required characteristics, many of the aqua-farmers have retreated to invest in such 

technology. Also, difficulties in rising production cost, land acquisition and threat of 

diseases are factors that impede the development of aquaculture in Malaysia. The purpose 

of this project is to adopt a new microbubble generation or aeration technologies as a 

benchmark for aquafarming to improve the total aquaculture production in Malaysia as 

research showed that the total aquaculture production in Malaysia has experienced a 

significant a substantially drop since 2010. 

 
Figure 1.2: Total aquaculture production for Malaysia from 1980 to 2017. 

(FAO, n.d.)  
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1.4 Aim and Objectives 

The aim of this study is to examine the effect of different types of static mixer 

geometry on quality of microbubble generation, with the objectives below: 

1. To develop a bench scale microbubble test experiment setup 

2. To investigate the dissolved oxygen (DO) and diameter of microbubble 

generated from different dispersing elements. 

1.5 Scope and Limitation of the Study 

This study will focus on developing a bench scale microbubble generator using 

venturi, static mixer and static marbles mixer. Different dispersing elements will be 

implemented to produce different size of microbubbles. In addition, the quality of the 

microbubble will be studied to understand the effect of each dispersing element on the 

production of microbubble. Other than that, the water supply that used to generate the 

microbubble will be the tap water supply for UM lab. Visualization method is the method 

used to estimate the size of the microbubbles, whether the quality of microbubble is being 

affected when tested with different tools use such as static mixer, marbles and 2-phase 

marbles. The data collection will be working on microbubble condition at different 

pressure as well. The limitations of this study are the visualization measurement method, 

conditions of dissolved oxygen of the tap water and lastly the preparation of the 

microbubble solution sample. 
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1.6 Contribution of the Study 

The finding on this study will provide an insight on the improvement of water quality 

especially for aquaculture such as fish and shrimp. The importance of microbubble will 

not only benefit fish and shrimp, it will also have impact on the water treatment industry 

whereby low-cost water treatment can be implemented with high efficiency. Moreover, 

the technique that used to generate microbubble in this research project will help to 

understand better about the performance of microbubble under different setup. For 

instance, the effect of geometry on the quality of microbubble will help to uncover some 

of the relationships between the quality of microbubble generation and different 

parameters.  Thus, the feasibility of dispersing element can be verified with the data 

collected.
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CHAPTER 2: LITERATURE REVIEW 

In this chapter, reviews are mainly focused on the properties and characteristic of 

microbubble, microbubble generation methods, microbubble measurement methods and 

fluid flow of different geometry. 

2.1 Microbubbles 

Microbubbles are generally referring to bubbles that are of micrometer order, their size 

is less than 100 micrometers for fluid physics and for bioactivity the size is 10-40 

micrometers. It has a very slow rising velocity, takes for example to rise 20cm in 1 hour 

the microbubble size needed to be less than 10 micrometres. On the other hand, the 

pressure inside microbubble is of very high pressure and according to Tsuge (2014), inner 

pressure of bubbles with diameter of 1µm and 100nm are 3.87atm and 29.7atm 

respectively. Besides, the gas dissolution rate increases as the bubble size decreases. In 

other words, bubbles will experience an inner pressure increment as the size of bubble 

decreases. Simultaneously, the driving force of dissolution is generated as the dissolved 

gas component undergoes increment in partial pressure which in turns increase the 

dissolution rate of gas effectively.  

Apart from that, microbubble is proven to have the capability to reduce friction drag 

which it has been experimentally tested by injecting microbubble from the bottom of big 

ship. There are studies showed that microbubble possesses bioactivity effect, Ohnari 

(2007) had verified that the blood flow rate of oyster in Hiroshima had improved 

noticeably, and again an increasing trend of the blood flow rate of scallop and pearls in 

Hokkaido and Mie prefecture respectively which ascertained the effect of bioactivity by 

microbubble. In the following topics, the characteristics and properties of microbubbles 

will be further discussed and application of microbubble as well. 
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2.1.1 Size  

The size of bubbles can be categorized into 3 classes, which are macrobubble, 

microbubble and nanobubble. Macrobubbles are bubbles that can be observed in daily 

life as it has a diameter greater than 5mm. In general, macrobubbles have higher rising 

velocity than others, which causes it to rise rapidly to the surface of water and burst at the 

interface of air-water.  

Microbubbles (MBs) are small, gas-filled bubbles with bubble size between 50µm 

to 200µm, which is close to human hair (70µm). MBs usually shrink in water and 

disappear completely in the water by dissolution. According to Takahashi, Chiba and Li 

(2007), a white cloud dispersion as a result of MBs will be formed in the water and last 

for few minutes depending on the MBs size.  

Besides, nanobubbles are bubbles that have extremely high internal gas pressures. 

The diameter size of nanobubbles are smaller than 20nm and the pressure found inside a 

20nm diameter nanobubble is 14.5MPa. As a result, it shows a rapid dissolution of 

nanobubble in ambient liquid. An equation was developed by Li Juan et al. (2008) to 

estimate the lifetime of nanobubbles: 

𝜏 =
𝐻𝑑0

3𝜌𝑔

48𝐷𝛾(1−
𝜌𝑔

𝜌1
)

4           (1) 

Hence, the lifetime of nanobubble increases as the density of gas presented in nanobubble 

increases.  
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Figure 2.1: Difference between macrobubble, microbubble and nanobubble in 
terms of their behavior in water (Takahashi et al., 2007). 

 

2.1.2 Microbubbles Formation 

The most general way for the formation of microbubble works by blowing the gas 

under pressure via orifices in a component named aerator, where the bubbles will be 

further divided into smaller bubbles at the exit of the aerator. Despite of these very small 

pores mechanism is used, the instability of bubbles due to surface tension will cause the 

bubbles to coalescence and grow bigger. Hence, researchers had investigated the 

possibility to form the microbubble which is to break the bubble by shear stresses in 

turbulent flows. One of the examples for formation of microbubbles through turbulent 

flow is depicted in figure 2.2. There are a few microbubble formation methods that are 

being used, each with various disadvantages and advantages and they will be discussed 

in the following topic in this chapter. 
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Figure 2.2: Formation of microbubble through turbulent flow (Brandner et.al., 
2010) 

 

2.1.3 Chemical and Physical Properties of Microbubble 

In general, there is a misconception regarding microbubbles, which they are claimed 

to be similar with large bubbles in terms of chemical and physical properties, the only 

difference is their size. Many researchers had considered the diameter of microbubble just 

a convenient and simple number, where d= 1mm. However, studies have uncovered that 

microbubbles are qualitatively different from large bubble, either their chemical and 

physical properties.  

First, microbubbles have very high internal pressure that create almost impossible 

deviation from sphericity. While the large bubbles have restriction in their sphericity that 

large bubbles cannot achieve a perfect spherical shape. Owing to the hydrostatic pressure 

difference between the bubble bottom and top, the geometry of large bubbles undergo 

deformation even if they are at stationary state.  
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Figure 2.3: Rising velocities of large bubbles and microbubbles in liquid 
(Zimmerman et al., 2008). 

Next, microbubbles and large bubbles share the same behavior as they ascent in liquid 

towards the surface above. However, large bubbles will have the tendency to deform as a 

result of hydrodynamic force. Perhaps rather surprisingly, the trend of the ascent velocity 

dependence on the diameter of bubble, d varied for both cases. Detailed studies revealed 

that the rising velocity of microbubbles are proportional to their diameter. While the 

ascent velocity of larger bubbles differs in a complex way, which the velocity shows 

insignificant changes as the bubble diameter increases, as shown in Figure 2.3. 
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Other than that, the heat transfer of large bubbles and microbubbles vary in 

propagation process. From Figure 2.4, it indicates the heat propagation occurs in both 

large bubbles and microbubbles, in which a boundary layer is formed when heat 

propagation takes place. There is a likelihood that the thickness of the boundary layer 

grows as heat propagates towards the large bubbles but not effectively transfer throughout 

the internal space. For microbubbles, heat is being transferred simultaneously throughout 

the full internal space of microbubbles because the size of microbubbles is very tiny that 

causes all the gas being heated compared to large bubbles that presents with heater gas 

layer only as a result of effective heated region. This is mainly because the effective 

distance of diffusive transport in the gas is influenced by the diameter of bubbles. In order 

to have all the gas heated thoroughly in the internal space, the diameter of bubbles must 

be smaller than the distance of diffusive transport, otherwise only heater gas layer will be 

formed. 

 

Figure 2.4: Heat propagation of large bubble and microbubble (Sadatomi et al., 
2012). 
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Microbubbles have large interfacial area which contributes to the gas dissolution 

fraction as: 

𝐴

𝑉
=

6

𝑑
             (2) 

When the interfacial area increases or the diameter of bubble decreases, the gas 

dissolution fraction increases. Hence, the dissolution rate of dissolved oxygen (DO) for 

microbubble is greater than that of large bubbles. Furthermore, the mass transfer rate N 

can be calculated using the inner pressure of bubble and the liquid phase mass transfer 

coefficient 𝑘𝐿. When the surface area of a large bubble with diameter of 1mm is defined 

as 1, the surface area will vastly increase as it segregates into smaller bubble or 

microbubble. Take for example, 6 × 104 times of surface area increment is gained when 

1mm of bubble segregates into 1𝜇𝑚. According to this equation: 

𝑁 = 𝑘𝐿𝐴(𝑝 − 𝑝∗)/𝐻           (3) 

microbubble with greater surface area will yield a better mass transfer rate, if mass 

transfer rate of 1mm bubble, denote N to be 1, the mass transfer rate of 1𝜇𝑚 will become 

108  as the rising velocity of microbubble decreases. So, the dissolution rate can be 

increased rapidly by using microbubbles in oxygen-water system. 

