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ABSTRACT

Filtration and precipitation are generally usedvastewater treatment to separate
pollutants. However, they are not cost effectivd have problems of filter waste and
time consumption. The smaller particles are leferewafter a filtration process,
depending upon the porosity of the filter. Thise@sh proposes a new approach of
using compressed air to lift up micro suspendedigbas in polluted water. The
novelty of the approach is in its sustainabilitysteffectiveness and faster solution to
micro pollutant separation. Air is forced throughsabmerged micro diffuser to
produce micro bubbles, which flow upward and entrauspended particles to
separate them from water. The study was carriedrerpntally and a lab test rig was

designed and implemented.

Bubble size plays an important role in moving susieel particles upwards due to
the buoyancy force, which in turn depends uponuical component of bubble
velocity. Generally, the larger bubbles tend tongfeashape due to high buoyancy
force. The bubble velocity is characterized by #reude number and Reynolds
number. The strategies to control the bubble sizemonodispersed (single size) and
polydispersed (multi size) cases are presentetlignrésearch. To simulate the real
wastewater physiochemical characteristics (surtaosion, density, viscosity, etc),
Glycerin is added to distilled water in variouswole fractions of 0.1% to 0.5%. The
relationship between air pressure, vertical andzbatal velocities, as well as bubble
size is studied. These parameters (bubble diamegetical velocity) lead to high
effectiveness of suspended particles separatich,aa@ validated by measuring the
low concentration of pollutant (PPM), correspondittg the turbidity level. The
amount of suspended particles in relation to tutpidas been studied and it is found
that the turbidity level of 6.9 NTU decreases t663NTU, using 1-10 micron porous
sintered glass as a submerged diffuser and at #2nd/nin air flow.
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In most biological wastewater treatment systensytanerged diffuser is used to
provide oxygen and mixing to degrade the organidtena In this study, the
effectiveness of micro diffusers in the degradatborganic matter was investigated.
The nitrification performance using both micro andcro diffusers was evaluated by
measuring ammonium-nitrogen (MMN) and nitrate-nitrogen (N&N).  The
experimental values were compared with the themakewalues derived from the
kinetic calculations. Two batch experiments weredtted for the estimation of the
kinetic parameters for the degradation and thdinétion of organic matter at 1 hour,
3 hours, 6 hours, and 24 hours until 48 hourstepssof 3 hours for each batch of

experiments.

From the measurement results, the degradationi&i@€D parameter (kCOD) of
the micro diffuser was found to be 1.46 times highwgan the macro diffuser.
Therefore the degradation kinetics of soluble CGitameter (ksCOD) of the micro
diffuser was found to be 1.5 times higher than malffuser. The difference between
micro and millimeter diffusers in removed COD wagspm@ximately 6%. , and in
removed sCOD was approximately 16%. The main patameters in Nitrification of
wastewater were ammonium and nitrate. The measnterasults of ammonium and

nitrate using micro diffuser was achieved at 3%haighan macro diffuser.
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ABSTRAK

Penyaringan dan pengendapan secara asas selahaldiguuntuk mengasingkan
bahan tercemar di dalam sesuatu proses rawatdturaibuhan. Walau bagaimana
pun, rawatan ini kurang menjimatkan terutama damtaproses penapisan bahan
buangan maupun masa yang terlalu lama untuk septzgas . Butiran-butiran kecil
masih lagi terperangkap walaupun setelah prosegapagan dilakukan, gelembung
angin mikro masih tertinggal akibat daripada proakisan secara berterusan.Oleh
yang demikian, kajian ini dilakukan dengan meng#anakaedah dan pendekatan
baru bagi mengasingkan butiran-butiran kecil mikeysebut di dalam bahan
kumbuhan. Udara bertekanan tinggi digunakan didapaoses ini bagi merawat
butiran-butiran yang terperangkap didalam air yaegcemar tersebut. Udara
bertekanan tinggi di alirkan ke arah butiran-butitenggelam yang diserap di
bahagian bawah untuk menghasilkan buih-buih mikagi bnengapungkan butiran
yang terperangkap berkenaan dan seterusnya megkgmsitya ke udara bersama-
sama dengan buih mikro tersebut. Dengan penemubardeini diharapkan dapat
mengurangkan kos pemprosesan, proses penyaring@anbyang cepat dan pantas

maupun proses yang berterusan.

Merujuk kepada hukum tekanan “buoyancy’ , Saiz bnémainkan peranan yang
penting di dalam proses pengapungan butiran-bukieai di dalam cecair yang mana
ianya berkait rapat dengan kadar aliran buih sepsaegak. Secara amnya, buih
yang besar mampu mengubah sesuatu bentuk dengajuknkepada tekanan tinggi
buoyancy, manakala kadar aliran buih pula ditemu&keh nombor “Froude” dan
nombor “Reynolds” di dalam kejuruteraan mekanikdaim. Teori untuk kajian ini
diterjemahkan dengan mengawal saiz buih sama adarasesaiz tunggal
(monodispersed) atau secara saiz pelbagai (pobmiefd). Untuk mendapatkan
gambaran yang lebih tepat mengenai sifat-sifat &adaan fizikal bahan kimia
(ketegangan permukaan,kadar alir,kepadatan difjpiim bahan kumbuhan tersebut,

Glycerin di tambah ke dalam air sulingan sebanyal®c0hingga 0.5%. Setiap
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penambahan jumlah tersebut di analisa iaitu pemgdru antara tekanan udara,
keadaan kadar alir(menegak atau melintang) dartbggia dengan saiz buih yang
terhasil. Setiap jumlah atau keputusan berkaitam(likt buih dan kadar alir) akan

mempengaruhi keberkesanan penyingkiran butiramgvukiecil di dalam cecair bahan
buangan tersebut dan ianya boleh dilihat melaloilgln amaun pencemaran(PPM)
yang kecil yang dapat dikesan melalui tahap kekeridahan cemar di dalam tangki.
Jumlah butiran yang telah disingkirkan dan tahagekghan cecair akan di analisa
sekali lagi dan di dapati tahap kekeruhan cairesetrit telah menurun daripada 6.9
NTU kepada 3.66 NTU. Untuk tujuan analisa terselmikar kaca 1-10 mikron

digunakan sebagai alatan untuk menyerap cairamgéésry dengan 0.2 I/min udara

bertekanan dialirkan.

Di dalam kebanyakan proses biologi untuk sistemataw air, alatan untuk
menyerap cairan tenggelam digunakan untuk menyaurkias oksigen dan
mencampurkannya untuk menguraikan jumlah bahamnargli dalam sesuatu cairan.
Di dalam kajian ini di dapati keberkesanan bahamapsen mikro di dalam proses
penguraian bahan organik terhasil . kebolehan prpsagoksidaan ammonia kepada
asid nitrat yang mengunakan mikro dan ukurlilit herserap tersebut boleh diukur
dengan mengira ammonium- nitrogen(NN) dengan nitrate-nitrogen (NEN). Nilai
yang diperolehi melalui kajian akan dibandingkangdan nilai teori yang diperolehi
secara kiraan kinetik. Kajian ini telah dilakukanadperingkat yang mana setiap
peringkat akan mengambilkira anggaran parameteamnetiki untuk penguraian dan

penitritan bahan organik pada setiap 2jam sehid§gam.

Daripada keputusan kajian tersebut didapati bahperdvandingan parameter
penguraian kinetik (kCOD) untuk mikro dan ukurlitithan terserap adalah 1.46 kali
lebih tinggi. Parameter penurunan kenatik (COD)ukrtahan serapan mikro juga
adalah lebih tinggi iaitu sebanyak 1.5 kali. Diatalkeadaan yang berlainan, mikro
dan ukurlilit bahan terserap juga menyingkirkan @D dan 16% sCOD. Bagi
proses pengoksidaan ammonia kepada asid nitrétanb@sas yang digunakan adalah
ammonium nitrogen dan nitrat yang mana keputusag ggerolehi mendapati tahap
penyingkirannya lebih tinggi 3% berbanding dengalii dan ukurlilit bahan terserap.
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CHAPTER 1
INTRODUCTION

Liquid and solid wastes as well as air emissionstinae to be produced by every
community. The liquid waste is essentially the watgoply of the community after it
has been used in a variety of applications. Framsthurces of generation, wastewater
may be defined as a combination of the liquid otewaarried wastes removed from
residences, institutions, and commercial and indgststablishments, together with

such ground water, surface water, and storm waier [

When untreated wastewater accumulates and is allotee go septic, the
decomposition of the organic matter it containsl wekd to nuisance conditions
including the production of malodorous gases. Imitawh, untreated wastewater
contains numerous pathogenic microorganisms thatldmvthe human intestinal tract
[2]. Wastewater also contains nutrient, which cmate the growth of aquatic
plants, and may contain toxic compounds or compsuthét potentially may be
mutagenic or carcinogenic. For these reasons, mimediate and nuisance-free
removal of wastewater from its sources of genemnaficllowed by treatment, reuse, or
disposal into the environment is necessary to ptogublic health and the

environment [1].

In the early regulation, the treatment objectivesenconcerned primarily with (1)
the removal of colloidal, suspended and floatablatemal, (2) the treatment of
biodegradable organics and (3) the elimination athpgenic organism. Later, the
wastewater objectives were based primarily on a@istand environmental concerns.
The earlier objectives involving the reduction ablbgical oxygen demand (BOD),
total suspended solid (TSS), and pathogenic orgenontinued but at higher levels.
Removal of nutrients, such as nitrogen and phogghalso began to be addressed.
Now the water-quality improvement objectives hawatmued, but the emphasis has
shifted to the definition and removal of constitteethat may cause long-term health

effects and environmental impacts. Consequentéyetrly treatment objective remain



valid today, the required degree of treatment hasemsed significantly, and

additional treatment objectives and goals have laeeed [3].

Removal of colloidal, suspended, and floatable maltecan be carried out using
filtration or precipitation. However, they are nmist effective and have problems of
filter waste and time consumption. The treatmenbioldegradable organics needs
sufficient oxygen supply; the submerged diffusaobiE aeration that produces milli
air bubbles, is used to increase the dissolved exy®O) level. However, the milli
bubbles cause turbulence and they are quickeathréne top water surface, therefore

the oxygen absorption (reaction time) is inadequate

A submerged diffuser aerobic aeration is one of khewn water purification
processes. The movement of air bubbles in a watdy bincreases the dissolved
oxygen level (DO), and accelerate the biodegradaifmrganic matter. In addition, it
involves suspended particles entrainment and/oirgieffect. One of the procedures
to generate air bubbles is using compressed augr submerged diffuser at the base

of the water column.

Controlling the size of air bubbles is one of thaimrequirements of aerobic
aeration, i.e., there will be better oxygen transfben there is larger contact surface
area and sufficient time. Better suspended par&oleainment is achieved when the
bubble has a suitable upward velocity. Stirrer etfis required for better mass and
energy transfer. The bubbles can be classifiedthen basis of their size, i.e.,
millimeter bubble and micrometer bubble. The geti@naof air bubble is mostly
determined by the diffuser hole, and adjustmerdiopressure-flow, where the holes
size is much smaller compared to bubble size. ddyme a millimeter size bubbles, a
diffuser with minute or sub-millimeter size holasrequired. It is difficult to drill sub-
millimeter holes in a diffuser plate. One of thespible solutions to make smaller
holes is wire cutting or laser machining, which aexéremely expensive and not very
common. For the suspended particle separation mets hole to produce micro air
bubbles. One of the options to produce micro buldblgsed the porosity of sintered
glass as micro diffuser holes. Porous sinteredsgtan generate micro size bubbles,

due to the fine porosities of the sintered gladse Pporosity is formed by the glass



crystal cavities, therefore the holes are variedize and irregular shape. Due to that
condition, it is very difficult to produce the uarin holes and uniform air bubbles.
The porosity of sintered glass available is limited range of 1 to 10Qum.
Experimentally for producing air bubbles less tHEOD pm, the maximum glass

porosity 40um is applied.

1.1 Problem Statement

In wastewater treatment, aeration is the processraviair is introduced to the
wastewater to provide an aerobic condition for liaeteria to degrade the organic
matter. The purposes of the aeration are to sufipty oxygen required for the
metabolization of the microorganisms and to providé&ing which results in
sufficient contact between the microorganisms &eddissolved or suspended organic

matter.

Two functions of the aeration are suspended parteparation and DO level
enhancement. To improve the performance of aerationsuspended particle
separation and DO level enhancement need to decteasubble size. The aeration
process should be done in proper way and shontex. tiOne possibility is using micro
bubble aeration, due to the small bubble size thellsr will be the vertical and
horizontal velocities. Hence, for similar volumeioput air flow, the smaller bubble
size improves surface area and smaller velocitgahare suitable for long air-water
contact. Hence the suspended particle separatidrihenincreasing DO level can be

achieved in shorter periods of time.

In the peak time of wastewater production at UTP ttuthe increasing of resident
population, the wastewater treatment (especiallyBiodegradation and Nitrification
using activated sludge) time is inadequate. Cogetis problem need to improve the
DO level increasing in other that the process caddne in a proper time. One of the
solutions is to improve the aeration system anchgbdahe millimeter with the micro
bubble aeration. The micro bubble aeration hasradgas not only significantly DO

level enhancement but also the entrainment of sugakeparticle, with the result that



the effluent of cleaner wastewater can be achieVée particle disposal can be

collected as by product.