𝑘𝐿 =
𝐷𝐿

𝑑
[1 + (1 +

𝑑𝑈

𝐷𝐿
)

1
3⁄

]           (4) 
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Besides, Himuro (2007) stated that when microbubbles are generated in city water 

under temperature of 25°𝐶 , viscosity of the liquid and the surface tension decrease 

substantially and observation with improvement on electrical conductivity as well. This 

is because the hydrogen bond among the water molecules undergo changes in cluster by 

cleavage of the bond and the city water has experienced ionisation of chemicals. Ahmadi 

et al (2014) claimed that the magnitude of zeta potential, 𝜁 of bubble can be related to the 

size of microbubble. As the size of bubbles changed from 500nm to 10𝜇m, the zeta 

potential, 𝜁 decreased from 21mV to 17mV. The zeta potential further reduced after the 

generation of microbubble and 15mV was recorded after 10 minutes of Nano microbubble 

generation. It was due to the coalescence of bubbles that caused by the reduction of zeta 

potential over time.  

 

Figure 2.5: Relationship of zeta potential and bubble diameter over time 
(Ahmadi et al., 2019).  

Dissolved oxygen reflects the quality of water as either low or high oxygen level can 

harm the aquatic life such as bacteria, fish, plants and invertebrates. These organisms 

consumed oxygen for respiration just like human being and organisms on land. 

Phytoplankton and plant life need dissolved oxygen to carry out respiration when there is 

no enough light for photosynthesis. Similarly, crustaceans and fishes acquire dissolved 

oxygen through their gills for respiration as well.  
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Figure 2.6 Dissolved oxygen (DO) as a main source of respiration for many 
forms of aquatic life (FONDRIEST, n.d.) 

According FONDRIEST (n.d.), a minimal of 1-6 mg/L of dissolved oxygen (DO) is 

needed for organisms including crabs, worms, bottom feeders and worms while 4-15 

mg/L of dissolved oxygen (DO) is required for shallow water fish to sustain in water. 

Therefore, it is essentially important to provide adequate DO to aquatic life to ensure the 

sustainability of ecosystem so that ecological balance can be attained. 
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2.2 Application of Microbubbles 

Microbubbles are widely implemented by various industries, including medical, 

logistic, aquafarming, water treatment, etc. Take for example, there have been cases 

where microbubble is used to improve the drag force in logistic application, to provides 

information of the blood for the ease of diagnosis, to increases the efficiency of chemical 

treatment of water and so on. The maturity of microbubbles technology is yet to be 

discovered as more and more researches have further encountered the potential of 

microbubbles which could play an important in bringing significant impact to our daily 

life.  

 

2.2.1 Reduction of Drag Force in Logistics Application 

Nowadays the logistics industry is focusing on improving fuel efficiency as fuel cost 

is the function of a logistic company’s revenue and government also advocates to reduce 

the emission of greenhouse gas (GHG) as part of the plan to promote an eco-friendly 

environment. Hence, researchers had invented a way to reduce the drag force of ships 

which is covering the surface of a ship that moves inside water with minutes air bubbles 

through air bubbles injection onto the surface of the ship.  

McCormick et al. (1973) are the first batch of researchers that involved in the studies 

of air bubble drag reduction. During the experiment, hydrogen bubbles were produced by 

electrolysis on copper wires that wrapped on the aft part of a body with axi-symmetric 

and maximum diameter 0.27m and 10-20 % drag reduction was obtained. They had stated 

that the electric current is the function of the magnitude of drag reduction and higher drag 

reduction was achieved by increasing the electric current. However, the drag reduction 

reduced when the higher speed was encountered. 
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Figure 2.7: Application of microbubbles to reduce drag of ship (Tsuge, 2014).  

According to Tsuge (2014), the largest ship is with width that more than 60m and 

length longer than 400m and shapes of the hull are boxy to cater for high loading 

efficiency. The cruising speeds of these kinds of ships are relatively slow, normally 

around 7.2 m/s or 14 knots. Owing to this factor, the drag contributed by wave component 

is very minor that making the drag of friction to be dominant, reaching 80% of total drag. 

As shown in Figure 2.6, air bubbles are injected at the forward part of the ship and as a 

result of buoyancy the air bubbles stick to the hull surface as they go downstream. 

Moreover, wider area is covered and significant reduction on skin friction is attained. 
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The equivalent air layer thickness, 𝑡𝑎 (assuming flows along solid wall with uniform 

speed) is defined as  

𝑡𝑎 =
𝑄𝑎

𝑈∞𝐵𝑎
           (5) 

where 𝑈∞ denotes the advancing speed of ship, 𝐵𝑎 denotes width of injection area and 

𝑄𝑎 denotes the air injection volume per unit time. The skin friction ratio 𝐶𝑓/𝐶𝑓𝑜 where 𝐶𝑓 

is the skin friction with injection of air bubbles and 𝐶𝑓𝑜 is skin friction without injection 

of air bubbles. The skin friction reduction is obtained when 𝑄𝑎 increase and the maximum 

reduction that can be achieved is 80%. Though skin friction effect is not speed 

dependence, but the data collected shows that the effect of skin friction shows difference 

when speed started to increase. The skin friction reduction is effective when the thickness 

of air layer (injected air bubbles) increases and the maximum reduction effect occurs 

when the thickness of 𝑡𝑎 reaches 7mm. 
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2.2.2 Imaging and therapeutic 

Normally, people will think about putting bubbles into the human body, which is not 

a very good idea. One of the examples is these bubbles are associated with causing the 

bends that can be encountered in scuba divers. Bubbles that are extremely small such as 

microbubbles can pass safely through the human blood vessels without causing a 

blockage. This is because the image of ultrasonic scan that people see on the screen is all 

about the density of the tissue in human body (Stride and Coussios, 2010). Moreover, if 

the density can be changed, one area of that will become much clearer compared with 

another. By putting gas into human bloodstream, even with very tiny amounts it can create 

a big density change which gives a very strong ultrasound echo. Hence, clinicians will be 

able to trace where blood is flowing much more easily and enhance detection if there are 

any problems.  

 

2.2.3 Drug delivery 

Microbubbles are applied in drug delivery as well whereby they are used as vehicles 

to transport small amounts of drag. The bubbles are coated with little shell of polymer 

that the drug is dissolved in. Next, the bubbles are traced through the body and they can 

be observed under ultrasound imaging so that the direction of microbubbles can be 

identified. Once they reach the site of where clinicians want to target, for example, the 

tumour, the ultrasound power is turned up to break the bubbles and release the drug 

(Stride, 2009). As a result, the released drug can be localized and any harmful side effects 

can be minimised such as cancer chemotherapy.  
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2.2.4 Water treatment 

According to Argawal, Ng & Liu (2011), MBs possess the ability to create highly 

reactive free radicals so MBs are potential in water treatment. Research had shown that 

MBs are used for water detoxification and it also help the anaerobic and aerobic 

microorganism activities in submerged membrane bioreactor. Owing to the ability to 

catalyze chemical reactions, MBs have found to be effective in detoxification, which 

increases the chemical treatment efficiency of water.  

 The main reason to implement pretreatment of water is to increase the treated 

water quality and decrease the running costs by reducing the loads in terms of chemical, 

biological and physical. There are few water treatment examples with MBs technology, 

which are disinfection of water, defouling and cleaning of solid surfaces  

 

2.2.5 Disinfection of Water 

During the generation of MBs, it is often associated with turbulence and highly reactive 

free radicals, which are beneficial to the water disinfection. Under various conditions, 

ozone MBs was observed to have higher disinfection kinetics of E, coli, which led to a 

smaller reactor size and smaller ozone dose when comparing to the ozone disinfection 

using conventional method for identical disinfection efficiency of a 2-log inactivation 

(Sumikura et al., 2007). Moreover, the shock wave and OH radical are the reasons for 

inactivation of coliform but the contribution to this effect still remain unknown. The 

hydrodynamic cavitation that generates MBs is useful to increase the deactivation 

efficiency of E coli in water disinfection.  
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2.2.6 Defouling and Cleaning of Solid Surfaces 

MBs have been implemented for the removal and prevention of adsorption of proteins on 

to solid surfaces. According to Agarwal, Ng and Liu (2011), MBs can inhibit the proteins 

from being adsorbed onto various surfaces which eventually prevents the surfaces from 

fouling. Take for example, bovine serum albumin which adsorbed on mica surface can be 

inihibited by MBs, MBs also help to separate the organic contaminants from gold surfaces 

and pyrolytic graphite. Other than that, it was also observed that similar defouling effect 

of MBs on stainless steel surface. 

 This is because the bubble size is capable to influence the fouling of membrane in 

hollow fiber membranes and tubular as well (Tian et al., 2010). Next, it was found that 

the intermittent bubbling is less effective than continuous air bubbling in fouling control 

due to the scrubbing of air bubbles on the membrane surface during the filtration process, 

thus reducing the layer of fouling on membrane and concentration polarization. 

Furthermore, smaller size of air bubbles is also effective in reducing fouling.  

 

2.2.7 Aquafarming 

According to the research carried out by Ebina, Shi and Hirao (2013). The effects of 

nanobubbles on the growth of fishes, sweetfish were observed and examined for 3 weeks. 

Some of the parameters were set such as the nanobubble aerator was always operating in 

a condition where 67 litres of air-nanobubbles water per minute were circulated and fish 

baits that equal to 13% of the total weight of fishes were provided per day in each group. 

In addition, the data collected shows that the oxygen concentration which was 7.7 mg/L 

initially in distilled water shoot up to 31.7 mg/L immediately after the nanobubble system 

was run for 30 min with 100 liters of water. 
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 It was reported that the weight of the sweetfish increased from 3.0 kg to 10.2 kg 

in the case where air-nanobubble system is used in normal water and the total weight of 

sweetfish in normal water changed from 3.0 kg to 6.4kg in normal water. So, the 

nanobubble system was proven to have the ability of increasing the growth rate of fishes 

by around 300% compared to the 100% growth of fishes in normal water.  

 

Figure 2.8: Dissolved oxygen in nanobubble system over time (Ebina, Shi and 
Hirao, 2013). 

 

2.3 Microbubble Generation   

Microbubble has been a highly discussed topic since few decades ago due to its various 

functions in different applications. Several methods had been discovered by researchers 

and scientists including venturi, fluidic oscillation, dissolved air floatation, induced air 

floatation, electro-floatation, swirl flow method, static mixer and porous method. The 

operating principle of these methods will be discussed in the following chapter and the 

advantages and disadvantages will be studies as well. 
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2.3.1 Methods 

2.3.1.1 Venturi Type 

The working principle of venturi comes from Bernoulli’s principle, which it states 

that the total energy available in a fluid that flows along a path (enclosed) is identical at 

any two points in that path. When a fluid is forced to flow through a constriction in a 

venturi tube, the velocity of fluid increases in the throat, which induces a pressure drop. 

Then, that substantial pressure drop leads to a generation of suction force and air from the 

atmosphere is being sucked into the venturi tube without external force. This is where the 

mixing of air and water occurs when water is pumped by a centrifugal pump. Moreover, 

MBs are generated with proper combination of air and liquid flow rates and pressure 

(Henderson, n.d.). 

 

 

Figure 2.9: Microbubbles generation using venturi tube (Henderson, n.d.). 

 

2.3.1.2 Fluidic Oscillation 

It is now well established from a variety of studies that microbubbles can be generated 

by issuing pulsating to the inlet gas flow through a fluid oscillator. Fluidic oscillator 

consists of two components, which are fluid flow field with amplification properties and 

a negative feedback. The first component possesses a sensitive spot due to its cavities for 

the flow that have been shaped, as shown in Figure 2.9. Besides, amplification of the 

system will trigger a relatively weak input flow that leads to a large change of the whole 

flow field. What the negative feedback does is it creates oscillation by destabilizing the 
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conditions in which part of the output fluid flow will be returned to the feedback loop 

(Tesar, 2017).  

The configuration of the fluidic oscillator is shown in Figure 2.9, where it comprises 

of few terminals, namely S (supply), Y (Output), X (Control) and V (Vent). As shown in 

figure 2.9, supply terminal S acts as a medium where it brings fluid flow into the amplified 

device. Then, it will amplify the weak signals and then disperse through output terminal 

Y. Meanwhile, part of the output flow that has been amplified will be returned into control 

inlet X. In order to have the feedback mechanism works effectively in a fluidic oscillator, 

there are two features needed. First, the main flow channel S must be designed in 

converging manner so that the increasing fluid flow will decrease as it exits Y. Other than 

that, it has also been suggested that phase delay must be included in the loop as fluid flow 

takes time to get from Y to X. 

The fluid oscillator works by introducing air flow to enter via the supply terminal S 

and a jet is formed by the supply nozzle, as shown in figure 2.10 as the curved blue line. 

As a result of Coanda effect, the attachment wall p will be attached by the jet and will be 

led into the output terminal Y where this terminal is shaped as a diffuser (Tesar, 2017). 

In other words, the terminal Y is in diverged form so as to ensure the fluid flow can 

perform in a gradually increase manner. So, energy conversion happens at the nozzle area 

where input pressure energy is converted to kinetic energy. The airflow will be slowed 

down in the diffuser as the pressure increases. Thus, the pressure at the interaction region 

near the wall p is found to have a minimum pressure which is lower than the pressure 

presented in Y. Hence, the air flow will be driven via the feedback loop channel as a result 

of pressure difference. 
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Figure 2.10: Basic configuration principle of fluidic oscillator (Tesar, 2017). 

 

 

Figure 2.11: Design of a simple fluidic oscillator (Tesar, 2017). 

 

2.3.1.3 Dissolved Air Flotation (DAF)  

Dissolved air flotation (DAF) is one of the MBs generation method that has been 

widely used in the treatment of potable water. For this method, air is pressurized into fluid 

at high pressure, then the pressurized fluid is then released and decompressed through 

injection of nozzles at atmospheric pressure. Bubbles will be formed, adhere to the surface 

of solid particles and rise to the surface of the liquid when the air is transferred out of 

solution and pressure will be reduced. So, the solid particles will float to the water surface 

and it can be removed by a skimming device. The MBs that generated using DAF 

normally have a diameter range of 10-120𝜇m, with a mean diameter of 40 𝜇m (Li and 

Tsuge, 2006 DAF 2nd).  
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Figure 2.12: A typical Dissolved Air Flotation (DAF) unit (Aquacache, n.d.).  

 

2.3.1.4 Induced Air Floatation 

Apart from dissolved air floatation, another floatation method is induced air floatation. 

The operating principle of induced air floatation is by saturating the water through 

permitting air to go into the pump’s suction side or carry out the water-air saturating 

process inside aeration tank. As shown in Figure 2.12, the recycle water is fed in to the 

cylindrical tank with flow rate, Fw and a rotating flow is generated along the cylindrical 

inner wall. This will help to induce the air from bottom of the cylindrical tank as a result 

of pressure difference and the air bubbles are shattered and cut by the water flow and 

eventually several minutes bubble is being discharged from the upper part of the generator 

(Tsuge, Li & Hirofumi, 2004).  

 

Figure 2.13: Induced air floatation to create microbubble (Tsuge, Li & 
Hirofumi, 2004). 
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2.3.1.5 Electro-floatation 

Recently, a new method has been developed to generate fine bubbles, which is electro-

floatation. This technique able to generate microbubbles to take away the low-density 

particles from water via electrolysis of water. It has a high removal efficiency and very 

easy to operate compared to others thus being considered effective. Many water treatment 

industries have started to implement electro-floatation to replace conventional dissolved 

air floatation due to the reason that the bubbles size generated by electro-floatation is 

much smaller and the charge of the bubbles can be manipulated. Han, Kim and Ahn 

(2006) had stated that the charge on the bubbles can be induced with positive charge 

instead of negative charge under normal conditions which will influence the removal 

efficiency of bubbles. The setup of electro-floatation is demonstrated in Figure 2.13. 

 

Figure 2.14: Demonstration of electro-floatation to generate microbubbles (Han, 
Kim & Ahn, 2006). 
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2.3.1.6 Swirl Flow Method 

Swirl flow method is another type of microbubble generation technique which 

encompasses the concept of venturi together with nozzle to induce a very strong turbulent 

flow. The details drawing of a general swirl flow microbubble generator is shown in 

Figure 2.14.  

 

Figure 2.15: Swirl flow microbubble generator (TABEI et al., 2007). 

It comprises of swirl chamber, decompressor, cylindrical nozzle and measuring 

devices such as pressure gauge, flow meter and dissolved oxygen (DO) meter. First, the 

pressurized water is being sucked in by the pump and circulated into the decompressor. 

Therefore, self-suction of the air occurs as a result of formation of negative pressure of 

swirling flow and eventually leads formation of air bubbles occurs and the air bubbles 

will be dispersed into water (TABEI et al, 2007). So, air bubbles will undergo breakup 

into minutes bubbles due to turbulent flow. Next, the air-water mixture will spread out 

uniformly through the outlet or nozzle, as shown in Figure 2.15. 
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Figure 2.16: Water flow condition at the nozzle of swirl flow microbubble 
generator (TABEI et al, 2007). 

 

2.3.1.7 Static mixer 

Static mixer, which also known as motionless mixer has been widely used as inline 

mixer for the purpose of cooling/heating and reaction of low and high viscosity liquids, 

gases, slurries and the contacting of solids, gases and liquids at multi-phase. Besides, 

static mixer is also used as inline mixer to boost the process of mixing and dispersing 

(Statiflo, n.d.).  

In addition, materials with equal or different volumetric flow rates and viscosities able 

to mix well with the aid of static mixer. The fluid that pass through the mixer will be 

stirred by elements and thus sequentially mixed (Noritake, n.d.). The most common static 

mixer is made up of parts that consist of left and right element whereby a rectangular 

plate is twisted 180 degrees, generating a left element and a right element, based on the 

direction of the twist. The length of each element is about one and a half times of the 

diameter. The configuration of left element and right element is shown as: 

 

Figure 2.17: Internal configuration of static mixer (Noritake, n.d.). 
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Moreover, static mixers are useful for homogenizing fluids which requires no moving 

parts, especially in continuous process. Take for example, blowers or pumps that are 

applied in continuous process operate to transfer the components to be mixed at favorite 

volumetric flow rates and to also provide the required pressure energy for mixing. The 

sizes of static mixer normally range from small units (laboratory size) that fits into 3/16” 

diameter tubing, process piping that varies from one forth inch Sch.40 to over 120” 

diameter and rectangular or square conduit such as 46ft by 13ft for flue gas treatment in 

power plant. 

 

Figure 2.18: Static mixer that used in continuous process to create mixing 
homogeneously with no moving parts in short length (Stamixco, n.d.). 

There are few types of static mixers, one of them is X-grid static mixer, where 

individual mixing elements that arranged in series order by stacking with each other. Each 

of the mixing elements is oriented 90 degrees corresponding to the adjacent mixing 

element so that both the vertical and horizontal directions will have homogeneous mixing 

(Stamixco, n.d.). In order to ensure the stream at the outlet of static mixer is homogeneous 

in respect to velocity, concentration and temperature which are equalized throughout the 

cross-section of pipe entirely, the elements inside recombine and divide the feed 

materials.  
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Figure 2.19: X-grid Static mixer that stacked in series to achieve homogeneous 
mixing (Stamixco, n.d.). 