1.2 Research Objective

The main objective of this research is to studyédffectiveness of micro bubbles in
removing suspended particles and enhancing theti@erarocess in a vertical
wastewater treatment reactor. This objective iseael to:
* Study the suspended particle entrainment by emfgrciubble flow in the
polluted water.
» Study the effect of micro bubbles in enhancing@ level in biodegradation

and nitrification process.

1.3 The Scope of the Research

To achieve the objectives, this research has beeded into the following main
activities: development of millimeter and micronresubmerged diffusers in an
aeration system and evaluate the diffusers’ peroces. The measuring techniques
are High Speed Camera and Particle Doppler AnemgniBDA). This evaluation

was done in distilled water and polluted water.

The separation/lifting of suspended particles nadohear upward movement of
bubbles to reject or minimize the turbulence effedtich can be attained by smaller
air bubbles. Due to the turbidity of real wastewatieis not possible to use PDA to
monitor the bubble upward motion inside the regatoe needs to imitate wastewater
into transparent that the PDA measurement can he.dctual wastewater has been
simulated by the addition of glycerin in distill@dter to get similar physiochemical
characteristics (density, viscosity and surfaceiter) as that of the wastewater. The
suspended particle separation by micro bubblegiaers studied by adding carboxy
methyl cellulose (CMC) into the polluted water. Tagdition increases the turbidity



level and by measuring the decrease in the tuyblditel, the process effectiveness

can be studied.

The dynamics of the micro bubbles’ upward movenenbserved by using PDA.
These hydrodynamic behaviors are controlled bypimgsical depth of the column.
By assuming that the bubbles are fully and unifgrdistributed in the stagnant water

column, the hydrodynamics of the micro air bublaa be explored.

The CMC pollutant addition in the water represestspended particles that
increase the water turbidity. The particle entrpnmocess can be studied by the

measure of turbidity level decrease in period miktialong the aeration process.

The effective DO level enhancement can be achibyetthe larger interface area
and sufficient time. This condition is fulfiled byecreasing the bubble size
(millimeter to micro). The DO supports microorganiso degrade the organic matter
in the wastewater, therefore the micro bubblest@aeraystem should be developed in
wastewater treatment. The performance, the DO l|ewekeasing rate, the
experimental and the kinetic results are discussdabth the millimeter and micro
bubbles aeration system.

The experiment was carried out to find the effetess difference between micro
and milli bubbles aeration in degradation and figttion of municipal wastewater.
The degradation measured the COD and sCOD, wh#reamstrification measured the

Ammonia removal and nitrate production.

1.4 Methodology

To achieve the main objective of this research ssemial experimental works should

be followed:

* Develop a submerged perforated aluminium diffusar groducing millimeter
bubbles and a sintered porous glass diffuser fodyming the micro bubble in a
vertical water column.



Equip the vertical water column with several tduters (flow meter, control

valve and pressure gauge).

» Study the free flowing bubbles using High speederam

» Study the diameter and velocity of the bubble ugimg PDA (Particle Doppler
Anemometry).

e Simulate the wastewater physiochemical by usingegin for studying the bubble
parameter (size and velocity).

e Add CMC (Carboxy Methyl cellulose) for studying theorrelation between
turbidity and PPM (part per million) of pollutanh@é measuring the turbidity
decrease after aeration.

* Measure the DO (Dissolved Oxygen) enhancement.

e Study the biodegradation and nitrification usingRA domestic wastewater.

» Study the surface condition of sintered glass f@aswuring the pore size and

condition using SEM (Scanning Electron Microscope).

1.5 Thesis Organization
The thesis is divided into 6 different chapters:

Chapter 1 contains introduction, problem statemaesiijectives, scope and
methodology of the research work.

The literature reviews are presented in chapt&h2.dynamics of bubbles include
their velocity, diameter, the time of generatiom aetachment and the acting forces
on it. The DO level is naturally in the open ordynavater, and the level would be
influenced by many factors. The suspended pargaleain can be achieved when

suitable forces are applied. The suitable forcegpamduced by micro bubbles.

The research methodology, the experimental setthp, method of bubble
generation and the material of water pollutant deeailed in the chapter 3. The
millimeter and micro bubbles are produced by sulgeerdiffuser that is situated at

the base of water column. The perforated alumindiffuser produces millimeter



bubbles while sintered porous glass produces nbiafibles. The inlet air is flowed
through the transducers and diffuser to generatiblba in the base of the water
column. The distilled water, tap water and polluteater are used in this research.
The water pollutants are glycerin and CMC for tmgiate similar physiochemical of

wastewater and to represent of suspended partisgectively.

The research results and the data analysis on éuylamics are presented in
chapter 4. The results are high speed camera im&j@a print out of bubble
diameter and velocities in monodispersed and pspgatsed cases, the relationships
between bubble diameter versus air inlet pressodeflaw, the bubble diameter and
velocities characterized by Reynolds number andidfgcmumber respectively and the
effect of pollutant (glycerin and CMC). The hydrodynics of bubble-particle pair
versus velocities ratio and their combined velesitrespectively are studied. The
validation in entrain the suspended particles ped®y turbidity level decreasing and
PPM (pollutant level decreasing) also are observdwe influence of increase of
pollutants percentage and elevated air inlet pressm bubbles diameter and its
velocities are investigated. The entire phenomenat elue to the change in the

physiochemical characteristics and surface tensidhe water.

The biodegradation and nitrification results arscdssed in detail in chapter 5.
The comparison of milli and micro bubbles’ effeetiess in biodegradation and
nitrification process of wastewater are studiede THIP’'s domestic wastewater is
used for the application of the system with meaguDO level, COD, sCOD,

removal of ammonia and oxidation of ammonia toanér

Chapter 6 contains the conclusion, that differembldtes’ sizes have different
applications. Micro bubbles can be effectively uded entrainment of suspended

particles and increased oxygen transfer.






CHAPTER 2

LITERATURE REVIEW

Today the degree of water treatment has been mignify increased and additional
treatment objectives and goals have been added H3pecially for aerobic
biodegradation treatment has been much improvesffbgtively in DO enhancement.
One of the DO level enhancements is aeration psddésPreviously aeration process
use millimeter air bubbles. The DO level can beeased effectively using micro
bubbles due to the larger surface contact areadeetvair and water and sufficient
oxygen transfer time [5]. One needs to study therorir bubbles’ characteristics.