Next, there is another static mixer known as helical static mixer where it has a series 

of helix shape elements that attached to each other. The performance of helical static 

mixer is dramatically lower than that of X-grid static mixer, however, the helical static 

mixer is still used extensively mainly due to its open non-fouling design and lower 

pressure drop compared to X-grid static mixer. 

 

Figure 2.20: Helical static mixer (Stamixco, n.d.). 
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Generally, the static mixer goes through 3 different processes simultaneously to mix 

efficiently, which are division, conversion and inversion. Division process is a process 

where the liquid is split in half each time it passes through an element inside the static 

mixer and the number of separations rely on the number of elements. For example, a static 

mixer that has 4 elements will encounter 2n (n equals to number of elements) times of 

separations which is 8 times. When the fluid passes through the first element, it is split 

into 2 flows, then the next element further divides the flows into 4 flows, continuous until 

8 divisions are achieved at the fourth elements. 

 

Figure 2.21: Division process in static mixer (Noritake, n.d.). 

Then, when the elements of inner spiral walls are filled with fluids that glided along 

them, the movement will cause the fluids to pass through the center part of the cylinder 

to the walls. Also, the fluid will move from the walls to the center part and the mixed 

fluids will be sorted, this process is known as conversion. In the case of helical static 

mixer, when the direction of the flow changes along the streamline surface of the twisted 

shaped element the flow is rotated in the direction of the axis. Under this force, the fluid 

in the center section of the pipe is moved to the peripheral section and the fluid in the 

peripheral part of the pipe is moved to the center section as it is pushed.  
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Figure 2.22: Fluid flow at peripheral section and center section of helical static 
mixer (Noritake, n.d.). 

So, if it is viewed from the cross section of the pipe this flow can be described as a 

movement that rotates in the semicircular part partitioned by the element, subsequently 

causing the fluid to spread out along the element. Eventually, the layer of the mixed fluid 

will become thinner. 

 

Figure 2.23: Conversion process of static mixer (Noritake, n.d.) 
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Meanwhile, inversion process also takes place inside the static mixer. The rotation 

direction of liquids varies in each element, causing the inertial force to be inversed 

abruptly, which agitates the liquid. The reversed functions work in such way that the fluid 

is first induced into his clockwise turning flow during its passage through the element has 

its flow reversed counterclockwise by the following element and the processes continue 

until the last element. 

 

Figure 2.24: Inversion process in static mixer (Noritake, n.d.). 

 

2.3.1.8 Porous Method 

From the studies conducted by Kukizaki and Goto (2006), monodispersed 

nanobubbles or microbubbles inside the aqueous solutions can be generated by using 

Shirasu porous glass (SPG) membranes with the aid of surfactant addition. Moreover, a 

few factors were examined for this porous method, such as physicochemical properties 

of the fluids and physicochemical properties of the membrane. Also, membrane 

hydrophobicity, symmetry or asymmetry of the membrane and the pore size of membrane 

are categorized as physicochemical properties of membrane whereas addition of different 

types of surfactants, viscosity and surface tension are grouped under physicochemical 

properties of the fluids. 

Univ
ers

ity
 of

 M
ala

ya



44 

It was noticed that a linear correlation exists between the pore diameters of membrane 

(43, 55, 64 and 85nm) and sizes of bubble (from 360 to 720nm). The small bubbles were 

generated under a liquid crossflow in sodium dodecyl sulfate (SDS) solution (0.3%) with 

ratio of transmembrane pressure (TMP)/bubble point (BP) equals to 1.1 using a tubular 

SPG membrane. Next, similar trend was observed when tested with flat SPG membrane 

in different surfactant solutions using same TMP/BP ratio. 

Secondly, it is also important to study the membrane hydrophobicity because it will 

influence the size of bubbles. It can be identified via the water droplet contact angle that 

drops on the surface of membrane. When the contact angle is higher than 90°, water will 

be introduced with pressure into the pores and the membrane is known as hydrophobic. 

On the contrary, when the contact angle less than 90°, membrane pores will be entered 

by water spontaneously. It is because the force that contracts the contact zone between 

the membrane and bubble is lesser than the force expanding the bubbles and bubble 

expands better with a higher contact angle. Therefore, to generate smaller size bubbles, 

the pores and the surface of membrane must be very hydrophobic, and the surface of the 

membrane must be treated to decrease the water contact angle value. 

On the other hand, Kukizaki (2006) stated when the bubble diameter/ membrane pore 

diameter equals to ratio of 9, a uniform microbubble was formed in sucrose laurate 

solution (1%) using asymmetric SPG membrane when a TMP/BP ratio equals to less than 

1.5 was implemented, with applied gaseous fluxes. It was observed that asymmetric 

membrane will encounter 40 times higher of gaseous fluxes than symmetric membrane 

under the situation where the TMP/BP ratio equals to 1.5. This is due to the reason that 

the asymmetric membrane has lower hydrodynamic resistance as it operates only with 

one filtration layer placed at the internal tube surface. Moreover, the lower the thickness 

of membrane skin layer, the higher the proportion of active pores. Hence, in order to 
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provide uniform microbubbles and improve the gas fraction, asymmetric membrane and 

low TMP/B ratio must be used. 

 Furthermore, it is also important to study the surface tension effect as it has a great 

relationship with the size of microbubbles. From the research of Kukizaki and Goto 

(2006), SPG membrane (pore size of 55nm) with a lower surface tension was observed 

when surfactant was added in, under a liquid crossflow. There was a trend of decreasing 

surface tension, varying from 67.4 to 58.0 𝑚𝑁. 𝑚−1  as bubbles generated in SDS 

solutions (0.01 to 0.5%). Owing to the reduction of capillary force, the diameter of 

microbubbles decreases when surface tension reduces. When the capillary force 

encountered a reduction, the bubble will be kept attached to the pore for a shorter period 

which causes the formation of smaller size bubbles. 

 Kukizaki and Goto (2007) had researched on the liquids that contained 0.3% SDS 

and concentrations of polyethylene glycol (PEG) which were different to determine 

whether the ratio of air viscosity/liquid viscosity affect the size of bubble. They found out 

when the bubble viscosity of the liquid increases, the bubble size increases, which can be 

deduced that the rising of viscosity will actually delay the detachment of the 

microbubbles.  
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2.3.2 Challenge of Microbubbles Generation 

It is wrong to expect to form microbubbles by blowing the bubbles through small 

aperture and to assume that smaller aperture would be ideal to generate microbubbles 

correspondingly small. There are number of challenges to support this statement. First, 

“anchor” will be formed when the liquid attached to the perimeter of the aperture, as a 

result of growing bubble attached by wetting force to the solid surface when a bubble is 

generated from a single aperture (Bandulasena et al, 2008). The bubble will continuously 

grow until the anchoring restraint on the bubble is exceeded by the buoyant force on the 

bubble, and then breaks off. So, the bubbles will be broken off by the force balance at a 

size an order of magnitude larger than the diameter of the aperture due to the low pressure 

offset scenario.  

In addition, it is critically important to take into consideration of the wetting 

properties of the solid surface. If the surface is hydrophobic, a second anchor force with 

wider area will be created by the gas phase of the growing bubble as the bubble contact a 

greater region surface than the aperture perimeter. Then, buoyant force will be increases 

and greater bubble volume will be needed to overcome it. However, this attractive force 

is no longer present if the surface is hydrophilic. 

 

Next, due to the spacing between bubbles is irregular and the polydispersity of 

bubble sizes, larger bubbles tend to form from small apertures and result in quick 

coalescence of the bubble cloud. The coalescence characteristic will further disrupt the 

small bubble rapidly even there is a formation of it, which contributes to one of the 

downsides of using small apertures to generate microbubbles (Bandulasena et al, 2008). 
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Figure 2.25: Instability of parallel percolation. (Bandulasena et al., 2008) 

Moreover, the reason to not form microbubbles through small apertures is parallel 

percolation becomes unstable when the bubbles are channeled through a porous ceramic 

material or a nozzle bank. A least resistance path is created by the largest bubble and it 

will interrupt the growing of the rest of the bubbles in the parallel percolation process. 

Figure 2.24 indicates that the growth of bubbles becomes easier when one of the bubbles 

increases to a point beyond the hemispherical shape. So, the lower pressure difference 

will be overcome as air entering which then induces the growth of the largest bubble, but 

other bubbles are neglected. This phenomenon is called Young-Laplace surface tension 

law, where the pressure difference across the water or air surface decreases when the 

curvature radius r increases, as shown in Figure 2.24. 

 

Figure 2.26: Young-Laplace surface tension law. (Bandulasena et al., 2008) 
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2.4 Microbubbles Measurement Methods 

The quantification of microbubble is essentially important to determine the impact that 

microbubble can bring to the environment. There are few methods being implemented to 

measure the size of microbubbles because bubbles with smaller size able to stay inside 

the water for longer time, which is very effective especially for the application of water 

treatment. For instance, visualization method, laser diffraction and particle image 

velocimetry. 

2.4.1 Laser Diffraction 

Laser diffraction or scattering method has been widely used nowadays as the 

measurement time is shorter and the measurement range is wide and the ease of operation. 

The main element of this method is the laser beam, where the laser beam will cover the 

microbubble. Then, the size of the bubble can be determined from the generated scattered 

light by using spatial intensity distribution pattern (Tsuge, 2016).  

 

Figure 2.27: Laser diffraction for microbubble measurement (Tsuge, 2016). 
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The measurement principle is based on the intensity distribution pattern of spatial 

scattered light when emission of scattered light from particles occurs as microbubbles are 

exposed to laser beam. Moreover, the scattered light intensity increases when the 

scattering angle increases, and it indicates changes in particle size. For example, the 

emission angle of scattered light becomes larger when particle size is smaller and the 

intensity of light that scatters at the backward of the smaller particle is stronger (Couto et 

al., 2009). In other words, the intensity of diffracted light increases as the particle size 

decreases. Since the light intensity of the scattered light differs across various particle 

size, it is possible to plot the distribution pattern of the light intensity and thus specifying 

the particle size. 

 

2.4.2 Visualization Method 

In addition, the microbubble size can also be estimated through visualization method 

by means of using naked eye to observe water condition and measure the time taken for 

bubbles to reach to the water surface. According to PUREBBLE (n.d.), transparent water 

will turn to be milky color when the generated microbubbles fulfill few criteria, such as 

the size of bubble ranges from few ten micron to few hundred microns, the quantity of 

bubbles must be five hundred thousand bubbles/cc (50millions/L) and above. So, the time 

taken for milky color water to turn to become transparent can be recorded to obtain the 

bubble rising time from bottom to water surface and the velocity of bubble can be 

calculated by using: 

    𝑣 =
𝑠

𝑡
         (6) 
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where s is the displacement of bubbles to move from bottom to the water surface inside a 

container, t is the time taken for bubble to rise to water surface and v is the velocity of 

bubbles. Hence, the size of bubbles can be calculated: 

𝑣 =
𝜌𝑝−𝜌𝑚

18𝜇
𝑔𝑑2           (7) 

𝑑 = √
18𝜇𝑣

𝑔(𝜌𝑝−𝜌𝑚)
           (8) 

where 𝑣  is bubble velocity, 𝜇  is the dynamic viscosity of water, 𝜌𝑝  is the density of 

particle, 𝜌𝑚 is the density of the medium, 𝑔 is the gravitational acceleration, and 𝑑 is the 

diameter of the air bubble. 

 

2.4.3 Particle image velocimetry (PIV) 

Particle image velocimetry, or in short form called PIV, is a non-intrusive optical 

measurement method that applied to develop the image of particle in graphic 

representation. It operates by injection of seeding particles in the liquid and involve 

movement of the seeding particles with local flow velocity. Then, the process proceeds 

with illumination of the seeding particles by light sheet and two successive instants 

images for the illuminated seeding particles that are suspended in the liquid will be 

recorded and captured when they move from one place to another (Fouan et al., 2015). Univ
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Figure 2.28: Velocity of tracer particles using graphic representation (Fouan et 
al, 2015). 

These two successive instant images will be combined and undergo post processing to 

obtain the displacement of particles at a certain time interval. This time interval is 

referring to the time interval between the two captured images within the measurement 

plane. These data are then used to analyzed and scaled accordingly to obtain the velocity 

of the particles. The velocity is obtained by interpreting the seeding particles displacement 

in two consecutive frames and divide it by the time difference between these two 

consecutive frames. 

 

2.5 Fluid flow of geometry 

When the force of air is attached to a solid surface (no-slip boundary condition), 

especially moving objects like airplanes and automobiles, a resistance or drag force is 

generated. Besides, pressure drag is induced when flow separation occurs which further 

increase the resistance to moving objects. This phenomenon occurs when the shape of the 

moving objects is encountered with abrupt change and that change does not allow the 

fluid to respond in flow direction, thus stays with the boundary.  
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So, the boundary layer is separated from the body, then low pressure turbulence region 

or wake is formed below it. However, wake region only happens when the Reynolds 

number is large or the object experiences turbulent flow (Batchelor, 1967). The value for 

Reynolds number with turbulent flow differs for different geometries such as flat plate, 

circular cylinder or sphere.  

Geometry indeed can affect resistance to flow depending how energy losses are 

incurred and whether they are recoverable or unrecoverable losses. When water flow 

through a geometry, the fluid must either speed up or slow down as water is 

incompressible fluid and the continuity of mass flow rate through a conduit of changing 

cross section needs to be maintained. 

�̇� = 𝑣1𝐴1 = 𝑣2𝐴2           (9) 

Since energy must also be conserved 

        𝑃1 +
1

2
𝜌𝑣1

2 = 𝑃2 +
1

2
𝜌𝑣2

2         (10) 

The P’s are the respective pressures or potential fluid energy (pressure) at section 1 and 

2, whereas the second term is known as the fluid velocity or kinetic energy. The resistance 

to flow is 

        𝑅 =
𝑃1−𝑃2

𝑣2𝐴2
         (11) 

The pressure loss is said to be recoverable since the pressure loss can get back to the 

original static pressure by modifying the conduit. However, there are unrecoverable 

losses that are not caused by the changes in inertia but rather friction, but in terms of 

fluids, viscosity.  
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 Viscosity fluid losses turn kinetic energy into heat and the heat can either raise the 

temperature of the fluid (an internal energy) or escape through the fluid conduit 

boundaries. Viscous losses normally occur when fluids drag along conduit boundary 

layers, layers within the fluid itself or when higher dimensional flow occurs (turbulence, 

vorticity).  

 Water indeed is a viscous fluid so as the surface area increases, the chance for 

more drag and energy loss which increases resistance to flow increases, but by a different 

mechanism. The resistance due to viscous loss would be: 

                              𝑅 =
𝐾ℎ3𝑏

12𝜂𝑙
          (12) 

 

2.5.1 Spherical shape 

For a sphere shape material, the Reynolds numbers will influence the drag coefficient 

significantly. In order to understand these changes, it is advised to refer to the details of 

flow past a cylinder because the 3-dimensional flow past a sphere can be represented by 

a 2-dimensional flow past a cylinder as they are very similar in term of flow pattern. Also, 

2-dimensional flow is easier to be computed and to understand as the dimensionality has 

been reduced (NASA, n.d.). The fluid flow passes through a sphere and a cylinder through 

a few transitions corresponding with velocity are shown in Figure 2.28. Univ
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Figure 2.29: Flow past a sphere (NASA, n.d.). 

An ideal flow has no boundary layer along the surface, neither separation nor viscous 

wake at the downstream of the sphere. The viscosity is neglected entirely as the ideal flow 

has a very slow flow. Owing to the flow is symmetric from upstream to downstream, drag 

is not encountered on the sphere and it is known as d’Alembert’s paradox. Though the 

viscosity neglection has helped to simplify the analysis process, however, this kind of 

flow is impossible because viscosity is always present in any fluid even with very small 

amount. 

In addition, at low velocity of flow or steady flow case, downwind side of the sphere 

will form a stable pair of vortices. High drag is generated by the vortices on the sphere 

when the steady flow is separated. A flow is considered unsteady flow when the velocity 

increases, low stability occurs at downstream vortices, with separation occurs and the 

vortices are alternately shed downstream.  At this point, the wake is very wide, and it will 

induce a huge amount of drag and shedding happens alternately at the downstream 

Karman vortex sheet.  
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Apart from that, as the flow velocity increases, vigorous wake can be observed at the 

back of separation point. Laminar flow always occurs where the boundary layer is thinner 

than other flow cases and the wake is narrow compared to unsteady periodic flow which 

leads to a low drag force (NASA, n.d.). 

As the flow further increasing the velocity and the Reynold number is found to have 

exceeded 400,000 when turbulent flow occurs. The separation point moves slightly 

downstream compared to the separation point of laminar flow, which in turns reducing 

the drag as the wake is relatively smaller compared with laminar flow. 

 

Figure 2.30: Drag of sphere at different Reynolds number (NASA, n.d.). 
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CHAPTER 3: METHODOLOGY 

The research methodology chapter will describe the design of microbubble generator 

and the design of different air-mixers geometry in details. Also, the instruments and the 

measurements method that used to record the data will be explained in this chapter. 

3.1 Static mixer 

The static mixer, as shown in figure 3.1 was selected to be used to generate 

microbubble. It is made of UPVC, which is of low cost but capable to cater for low energy 

blending especially water and air particles. Internal part of the static mixer comprises of 

multiple helical mixers that act as a blender to continually dividing and recombining flow 

streams such as water and air. The advantages of using static mixer are its flexibility in 

meeting the requirement of different flow rates application, low maintenance fee, no 

moving part as static mixers remain motionless during the process of mixing and ability 

to achieve optimum mixing status in various difficult flow conditions.  

The operating principle is that the precisely configured static mixer will shear the water 

and air bubbles into smaller components when they enter the mixer. What drives the mixer 

works effectively is the flow division mechanism, where the helical elements are well 

arranged in a series configuration of alternating right and left hand 180 twisting degree 

(Lenntech, n.d.). When air bubble and water first flow into it, the helical mixer will split 

the mixing components into two streams and rotate them through 180 degrees. The layer 

thickness decreases as the number of layers or streams increases. In other words, the 

mixing capability is also depending on the number of elements. 
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Figure 3.1: Static mixer. 

 

 

Figure 3.2: Internal structure of static mixer. 

 

 

Figure 3.3: Static mixer drawing. 

 

3.2 Experimental Setup 

The first stage of conducting the experiment is to prepare the layout, instruments and 

materials needed such as water pump, PVC pipe, venturi, static mixer, pressure gauge, 

valve, air meter, dissolved oxygen (DO) meter, etc. First, design of the microbubble 

system was sketched prior to the procurement of materials because it gave a clear idea of 

the bill of material so that the cost spend is within planned budget. The schematic diagram 

of the microbubble system is shown in figure 3.4.  
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A big water tank (88cm x 56cm x 19.5cm) was prepared and the check valve is dipped 

inside the water. Normal water pump of 0.75kW, 1hp was used to suck the water from 

water tank and supply for microbubble generation. The check valve was connected to the 

water pump via T-joint and a pressure gauge was placed after the water pump to monitor 

the pressure of the water.  