The DO level increasing is depending on the surtaea of contact between air
and water. The larger the contact the higher of iD€easing would be. The same
volume of air flow in aeration process, the dedrepssize of bubbles would
determine the contact surface area. The smalleoubbles the larger the contact area
would be. The micro bubbles characteristics haventstudied by many researchers
[6]. The performance of micro bubbles in lifting-apspended particles and DO level

enhancement has been studied in this research.

Pollutants in the wastewater are detergent, sdeampoo and anything that can
be flushed down to toilet, drain or sewer [1]. Td@taminants can be classified as
organic or inorganic. Biodegradation is one of khewn methods to treat wastewater
[7]. The biodegradation can be classified by aerabianaerobic, depending upon the
oxygen level in the process. To increase the wBissolved oxygen (DO) level,
aeration process is used. By using micro air busbkibe high level of DO can be
achieved [5]. Air is forced through submerged midiuser holes to generate micro
bubbles inside the water. The bubbles are not tinjegrade the organic matter but

also to lift-up the suspended particles, in thetewaater [8].

Generally wastewater is not transparent, therefogeair bubbles’ characteristics

can not be studied using the PDA because it depemdight refraction. Most of the



detergents use glycerin as a solvent [3], thereforaakes a major component of
wastewater and eventually it effects the physiogbahcharacteristics of wastewater.
Hence, glycerin in various volume fractions rangingm 0.1 to 0.5 % is used to
pollute the water to a level of raw wastewatereimt of physiochemical characteristic

to study the dynamics of micro bubble [9].

2.1 The Hydrodynamics of Upward Moving Bubble

The pollutant effect the water physiochemical cbmastics i.e. viscosity, surface
tension and density etc[10, 11]. The viscosity digaid is a measure of the fluid's
resistance to flow when acted upon by an exteorakfsuch as a pressure differential
or gravity. An increase in liquid viscosity gendyahcreases the required net inlet
pressure. Viscosity affects the size of liquid jgéet. The same intermolecular forces
that determine viscosity create surface tensiomfaBe tension is a measure of the
internal forces generated by molecules due to hasition in the surface of a liquid
or the interface between two liquids (water and kaibble). All these conditions
would affect the bubbles and suspended particlesoldynamics. Suspended solids
settle more quickly in liquids with lower viscog$ than with higher viscosities [12].
Milli bubbles’ characteristics (size and veloci)ie;n the water column have
significant alteration between pure water and aontated water as shown in Figure
2.1. Especially for the ellipsoidal regime it attdr much due to different water
physiochemical characteristics and bigger size laulpb3-15]. In this research, micro
size bubbles’ characteristic in the distilled amdlygant water has been studied. The
spherical shape of micro bubbles is maintained caliveir upward movement and

their velocity never reaches beyond 2 cm/s.
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Figure 2.1 Upward velocity as function of bubblardeter from Grace & Weber,
1982 as cited in [14].

The water viscosity changes with the pollutant emi@ation and the chemistry of
the pollutant type[1] . Most of the pollutant cantsurfactants [16]. Surfactants are
molecules that have an affinity for molecule inaeds: common examples include
soap and oil. Owing to their molecular structuheytfind it energetically favorable to
reside at the free surface, and to increase thmsity with increasing the solution
concentration [17]. The change in viscosity leadstrease the drag force, where the
drag force is skin friction between moving bubbhel avater molecules, resulting in an

opposites force to buoyancy.

The surfactant contaminant in the water also resltive surface tension [17, 18].
In general, surfactants with smaller (lighter) nooles, diffuse more rapidly to the
interface than that with larger (heavier) molecyleg. The existence of pollutant in

the water decrease the surface tension [17, 19].

The density of polluted water does not vary tooccmuwlue to the existence of

pollutant [1]. Therefore, the influence of waterndily changing the bubble

11



hydrodynamics is small. Usually the addition oflptnt in the water increases the

water density.

The vertical and horizontal velocities of air bublare influenced by many forces
that can be classified into pull-up and pull-dowercks. The pull-up forces are
buoyancy and gas momentum forces. Buoyancy dep@&mdsbubble volume,
gravitation and liquid-gas density differences[12}hile gas momentum force
depends upon air velocity through diffuser (airgstee and flow)[13]. These forces
work from bubble detachment point until a positwimere the bubble is moving freely
in the water column. The Buoyancy force works om Itlabble unless it is inside the
water column. The pull-down forces are liquid dragtface tension, bubble inertial
particle-bubble collision and liquid-solid suspamsiinertial forces [20]. This pull-
down forces increase gradually along the depthaiewcolumn where the air bubble

was positioned.

2.1.1 The Forces Acting at the Time of Bubble Genation

Fig 2.2 shows the acting forces at the time of Ibeibdpeneration while air is
continuously forced through diffuser. The bubblbéer@s on the diffuser surface when
the pull-up is less than the pull-down forces. @aireinlet flow increases the bubble

size.

The generated bubble size does not depend on ffaeati hole but also depends
on the wetting surface characteristic. The degfeeetting of a solid surface by water
is determined by their relative surface energiesm@on solids can be wetted by
water, because of the hydrogen bonding in thefaxter[6]. The water-air interface
produces higher hydrogen bonding force than waikd-ssurface interface. The
hydrogen bonding forces generate the surface terisrge. In aqueous systems, the
wetted surface has a high surface energy whicefesred as hydrophilic whereas the
low surface energy is referred as hydrophobic Téle hydrophobic diffuser surface
generates big bubbles, whereas the hydrophilicuskif surface generates small
bubbles|[6].

12



The two directions of acting forces on the bubld® be definite as vertically
upward and vertically downward. The vertically upd/éorces are buoyancy gFand
momentum forces ), while vertically downward forces are dragp)F surface
tension (), Basset (ka), inertial (Fg), particle bubble collision ¢ and liquid-solid
suspension inertial (f) forces. The balance of these forces determinegitbwing

bubble and its detachment as shown in Figure 2.2.

Figure 2.2 The balance of all forces acting onawyng bubble [13].

In general the forces acting on a bubble at thes toh generation, through a

diffuser hole, are described by Yang et al. [13] :

Fe+Ru=Fh+tFo+Ra+tFRgtFRc+tFm (2.1)
71
Fo =—d; (0 —py)9
B e (22)
712 2
F :_Dop uo
Mg .(2.3)
Fo =Cols d)plub o =24
R (2.4)
R S T, 0 00y e (2.5)
du/dr
d bV 7P ,U|J.
(2.6)
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The buoyancy force depends on air bubble diameitlzan differences in water
and air densities. After detachment of bubble fdtiffuser, two main forces acting on
it are buoyancy and drag force. The resultant ofetevo forces would be responsible
for bubble movement. The bigger bubble has higlheyancy as well as higher drag
force, due to its size. Generally the higher foraettng on the bubble produce higher
pressure. This pressure would change the bubblagesifi the inner tension (surface
tension) is smaller. Therefore the bigger bubbletinaously changes its shape
[21, 22]. Ever changing shape of the bubble prodtieesortex inside the bubble as
shown in Figure 2.3. Reduction of the bubble siae decrease the buoyancy force,

drag force and shape changing as well as the tinitaf vortex [23].