Then, venturi with air meter and ball valve were installed at the T-joint right after the 

pressure gauge, P1 and the ball valve served as a bypass valve. Another pressure gauge, 

P2 will be placed in between the spherical marbles and venturi to record the pressure of 

water after venturi. Apart from that, static mixer was connected to the spherical marbles 

and pressure gauge, P3 was installed to collect pressure after the static mixer. Finally, a 

ball valve was fitted to allow the control of the flow of water at the outlet of nozzle. 

 

Figure 3.4: Schematic diagram of microbubble generator. 
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Figure 3.5: Setup of microbubble generator. 

 

3.2.1 Individual System  

The microbubble generation system comprises of different types of equipment and 

instruments. For instance, high pressure water pump that can supply up to 8 bars is used 

in this research project to suck the water from water tank and mix with the air and circulate 

back to the water tank.  

Next, venturi as a key element in this project is implemented to serve as a air supply 

air mixing agent where it operates to allow air suction to take place when water pump 

performs water suction along the pipeline system. Check valve is another fitting that used 

to provide one-way flow when water is being sucked from water tank by the water pump 

as shown in figure 3.6. There are few types of fitting used to fabricate the pipeline of this 

microbubble generation system, such as elbows, tee, valves, connector and PVC pipe. 

The size of the pipe fittings is 15mm with class 6 material to withstand high pressure of 

the water during suction. 
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Figure 3.6: Check valve. 

In order to measure the reading of the air supply, air meter is implemented with the 

capability to measure the air flow rate ranges from 0 to 10 L/min as shown in Figure 3.8. 

The air meter is connected to the inlet of the venturi as the air suction occurs at the inlet 

of the venturi.  

 

Figure 3.7: Air meter  

Furthermore, pressure gauges are installed in the pipeline system to measure the 

pressure of the water at different regions when water passes through it. By doing that, the 

pressure difference can be calculated and any pressure losses in the water can be recorded. 

Dissolved oxygen (DO) meter is applied to obtain the DO reading for the specimen taken 

from the water tank. 
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Figure 3.8: Pressure gauge. 

 

 

Figure 3.9: Measuring cylinder (100ml). 

As shown in Figure 3.9, measuring cylinder is used to estimate and observe the bubble 

conditions inside the water. The water sample that contained tiny bubbles will be filled 

into this measuring cylinder and observation and recording will start to understand the 

microbubble conditions and estimate the time taken for bubbles to rise from bottom to the 

water surface 
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3.2.2 Dispersing Elements Drawing 

There are two types of dispersing elements used, which are single-phase marble 

elements and two-phase marble elements. The dispersing elements are in static form 

which allow the fluid to pass through it and create turbulence flow to shred the bubbles 

into smaller bubbles. Moreover, turbulent flow is very effective for mixing process as it 

has eddy viscosity whereby the energy, momentum and heat can be quickly transported 

from one place to another. So, the eddying motions will smooth out the difference in 

momentum by molecular interactions thus the mixing is more effective than laminar flow.  

 

Figure 3.10: Cross sectional view of single-phase marbles. 

 The design of single-phase marble is plotted in Figure 3.10. The size of the 

marbles is fixed to 16mm and the is arranged in mannerly order as shown in the cross-

sectional view of the drawing. It is placed after venturi to enhance the air mixing and 

bubbles shredding processes. According to Chen (2016), a swirling spinning motion will 

be induced as the fluid performs rotary motion, then the negative pressure is generated 

along the axis as the fluid moves and the air bubble undergoes continuous further cut into 

tiny bubbles. Univ
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Figure 3.11: Swirling motion of fluid across spherical body (Chen, 2016). 

To further improve this concept, smaller size of bubble is introduced into the single-

phase marbles to create two-phase flow. In this research study, glass marbles of 10mm 

are used to replaced half of the 16mm marbles and the new arrangement is as shown in 

Figure 3.12. It is noticed that the number of marbles is increasing, and this will enhance 

the water-air mixing process as the fluid will encounter more and more shredding when 

it moves from 16mm marbles to 10mm marbles. As a result, this will further enhance the 

swirling spinning motion as well. 

 

Figure 3.12: Cross-sectional view of two-phase marbles. 
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3.3 Experimental cases 

As mentioned before, there are total of 4 cases that will be tested in this research 

project. These cases are depicted in Figures 3.13, Figure 3.14, Figure 3.15 and Figure 

3.16. For case 1, venturi is used as a main element for microbubble generation. It serves 

for air suction purpose and improve the process of water-air mixing by inducing cavitation 

to enable instantaneous mixing to create thousands of minute bubbles. Besides, the ball 

valve after P3 is used to control the pressure of the fluid flow of the pipeline system. Air 

meter is installed on top of the air inlet of venturi to measure the inlet air flow rate. 

 

Figure 3.13: Venturi (Case 1).  

Next, a static mixer is added to the venturi system to create another case, which is case 

2. Static mixer operates in such a way that it involves three major processes, namely 

division, conversion and inversion. First, the fluid will be split into half as it passes 

through the first helical shape element. Conversion occurs at the wall of cylinder and 

center part, where the liquid at cylinder switches to center and liquid at center part 

switches to cylinder wall. Eventually, inversion process takes place when the direction of 

fluid movement keeps changing as it passes through each element which will enhance the 

agitation of liquid as the inertia force is being induced along the liquid rotation inside the 

static mixer.  
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Figure 3.14: Venturi and static mixer (Case 2). 

Moreover, a cylinder that filled in 16mm marbles or single-phase marble elements are 

connected to venturi and static mixer in case 3. The spherical design of the marbles is 

arranged in a cascade form because when the fluid passes through the first spherical 

element, turbulence will be induced due to the capability of pump that can generate strong 

water flow. The cascaded design will cause the wake produced by the first spherical 

element to be disturbed and the subsequent incoming fluid will force the wake resulted 

from previous fluid to move towards the moving axis. Hence, a strong agitation occurs 

repeatedly such that the air bubbles will be separated into smaller bubbles and mixing 

process is optimized. 
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Figure 3.15: Venturi, single-phase marbles and static mixer (Case 3). 

Apart from that, the single-phase marbles are taken out from the pipeline system and 

replaced with a modified version called 2-phase marbles in which half of the 16mm 

marbles are replaced with 10mm marbles, as shown in Figure 3.16. The 2-phase marbles 

are capable to generate even stronger agitation inside the marbles as the fluid disperse. It 

can be noticed that the pores in between the marbles become even smaller that the fluid 

is forced to squeeze in through the elements inside. Hence, the fluids that are waiting to 

pass through these constricted regions will hit by the new incoming fluids, thus generating 

smaller bubbles size and enhance dissolution of oxygen. 
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Figure 3.16: Venturi, two-phase marbles and static mixer (Case 4).  

 

3.4 Experimental Procedures 

The work flow of the microbubble generator is shown in Figure 3.17. First, the water 

tank was filled with water until 70% full. Then, the fittings, measuring instruments, 

supports, static mixer, spherical marbles were setup. The piping system was ensured 

connected properly and wrapped with seal tape to prevent water leaking and causing any 

pressure losses. When the setup was completed, the water pump was turned on and water 

will be sucked through the check valve in one-way flow and passed through the water 

pump. Next, the second ball valve at stage 3 operated as a bypass function where it helped 

to reduce the water pressure and the data with bypass system was collected and presented 

in the next chapter. Meanwhile, venturi will start to suck the surrounding air according to 

Bernoulli’s Principle, the air flow condition will be shown in the air meter. This is also 

where the air bubbles started to mix with the water to create microbubbles.  
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The mixture of air bubbles and water will further pass through the spherical marbles 

and water particle will be sheared off to further enhance the mixing of air bubbles and 

water. Moreover, another stage of break-off of air bubbles to smaller size will occur at 

static mixer. It was where the mixing of air bubbles and water started to optimize, and 

microbubbles formed after several dividing and mixing stage.   

 

Figure 3.17: Work flow of microbubble generator 

Finally, water-air mixing components will pass through the nozzle at stage 8 and 

disperse to the water tank and the process of microbubble generation continued in a cycle 

manner. The ball valve at stage 7 acted as a gate to control the overall water pressure and 

the water quality at pressure of 0.4 bar, 0.8 bar, 1.2 bar, 1.6 bar, 2.0 bar, 2.4 bar, 2.8 bar, 

3.2 bar and 3.4 bar were collected together with their respective pressure at P1, P2, 

temperature, air flow rate and time taken for the bubble to rise to the water surface of a 

measuring cylinder. The above steps and data collection were repeated for another 3 

cases, total of 4 cases which are: 

1. Venturi 

2. Venturi with static mixer 

3. Venturi with static mixer and single-phase marbles 

4. Venturi with static mixer and 2-phase marbles 
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The bubble size can be calculated from the bubble rising time by using terminal velocity 

equation from Stokes’ Law (911Metallurgist, n.d.),  

𝑣 =
𝜌𝑝−𝜌𝑚

18𝜇
𝑔𝑑2       (13) 

Rearrange the formula will get: 

         𝑑 = √
18𝜇𝑣

𝑔|(𝜌𝑝−𝜌𝑚)|
         (14) 

where 𝑣  is bubble velocity, 𝜇  is the dynamic viscosity of water, 𝜌𝑝  is the density of 

particle, 𝜌𝑚 is the density of the medium, 𝑔 is the gravitational acceleration, and 𝑑 is the 

diameter of the air bubble. The velocity of air bubbles was calculated by using: 

      𝑣 =
𝑠

𝑡
        (15) 

where 𝑠 is the travel distance of air bubbles and 𝑡 is the time for bubble to rise to the 

surface of water. In this study, a 100ml measuring cylinder was used to contain the 

microbubbles water which was in milky look and time taken for bubbles to fully reach 

100ml was recorded. In other words, time taken for milky water to turn to transparent was 

recorded. The height of the measuring cylinder from 0ml to 100ml is 24cm or 0.24m and 

the bubbles velocity was calculated by diving the height by bubble rising time.  