Kulkarni [24] classified the acting forces intcethift force and drag force. He
found different lift coefficients (Q for the same depths at different instances. The
correlation of air bubble drag force and fluid flaw a venturi is investigated by
Soubiran et al. [25], with the assumption that dlseillations would not occur. The
drag and virtual mass forces acting on a singléwaible are numerically investigated
by Dijkhuizen et al. [26].
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Vortices

Figure 2.3 the vortices inside a free moving aiolida in water [23].

The gas momentum force depends on gas dergjtyaqd velocity ¢g). The air
velocity depends on the air inlet pressure and ftbat have controlled through
adjustable valve. The more inlet pressure the rbaoiebles produced and it would
shorten the vertical distance between bubbles. pfieomena of the collisions and
merging bubbles frequently happens in vertical p#tlerefore bigger bubbles are
generated. The air pressure needs to be contnuiledtely, as well as limitation of

gas momentum force, to produce micro bubbles [13].

The air bubble and suspended particle in wateresuffe frictional force. The
frictional force is the drag force that dependstlom bubble/particle vertical velocity,
fluid density, fluid viscosity, wet area and theglrcoefficient G [25] The drag force
always resists the movement, therefore the dinectis downward when
bubble/particle is moving upward and vice versd.[IfRgeneral the air bubbles move
upward, whereas the suspended particles has twements, upward (generate scum

on the top surface) and downward (generate sedimené base of water column).

Surface tension force depends on the diffuser boumference and the air-
liquid interface surface tension [18]. Most pollts in the water decrease the
interface surface tension, therefore the smallefase tension would decrease the

vertically downward forces. Finally this situatioresults in smaller bubbles’

15



production, due to bubble detach when the smalktically upward forces is
maintain [18].

The Basset force is described as the force dudndolagging boundary layer
development with changing relative velocity (accafien) of air bubbles moving
through a fluid [13]. The Basset force is countethwiscous effect due to the
temporal delay in boundary layer development asrétetive velocity change with
time. The basset force is difficult to implementaommonly neglected for practical
reasons, however, it can be substantially largenwthe air bubble is accelerated at a
high rate [13].

Another force acting on the bubble inside watéhésinertial force (F) and it is a
result of the acceleration of moving bubble in Weger. The quantity is equal to the
moving bubble mass time its’ acceleration The sdiraxternal forces is equal to the
inertial force of the particle, as it is “resistinthe change in motion imposed by
external forces [12].

The bubble-particle collision force exist when th& bubble colliding the
suspended patrticle. After the collision, the aiblie and the particle move upward
together when the vertically upward forces of bebil bigger than downward forces
of bubble-particle pair. The other possibilityusition is the bubble-particle remains
in the colliding location, if the overall upward cadownward forces are in balance
[13].

The liquid-solid suspension inertial forcg (lris created by the compressibility of
air that always changes in density against timee Thange can be in three
dimensions, and expressed in the three directiabscissa, ordinate and depth

integrations [13].

2.1.2 The Bubble Size

Since the water psychochemical characteristics reweng influence to the
generation of bubble, therefore the bubble diameteelated to the fluid density,

viscosity, surface tension and air inlet veloci7 [ 28]. They used acetaldehyde,
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acetone, cyclohexane, n-heptane isopropanol, methamd toluene to study the
average sauter bubble diameter and gave the faitpralationship:

dy, = 02890, %24, "8 %2 T e (2.10)

However, the bubble diameter is linked to a dimemisiss number, Froude

number by [12] using following equation:

Fr = 200 e e e (2.11)

Figure 2.4 shows the bubble growing from orificébe size of bubble can be
expressed from its volume. The idealized bubbleuw@ is determined by orifice
radius. Tange and Sheu et al. [29], [20] usfcerradius as the dominant factor to

formulate the idealized bubble volume, and expisse

arr

3i (COS' B —3COSH, +2) wuvieivinieiiieeee e e (2.12)

Vi(r) =

F .
=
~

Bubbie

ViR, Vol {2
Bubble
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J1T % & dzT
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- D Ll 27 D
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Figure 2.4 sketch and notation of idealized bulshigpe [29].

2.1.3 The Forces Acting at the Time of Detachment 8ubble.

Figure 2.5 shows a growing bubble. When the bubbtginues to grow, the upward
forces increase significantly. The momentum foreeains constant, whereas the
buoyancy increases as fast as volume growing, alieidyancy force proportionally

depend on bubble volume. Before detachment thaca#yt downward forces are
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dominant, but when the bubble detach from the ddfuthe upward forces dominate
the downward forces. Yang et. al [13] suggestlarize forces equation as follows:
Fet FuzFo+Fo+ Figt Fot Fimeoo (2.13)

The forces acting at the time of detachment wimvestigated by Kracht and
Katz [30, 31]. Their studies have shown that shstabilization is not instantaneous
during the first 10-15 ms due to detachment fofthkis detachment force also
produces bubble collision, excitation, and coalesee The dynamic behaviour of
equal-sized spherical bubbles interaction (mergeparation, pairing-off, re-pairing
and oscillation) were investigated by Ruzicka [32¢ reduced the air inlet pressure
to control the period of bubble generation, anduess that the vertical distance

between bubbles was long enough to decrease thenck of the detachment force.

One of the reasons for bubble shape change isntioairg of pollution in water.
Pollutions change the physiochemical charactesisté water (surface tension,
viscosity and density). The decreasing of surfaresion and the increasing density
and liquid viscosity are subjected to reduce thigblbeisize, reported by Scafer [33].
Idogawa et al. [34] found that an increase of tiéase tension would generate bigger
bubble. The application of different gases andalde pressure, and found that the
bubble size decreased when there was an incredle gas density [35]. Hong et al.
[36] used glycerine as a pollutant to study thelberparticle collision forces. The
concentration level and the types of pollutantueficing the velocity and bubble
shapes were studied by Kracht, Paimanakul andcRaruet al. [30, 37, 38]. The
relationship between pollutant concentration lewrad bubble size, as well as velocity
is characterized by Froude Number and Reynolds Numbhese relationships are

studied in detail in this research.

The turbulence effect and coalescence always existto bubble horizontal
velocity as discovered by Shawkat and Zahradniéll.ef39, 40], who detailed the
turbulence characteristics. While Yang et al. [disicovered that for the stability of

bubble flow, turbulence need to be eliminated.
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When the bubble detaches form diffuser, the Basse¢ starts to acts, due to the
upward acceleration of bubble. This acceleratiemetbps lagging boundary layer
and decrease the pull-up forces [21]. The forcariza equation becomes:

Fe+ Fu=Fo + Fa+ Frgt Fot Fimeeeeooooi oo (2.14)

5‘ .

Figure 2.5 Growing air bubble inside the water cat20]

After the bubble detaches itself from its sourbe, main forces that act on it are
buoyancy and drag. The buoyancy force mainly dependthe volume of the bubble
and the drag force depends on the contact surfeeecd the bubble. Bigger bubble
has higher buoyancy and drag force, both actingpiosite directions, this causes
shape deformation. As the bubble becomes morerdetbin the horizontal direction,
the drag force would increase [42] . The drag fappears as horizontal velocity and

moves in a zig-zag pattern upward.

On the other hand, small bubble has a small bugyand drag force. There is
almost no shape deformation, the bubble shape nsmai a sphere form. The
spherical bubble has the lowest velocity, andas Istrong relationship between
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bubble shape and bubble velocity [30]. Comparedh®o bigger bubble, a smaller
bubble has a more linear vertical movement duestdigible horizontal velocity. The
other bubble shape is spheroidal or ellipticaltaslied by Zaruba and Tomiyama et
al. [21, 42]. They found that the spheroidal bubbikave high Reynolds number. In
comparison to spheroidal bubbles, spherical bubide® low Reynolds number, i.e.
laminar flow and negligible stirring effect. Inishresearch this fine bubble has been

found suitable for suspended particle separation.

2.1.4 The Forces Acting on Free Moving Bubble

When the bubble moves upward, the momentum foragsstliminishing with the
decreasing depth [13]. The Basset force will remaichanged with uniform velocity
and the surface tension force works to maintain ibbble shape. Therefore the

equation 2.14 becomes:

Fig 2.6 shows free moving bubbles. Their shapesaten circular, due to high
drag force and less surface tension. This phenonsefraquently found in the milli
size bubbles. However, the micro size bubbles ramntheir circularity along the

upward motion.

Figure 2.6 Free moving milli bubbles [43]
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The free bubble moving forces would play a roletle suspended particle
separation. The main principal of suspended peartitttup depends on bubble forces
and particle-water interaction. Hong et al. [36}yastigated the bubble forces using
micro force balance. The diameter of the bubble padicle was approximately 1
mm. A simulation of collision between the bubblel an stationary particle revealed
that the force on the particle oscillated: firstreased, then decreased, and increased
again. The oscillation of the measured force showatiscontinued patrticle lift-up
process. By using Atomic Force Microscope (AFM)][44udied the hydrodynamic
drag force of the collision between géh hydrophilic silica particle and 23@m air
bubble. The hydrodynamic interaction forces betwaesolid sphere attached to an
AFM cantilever and air bubble were studied by Nguwt al. [45]. Previously they
found that hydrophobic particle has adhesion foocar bubble that makes it easier to
separate from water, while hydrophilic particle lesthesion force to water, which
makes it harder to attach to air bubbles and resnsuispended in water [46]. Due to
the preference of hydrophilic particles to remainniater, a certain size of bubble is
therefore required to produce a sufficient liftilgrce to separate the suspended
particles from water. The surface force betweenrdpldobic surfaces causes an
“adhesion” as reported by Pushkarova [47]. The gbhanof air bubble shape
continuously change the buoyancy and drag forceshenbubble. To reduce the
adhesion forces between suspended particles andr vgaime researcher added
surfactant in the water. The particles’ interactiorair, is studied by John Ralston et
al. [48] and Vamsi [38] and produced repulsion lesw air and water surfaces [49].
The attraction forces between AFM probe and aMatrophobic surface in water is
also studied by Nguyen et al. [50]. The study o #dhesion between suspended
particle and bubble is done by Omatta [51] andsitaported that adhesion force
influences gas-liquid mass transfer, bubble coalese and particle agglomeration.
According to Nguyen et al. [52], once the suspenpadicle is attached on the air
bubble, it slides down along the bubble surface renthins attached to the underside
of the air bubble. The bubble-particle interactiuring bubble upward movement
consists of collision, attachment and detachmesit [9he other force that influences
air bubble movement is wake-induced force, stuthgdatz [31]. The stirring effect

of air bubble upward movement is induced by forseil@ation due to bubble shape
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deformation and wake-induced force. These forcesdn® be decreased by
controlling the bubble size and velocity. Millimetair bubbles (3-6 mm) always
produce turbulent flow [39] due to shape deformatad oscillation [54]. Finally, the
bubbles coalesce and produce sufficient kineticggnt create the turbulence effect
in the water column [55]. The relationship of bubldhape (spherical or non
spherical) and upward velocity was investigatedKbgcht[30]. The primary cause of
widely scattered velocity is more influenced by bble deformation; low
deformation results in low velocity and large defation results in high velocity
[42], and fine bubbles can stabilize the flow ezbme laminar [21].

Even though the addition of surfactants increagesadhesion force between air
bubbles and suspended patrticles, neverthelessria swcumstances, the existence of
surfactant is unwanted, for example in drinkingtev. Surfactants exist in
wastewater due to detergent, oil, and other swafdaiaterials. The separation of
suspended particles in oily wastewater using indugie floatation (IAF) has been
done by Paimanakul [37]. The success of suspepdgities removal from water is
indicated by the water turbidity level decreasiag been done. A correlation between

turbidity level and rate of removal of suspendedigas is discussed in this research.

2.2 Coalescence and Breaking Bubble.

Coalescence and breaking between bubbles are notdeby many factors like
surface tension, inlet pressure, distance betwesables, etc. Tange [29] reported
coalescence between bubbles can be verticallyzémmally and decline, therefore
coalescence depend on the distance and positiorede two bubbles as shown in

Figure 2.7.
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Figure 2.7 coalescence between two bubbles acabytib. horizontally, c. inclined
[29].

Coalescence and breaking is influenced by bublze isi both conditions pure
water and salinities water [56]. Coalescence rataearly constant or weaker size
dependence, whereas breaking rate increase whdultsde size increases, as shown
in Figure 2.8. The result are calculated usingphgsical dimensions of the column
employed, and the gas velocity is taken 3.5 cmésgé bubbles is higher breakage
rate due to higher collision efficiencies. Thislisobn is influenced by higher velocity
and cross section area of larger bubble. The iseréae gas superficial velocity the
increase bubbles break-up would be, due to incrbabble collision as shown in
Figure 2.9There is a maximum in the bubble size daraction of gas rate due to the
competing effects of coalescence and break-up. d@dlésion among bubbles
vertically and/or horizontally that creates bigpeibbles. This phenomenon prevents
small bubbles production. However, some researchers Huilin and Shuyan
[57],[58] found that bubble could be separatedhsoresult is smaller bubbles.
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Hua et al. [59] investigate the relation betweeryrieéd number and breaking
bubble, and found breaking bubble start at Reynolasber 200. The visualization of
bubble breaking is reported by Fan et al. [22]rem in Figure 2.10.
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Figure 2.10. A sequence of bubble images showiagtbcess of bubble break-up at
P=3.5 MPa [22].