 

Figure 3.18: Microbubbles state of water with milky or cloudy look. 
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Sample calculation for bubble diameter is shown as below: 

For Case 1, 

P2: 0.40 bar 

Temperature: 34℃ 

Gravitational acceleration: 9.81  𝑚/𝑠2 

Dynamic viscosity, 𝜇 at 34℃: 7.34 × 10−4𝑁𝑠/𝑚2 

Velocity, v1: 5.3 × 10−3 𝑚/𝑠 

Density of Oxygen, 𝑂2 : 1.41 𝑘𝑔/𝑚3 

Density of Water, 𝐻2𝑂 : 1000 𝑘𝑔/𝑚3 

𝑑 = √
18(7.34 × 10−4)(5.3 × 10−3)

9.81|(1.41 − 1000)|
= 85 μm 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Bubble Rising Time and Bubble Size for Different Cases 

The rising time for bubbles varied when tested with different configuration as pressure 

2, P2 was having various settings such a way that each time the new setting was increased 

by 0.4 bar compared to previously setting. Started with pressure equalled to 0.40 bar, 

followed by 0.80 bar, 1.20 bar until a point just before the water encountered backflow 

and flow out from the air suction point of venturi, which was 3.40 bar. The bubble rising 

time for different cases were plotted in table 4.1.  

Table 4.1: Bubble rising time for different cases 

No P2 (bar) t1 (s) t2 (s) t3 (s) t4 (s) 

1 0.40 45.00 74.00 77.00 75.00 

2 0.80 50.00 72.00 77.00 81.00 

3 1.20 54.00 73.00 76.00 81.00 

4 1.60 60.00 75.00 80.00 84.00 

5 2.00 61.00 83.00 76.00 84.00 

6 2.40 65.00 82.00 82.00 83.00 

7 2.80 20.00 86.00 86.00 88.00 

8 3.20 30.00 89.00 96.00 91.00 

9 3.40 43.00 85.00 96.00 102.00 

 

Table 4.2. List of cases 

Case Description 

1 Venturi 

2 Venturi + Static Mixer 

3 Venturi + Static Mixer + Marbles 

4 Venturi + Static Mixer + 2 Phase Marbles 
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Figure 4.1: Bubble rising time versus pressure. 

The data has shown that the bubble rising time for case 1 is the lowest among others. 

The transition period started after 2.0 bar where the bubble rising time for 4 cases showed 

different trend. For example, case 1 which is system with venturi only experienced a 

substantial dropped of bubble rising time and bounce up at 2.9 bar, while the other 3 cases 

showed insignificant increased of bubble rising time during the transition period. The 

optimum pressure for highest bubble rising time for case 2, case 3 and case 4 occurred at 

3.4 bar while case 1 happened at 2.4 bar.  

 

Figure 4.2: Microbubble state and normal state in water. 
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The condition of water turned into milky or cloudy when the microbubbles mix with 

water. The microbubbles have a grey milky colour under the best operational condition, 

which was 3.4 bar. The recording stopped when the water turned into normal (A) or the 

microbubbles (B) had reached the surface of the water as illustrated in Figure 4.2. 

Table 4.3: Temperature, velocity and diameter of case 1.  

No 
Pressure, P 
(bar) 

Temperature 
(degC) 

Dynamic viscosity (N.s/m^2) v1(m/s) 
Diameter 1 
(µm) 

1 0.40 34.00 0.000734 0.0053 85 

2 0.80 35.70 0.000710 0.0048 79 

3 1.20 36.00 0.000706 0.0044 76 

4 1.60 37.00 0.000692 0.0040 71 

5 2.00 37.50 0.000686 0.0039 70 

6 2.40 37.80 0.000682 0.0037 68 

7 2.80 37.90 0.000680 0.0120 122 

8 3.20 38.40 0.000674 0.0080 100 

9 3.40 38.50 0.000673 0.0056 83 

 

From Table 4.3, the smallest bubble diameter, 68 µm obtained was at 2.4 bar when the 

bubble rising velocity was at 0.0037 m/s, which is the slowest amongst others. 

Meanwhile, the biggest bubble diameter was found right after 2.4 bar, which was 122 µm 

at 2.8 bar which had the faster bubble rising velocity. From the bubble rising velocity 

trend, it can be said that the bubble rising velocity is a function of bubble diameter for 

case, where diameter of bubble reduced as bubble rising velocity reduced. 

Table 4.4: Temperature, velocity and diameter of case 2. 

No 
Pressure, P 
(bar) 

Temperature 
(degC) 

Dynamic viscosity (N.s/m^2) v2(m/s) 
Diameter 2 
(µm) 

1 0.40 33.90 0.000736 0.0031 65 

2 0.80 33.70 0.000739 0.0031 65 

3 1.20 34.30 0.000730 0.0032 65 

4 1.60 34.20 0.000731 0.0030 63 

5 2.00 34.20 0.000731 0.0032 65 

6 2.40 34.00 0.000734 0.0029 63 

7 2.80 34.10 0.000733 0.0028 61 

8 3.20 32.90 0.000751 0.0025 59 

9 3.40 34.60 0.000726 0.0025 58 
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Table 4.5: Temperature, velocity and diameter of case 3. 

No 
Pressure, P 
(bar) 

Temperature 
(degC) 

Dynamic viscosity (Ns/m^2) v3(m/s) 
Diameter 3 
(µm) 

1 0.40 34.20 0.000731 0.0032 66 

2 0.80 34.50 0.000727 0.0030 63 

3 1.20 34.30 0.000730 0.0030 63 

4 1.60 34.60 0.000726 0.0029 62 

5 2.00 34.20 0.000731 0.0029 62 

6 2.40 34.40 0.000728 0.0029 62 

7 2.80 34.90 0.000721 0.0027 60 

8 3.20 34.60 0.000726 0.0026 59 

9 3.40 35.50 0.000713 0.0024 56 

 

Table 4.6: Temperature, velocity and diameter of case 4. 

No 
Pressure, P 
(bar) 

Temperature 
(degC) 

Dynamic viscosity (N.s/m^2) v4(m/s) 
Diameter 4 
(µm) 

1 0.40 32.70 0.000754 0.0032 67 

2 0.80 32.70 0.000754 0.0030 64 

3 1.20 33.80 0.000737 0.0030 63 

4 1.60 33.90 0.000736 0.0029 62 

5 2.00 34.20 0.000731 0.0029 62 

6 2.40 34.20 0.000731 0.0029 62 

7 2.80 34.40 0.000728 0.0027 60 

8 3.20 34.60 0.000726 0.0026 59 

9 3.40 34.70 0.000724 0.0024 56 

 

Table 4.7: Diameter of different cases at different pressure value 

Pressure, P 
(bar) 

Diameter 1 
(µm) 

Diameter 2 
(µm) 

Diameter 3 
(µm) 

Diameter 4 
(µm) 

0.40 85 65 66 67 

0.80 79 65 63 64 

1.20 76 65 63 63 

1.60 71 63 62 62 

2.00 70 65 62 62 

2.40 68 63 62 62 

2.80 122 61 60 60 

3.20 100 59 59 59 

3.40 83 58 56 56 
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Figure 4.3: Bubble diameter vs Pressure for different cases. 

Based on Figure 4.3, the diameter of bubble for case 2, case 3 and case 4 indicated 

similar trend when the pressure increased from 0.40 bar to 3.40 bar, in which the bubble 

diameter decreased slightly from an average of 66 µm to 57 µm. In order to reproduce the 

condition of low pressure in a shallow liquid and high pressure in a deep liquid, the water 

pressures were varied from lower pressure to higher pressure. Higher pressure indicated 

greater pressure acted on the bubbles, which will compress the bubble to make it smaller 

while the force acted on bubble is lesser when the pressure of liquid is lower. Therefore, 

the rising speed of bubble increased as pressure increased and rising speed is a function 

of bubble diameter, so the bubble size also acted inversely proportional to the water 

pressure. 
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In addition, the bubble diameter with only venturi only yielded 83µm at its optimum 

setting while the optimum setting for case 2, case 3 and case 4 had further reduced the 

bubble diameter by around 10µm. It has proven that static mixer has the capability to 

shred the bubble into smaller size or the adding of static mixer is able to reduce the 

diameter of bubble by 15%. Furthermore, the implementation of spherical marbles did 

not help to split the microbubble into smaller size though there were very little diameter 

reduction encountered in case 3 and case 4. This has also shown that multiple separation 

phase did not contribute to tremendous impact on the bubble size reduction for the 

microbubble generator used in this study. 

 

4.2 Dissolved Oxygen (DO) for different cases 

In this study, the dissolved oxygen (DO) for 4 cases were recorded and plotted into 

graphs.  

 

Figure 4.4 DO vs bubble rising time for 4 cases. 
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Bubble rising time had been compared to the dissolved oxygen in this study and results 

from Figure 4.4 had depicted the relationship between bubble rising time and DO. When 

the microbubble generator consists of venturi, the bubble rising time increased from 20s 

to 65s but the DO remain stagnant all the time. However, there was an increment in the 

DO value (more than 7.5 mg/L) when static mixer was introduced into the system. When 

marbles were added to the microbubble generator (case 3), bubble rising time had further 

improved but DO increment was slightly weaker than case 2. This is because actual 

amount of dissolved oxygen (mg/L) or the solubility of oxygen relies on the pressure, 

salinity and pressure (FONDRIEST, n.d.).  