An equilibrium of bubble breakup and coalescened thsult in a given bubble
size distribution is shown schematically in Figadr&1. Close to the wall, the high gas
volume fraction due to the accumulation of smalblide would tend to coalescence
forming larger bubble. The larger bubble would &lato the center of the water
column cause of highest upward velocity exist i tenter of water column. At the
center of the water column, larger bubble can hrpalue to the high shear stress and
turbulence intensity. The resulting small bubblesila tend to migrate to the wall.
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Figure 2.11 Breakup and coalescence process irtiaatehannel [60].

2.3 Dimensionless Number.

Dimensionless numbers play a key role in bubblestd, due to the indication of the
relative importance of forces, energies, or timaescin presence and lead the way to
simplification of complex problems. Besides, the 0§ dimensionless parameters and
variables in bubbles’ flows brings a universal clcéer to the system of equations
governing the physical phenomena, transforminghdividual situation into a generic
case [61]. In this research the bubbles’ flows hasn characterized by Reynolds

number and Froude number.

Reynolds number define as the ratio of inertiatésr(ov®/ D) to viscous forces

(vl D?). The ratio represents the flow condition andisrfulated as bellow:

RE= 2 e (2.16)
u

The bubble is a moving object in the water, theeefthe density ) and the
viscosity (u) represent of water properties, whereas the u\gldei) and length of

chord/bubble diameter}) are bubble properties. The water properties aneam

constant, whereas the air properties are continpahsnging due to the change of its
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velocities (vertical and horizontal velocity) arftetchange of length of chord cause
the bubble shape change. In the millimeter bubtdsg, the velocities are high due to
the higher buoyancy and the length of chord is inoously changed due to the
change of the bubble’s shape. The result is higkeynolds number and can be
classified as turbulent flow. While in the microbiles case, the velocities are low,
due to the lower buoyancy and the length of cherdmall, due to the smaller size

(micron size), hence this Reynolds is very low.

Froude number defined as the ratio of a charatiterslocity to a gravitational
wave velocity, or equivalently be defined as théioraof a body’'s inertia to
gravitational forces. The Froude number equatidonsiulated as:

Where in the bubbles flows case, Velocity) (s represent the bubble’s velocity in the
water, g is gravitational acceleration and the teraf chord (D) is the diameter of
bubble. The Froude number has three characterdadtitsw, there are[12]:
1. Fr<1, the flow is defined as tranquil flow or stittical flow, where the
velocity is low.
2. Fr=1, the flow is defined as critical flow.

3. Fr>1, the flow is defined as rapid or super crititaw.

2.4. Suspended Particle Entrainment

Study the reducing suspended particle has beenldomeasuring the water turbidity.
The relation of contamination (part per millionsNPPin the water have a linear
relation with turbidity number. The correlation fac of PPM and turbidity

relationship is found equal to 1 ¥Rl), it shows that the turbidity decreasing will
represent the decreasing of the PPM [9]. FinakyRIPM decreasing will sense of the

lift up suspended particle.

Omaata et al. [51] study the lift-up suspended igartis determined by the
adhesion force of the particle to a gas bubble ustdgnant conditions. The particles

has hydrophobic behaviour therefore they subjectcoonpetitive adhesion and
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agglomeration. For small cohesive forces, particleere to a bubble individually or as
a monolayer as shown in Figure 2.12 a,b. For cobhderces exceeding a certain limit,
a second layer can be attached to the first orgu(&i2.12 c). When the cohesion
forces are higher than adhesion forces, the parigglomerate in rigid cluster that can
adhere to a gas bubble through a single or onlydesicles (Figure 2.12 d) thus, the
strength of cohesion forces affects the fractiomwbble coverage. The balance force

of cohesive forces play into account is shownigufe 2.13 [51, 53].

ele
N {_

Figure 2.12 Schematic view of particles adhering s bubble (a) single particle,
(b) monolayer, (c) multilayer and (d) cluster ospanded particles through a single

particle[51].

The visualization of the lift-up of suspended paetiis reported by Nguyen et al.
[52] as shown in Figure 2.14. Nguyen experimentsi$ed on the visualization of the
particle motion over the bubble surface. A highespamage on the order milliseconds
is used to capture the events of the bubble—pamigproach and the rupture of a water
film. The images taken during the bubble—partigpraach showed rapid change in
the bubble—particle intercenter distance. Howewening the particle sliding, the
change in the bubble—particle intercenter distase@gnificantly small since the film
thickness was relatively smaller than the bubbld garticle radii, but the polar

coordinate of the particle changed significantly.
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Figure 2.13 The representation of the forces aamg particle (a) adhering to a flat
gas-liquid interface, the hydrostatic pressurg s positive effect on adhesion and
(b) adhering to a spherical bubble, the bubblemessure reduces the adhesion
strength [51]. Fis gravitational force, Hs buoyancy force and
F. is capillary force

Figure 2.14 The images of bubble attach the par{eclsmall asperity), showing that
the particle rolling on the bubble surface is ingigant. The times shown are relative

to the first image.[52]
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A series of images of the particle motion over bhubble surface is shown in
Figure 2.15. The camera is focused on the plartbeobubble equator. The patrticle
trajectory slightly shifts from in the front of tifecus plane. Hence the shown 2D
images do not directly give the real radial andappbsitions on the bubble surface.

Figure 2.15. The images show the particle posstmmthe bubble surface. The
particle contacted the bubble surface at about 2nmdeft the bubble surface about
61 ms later.[52]

The reduction of suspended particle, the reduafanicroorganism would be due
to the microorganism generally nested in the sudpenparticle, as shown in
Figure 2.16. The microorganism would reduce ag thest (suspended patrticles)
eliminated.
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Figure 2.16 The illustration of reducing the susjezhsolid will effect reducing the

micro organism [7].