Nevertheless, a maximum DO of 9.41 mg/L was recorded when 2 phases marbles were 

installed. Though temperature is the major contributor to the DO value, the dissolution 

rate of oxygen is driven by Reynolds number as well (Fee, Grant and Newton, 1976). 

High Reynolds number plays a vital role in the solubility of oxygen in water, As the water 

flow reaches turbulence state (Re> 4000), the flow is moving vigorously by visual 

inspection and stronger wake can be observed when the water flows through spherical 

object. So, when 2 phases of marbles were implemented, the degree of turbulence 

increased, which enabled more oxygen to be dissolved inside the water. In other words, 

dissolution rate of oxygen increases as the wake region becomes stronger or higher 

Reynolds number is reached. 

 

Figure 4.5 Flow condition of two-phase marbles. 
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Figure 4.6: DO vs diameter of bubble for 4 cases. 

 The results obtained from the analysis of DO versus diameter of bubble for 4 

different cases are summarized in Figure 4.6. The most interesting of aspect of this graph 

is the bubble size or diameter has significant effect on the dissolved oxygen (DO) of 

water. Owing to the large hydrostatic pressure, microbubbles can hold more dissolved 

oxygen than big bubbles. From the data in Figure 4.6, it is apparent that the DO surged 

up by around 40% as diameter of bubble decreased by 12%. Having smaller size of 

bubbles reveal that larger interfacial area per unit volume can be obtained which indicates 

larger gas dissolution. In other words, when bubble diameter decreases, dissolved oxygen 

(DO) increases. 
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Figure 4.7: DO vs temperature for 4 cases. 

According to Bruckner (n.d.), the saturation of oxygen is temperature dependent. 

Oxygen is more soluble in water with lower temperature and less soluble as temperature 

becomes higher. For example, at temperature of 15℃, the oxygen concentration of water 

is around 10.2mg/L while at temperature of 25℃ the oxygen concentration of water is 

8.6mg/L. From the graph plotted in Figure 4.7, the dissolved oxygen for 4 different cases 

were more than 7 mg/L when the temperatures were less than 35℃. The temperature 

dependent characteristic was proven in case 2 (venturi and static mixer) where the DO 

obtained was 8.82mg/L when the temperature of water was recorded at 32.9℃. There 

were two outliers did not follow the temperature dependent trait due to the different 

pressure setting during the experiment. As mentioned before, the solubility of oxygen 

does not depend only on the temperature of the medium but the pressure and the salinity 

of medium. Hence, both case 3 and case 4 did not portray a DO decreasing trend when 

temperature increased. 
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4.3 Effect of Pressure vs DO and Bubble Rising Time 

In this paragraph, the relationship of pressure versus dissolved oxygen (DO) and 

bubble rising time will be discussed. The correlation graphs for 4 different cases were 

plotted as shown below, which are Figure 4.8, Figure 4.9, Figure 4.10 and Figure 4.11. 

For microbubble system with only venturi, the DO values did not show any significant 

difference when the water pressure increases. However, the bubble rising time was 

increasing when pressure of the water was tuned up. The bubble rising time encountered 

a huge dropped at 2.8 bar and bounced up at 3.2 bar. It can be said that 2.8 bar is the 

‘sweet spot’ which bubble rising time and DO started to decrease right after this ‘sweet 

spot’.  

 

Figure 4.8: Bubble rising time and DO versus pressure for venturi (case 1). 
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Figure 4.9: Bubble rising time and DO versus pressure for venturi and static 
mixer (case 2). 

 

Figure 4.10: Bubble rising time and DO versus pressure for venturi, static mixer 
and single-phase marbles (case 3). 
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Figure 4.11: Bubble rising time and DO versus pressure for venturi, static mixer 
and two-phase marbles (case 4). 

Moreover, the performance of DO and bubble rising time improved vastly after the 

implementation of static mixer. Similar trend was observed for case 2, case 3 and case 4 

with increasing bubble rising time and DO as pressure increased. Increasing bubble rising 

time indicates a lower bubble rising velocity. As mentioned earlier, smaller bubbles 

possess low bubble rising velocity and they also have a larger surface to volume ratio 

compared to bubbles with larger diameter. According to Chisti (1989), the interfacial area 

of gas-liquid, a is expressed as a function of diameter of bubble, dB (m) and gas holdup 

(ε), which is as shown below: 

a =
6ε

dB
 

Chisti (1989) pointed out that the gas hold is depending on the dimeter of bubble at same 

inlet flow condition. In other words, higher gas holdup is generated by smaller diameter 

when greater interfacial area of gas-liquid is obtained, which means that a bubble with 

greater surface area to volume ratio is more beneficial for mass transfer of oxygen. 
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Figure 4.12: Average liquid flow velocity vs bubble diameter. 

The average flow rates of the liquid were calculated and were plotted against the 

average bubble diameter and the data for 4 cases was presented in Figure 4.12. From the 

plotted graph, it can be observed that there was an increasing trend of bubble diameter 

from 61µm to 84 µm when the average liquid flow velocity dropped from 0.002057 m/s 

to 0.002041 m/s. This phenomenon can be linked to the buoyancy force bubbles with 

larger and smaller diameter. For bubble with larger diameter, it has a much lower drag 

force compared to buoyancy force, thus causing the momentum transfer to occur in a 

shorter period and resulted in lower liquid velocity. Furthermore, microbubbles are 

slower when they rise to the surface of water and they will experience longer period in 

momentum transfer and lesser momentum transfer. Therefore, microbubbles able to 

generate greater liquid circulation as they have longer time at dragging the liquid that 

moves along with them. 
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4.4 Effect of Air Intake Volume 

The effect of air intake on dissolved oxygen (DO) and bubble diameter were plotted 

as shown in Figure 4.14 and Figure 4.15. 

 

Figure 4.13: DO versus Air Intake 

As shown in Figure 4.13, it can be observed that the dissolved oxygen produced venturi 

system was much lower than others and the average DO was around 7𝑚𝑔/𝑙. The DO 

trend started to change when static mixer was introduced into the venturi system. The DO 

value increased by around 13% when static mixer was used. However, the DO 

experienced slightly dropped when single-phase marbles were further installed into the 

system even the air intake was the same. This was due to the effect of temperature of 

water on the solubility of oxygen and the temperature of water obtained for case 3 was a 

little bit higher than case 2, where case 2 had average of 33.7 °C compared to case 3 

which had average of 34.5 °C. 
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Figure 4.14: Bubble Diameter vs Air Intake. 

Based on the graph plotted in Figure 4.14, it can be observed that the bubble diameter 

was affected by the air intake volume per minute. This phenomenon was obviously seen 

at case 1 where the bubble size changed substantially from 83𝜇m to 122 𝜇m as air flow 

rate increased from 0.40 l/min to 1.00 l/min. However, the bubble size reduced to 68 𝜇m 

when the air flow rate was 1.3 l/min. When the air flow rate changed from 1.30 l/min to 

10 l/min, 4 cases showed similar behavior where the bubble size increased slightly as air 

flow rate improved. This can be expected as an effect of Young-Laplace Law where the 

microbubble generation system encounters a pressure difference across water and air 

surface due to changes in air intake of volume. It is known that the curvature radius of 

bubble is inversely proportional to the pressure drop, therefore greater air flow rate will 

lead to a low acting pressure difference which results in large curvature radius. 
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Besides, the effect of air intake volume on the bubble size was also studied during the 

experiments. Ramakrishnan et al. (2001) stated that the air intake volume is a function of 

bubble size due to the surface tension effect. Take for example, the number of bubbles 

generated in an increasing manner as the air intake volume per minute increases. Those 

bubbles that formed previously influence the newly generated bubbles through the 

coalescence of old bubbles with new bubbles as the new bubbles emerge to the water 

surface and combines with the old bubbles. Coalescence takes place at the region adjacent 

to the nozzle surface when air flow rate increase and bigger bubble size will be obtained. 
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CHAPTER 5: CONCLUSION 

5.1 Conclusions 

In summary, the effect of different types of static mixer geometry on the quality of 

microbubble generation had been examined. A bench scale microbubble test experiment 

setup had been developed and effect of different dispersing elements on the quality of 

microbubbles by using different dispersing elements had been investigated as well. 

The bubble rising time is a function of bubble diameter because tiny bubbles have low 

terminal rise velocity. In this research project, it was encountered that the diameter of 

bubbles decreased by 15% as the pressure of water increased from 0.4bar to 3.4bar. 

However, single-phase and two-phase marbles elements did not show any significant 

result in reducing bubble size. It can be said that multiple separation of dispersing 

elements did not contribute to bubble size reduction. 

However, it was encountered that the dissolved oxygen (DO) of 2-phase marbles had 

improved by 7% to 15% compared to the case without 2-phase marbles installed into the 

system. For instance, at 3.4bar, DO recorded was 9.41 mg/l for 2-phase marbles compared 

to static mixer case where 8.82 mg/l was recorded. 

In addition, the bubble diameter showed a linearly decreasing trend when the average 

liquid flow velocity increased from 0.002041 m/s to 0.002057m/s. So, the velocity of the 

liquid inside the pipeline system must be high enough to generate smaller size of bubbles 

because more drag force will be generated which will lead to high effective bubble 

shredding in the microbubble generation process. 
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5.2 Recommendations for Future Work 

In future, it is recommended to conduct another study on the microbubble generation 

method which is by combining the ejecting method with static mixer to investigate the 

effect in terms of bubble size. 

Also, it is also recommended to modify the test jig for the dispersing elements by 

changing the shape of the design from cylinder to cone shape and compare the differences. 

Other than that, the future study is suggested to focus on the bubble quality at air intake 

of value lower than 1litre/min.  
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