Figure 2.17 shows the relationship between the idityb reduction and
pathogen/protozoa removal, have been discoverastimg researchers as cited in [7] .
Patania et al (1995) concluded effective cyst reahayp to 2 log when a median
turbidity decreasing is 1.4 log using rapid granuldration. The source water
turbidity average 6.5 NTU in level decreasing @D12 NTU can remove 2.25 log of
Cryptosporidium and 2.8 log ofGiardia for conventional treatment direct filtration in
full scale study were investigated by Nieminski &mwerth (1995). In the same year
Ongeth and Pecararo (1995) resumed that the veryuibidity level source (0.35 to
0.58 NTU) 3 log of cyst can be removed with optintalagulation, while with
intentionally suboptimal coagulation 1.5 log ofyptosporidium and 1.3 log of
Giardia can be removed. Figure 2.17 shows @iardia removal by decreasing the
turbidity level.
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Figure 2.17 Relationship between removaGudrdia and Turbidity[7].

Le Chavallier and Norton 1991 discovered from thdeieking water treatment
plants using different watersheds for every log aeah of turbidity can be removed
0.89 log of Cryptosporidium and Giardia. A high correlation (R2 = 0.91) exists
between overall turbidity removal and bd@nyptosporidium and Giardia removal,
through conventional water treatment, Nieminski @mbeth (1992) published that
Giardia cyst removal by filtration of well-conditioned veaitresults in 90% or better
turbidity reduction, which produces effective cyanoval of 2 log (99%) or more. Le
chavallier et. al. (1996) studied 66 surface wateatment plant using conventional
treatment, most of the utilities achieved betweean? 2.5 log removals for both
Cryptosporidium and Gardia and a significant catteh (PPM=0.01) between
removal of turbidity and Cryptosporidium existedaiMtaining the overall low level
of particulate impurities (turbidity) in treated tea mightbe an effective safeguard
against the presence of oocys and pathogens, Gr€b@®4). Anderson et.al (1996)
proclaimed that in a pilot plant study, the remosfparticles>2m was significantly
related to turbidity reduction®R0.97 (PPM<0.0001): the reduction of turbidity waul
relate to the removal oGiardia cyst, R=0.67(PPM=0.13) andCryptosporidium
oocysts (p<0.08). Figure 2.18 shows the decreasitgybidity level would effect the
Cryptosporidium removal.
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Figure 2.18Relationship between removal Gfyptosporidium and Turbidity [7].

2.5 DO Level

In the previous sections, three processes (DO lwvaiol, suspended particle lift-up,
and micro organism biodegradation) can not be eitlyliseparated. Pohorecki et al.
[28] reported four different regions may be distirglped in a bubble column. .

1. The region of primary bubbles (produced by thedjssibutor),

2. The region of secondary bubbles (produced by bugasf the primary ones),

3. The region of dynamic equilibrium between coaleseeand disruption of the

bubbles,
4. The separation region, at the top of the liquidttay

Michaud [62] found that for clean water aeratidme bxygen transfer efficiency
provided by fine bubbles usually exceeds that cdre® bubbles. In wastewater,
contaminants would be influent by a factor callépgha to adjust the clean water
transfer efficiency. Alpha is the ratio of oxygearsfer in a generic wastewater to
oxygen transfer in clean water. The clean watersfiex efficiency multiplied by alpha
yields the wastewater transfer efficiency. The dwihg issues consider and

understand when evaluating aeration systems:
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. The bubbles size affects the oxygen transfer efficy. Smaller bubbles have

more surface area per unit volume. This providesenawea through which
oxygen can diffuse and thereby increase overatistea efficiency, but small
bubbles creates more friction and rise slower thhe big one. The
combination of more transfer area and greater corilme enhance transfer
efficiency.

Surface active agents (surfactants), such as daetesiglower alpha and the
oxygen transfer efficiency. By changing the surfésesion, surfactant cause
fine bubbles to coalesce into fewer, larger bubdleaddition, the thin film of
detergent molecules between the air bubbles andvstewater can act as
barrier, increasing resistance to oxygen transfer.

Fouling is another phenomenon that decreases oxygesfer efficiency.
Most fine bubble systems being installed use ausiff made of flexible
synthetic membrane with many small slits or a ceradnsk with very fine
holes. Both provide attractive sites for microlgabwth and precipitation of
inorganic compounds. This type of fouling can cabsébles to coalesce,
thereby decreasing the overall transfer efficie62y]

Finally, aeration basin and aerator layout geomety dramatically shift
oxygen transfer efficiency. Standard clean watendfer efficiency tests are
usually based on full floor coverage. This creaeasearly ideal situation for
oxygen transfer. A turbulent counter-current flazgime is established with a
volume of water being dragged upward with risindplides, being opposed by
an equal flow of water traveling downward. As autesof incomplete
coverage, large scale currents can form a spidalirathe basins. The air
bubbles flow with the water, and significantly reds the oxygen transfer

efficiency.

The absorption of air in the water can be calcdl&tem the equation [63].

B Vgas(SI' P) 1
Vsolvent (Srp) I:)A

Figure 2.19 shows the Bunsen absorption coeffici@htof gases in water. The

oxygen by air is the lowest absorption coefficiemhereas the pure oxygen is the

highest.
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Figure 2.19 Bunsen absorption coefficient of digsth gases of interest in water [64].

Some of researchers reported that the particledeiibe water will move upward
because of the kinetic energy of the air bubblestfition substitute to potential
energy of particle (collision mechanisms) [22, B8, 65, 66]. Mechanism for
particles smaller than 10-um, Brownian diffusiondacolloidal forces strongly
influence the collection of such particles by aubbles in floatation. The suspended
particles diameter in the range of 40-160 nm, weraoved using fine bubbles of
typical average diameter of 1n@n. Nguyen et. al [67] reported that the experirakent
results show the collection efficiency to have mnm suspended particle size in the
order of 100 nm. Fan et al [22] reported the stim®cess using the principle of the
air bubble dynamics.

DO level also has constraint by salinity, moreysaltll reduce the water ability to
dissolve oxygen [1]. Salinity was originally coneed as a measure of the mass of
dissolve salts in a given mass of solution. Theeerpental determination of the salt
content by drying and weighing presents some difies due to the loss of some
components [3]. The only reliable way to determiihe true or absolute salinity of
natural water is to make a complete chemical amali#owever, this method is time-
consuming and cannot yield the precision necesgaryaccurate work. Thus, to
determine salinity, one normally uses indirect rodthinvolving the measurement of
physical property such as conductivity, density aadnd speed [3]. Table 2.1 shows
the DO level in the range of 20 t0%80) and 0 to 5 PPM of the water salinity.
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Table 2.1 Dissolved oxygen concentration, mg/l) (Ck

Temperature Salinity, part per thousand
°C 0 5
20 9.08 8.81
21 8.9 8.64
22 8.73 8.48
23 8.56 8.32
24 8.40 8.16
25 8.24 8.01
26 8.09 7.87
27 7.95 7.73
28 7.81 7.59
29 7.67 7.46
30 7.54 7.33

Many processes in the industries produce wastewlaéeicontain of organic toxic
compounds, and organic matter can be degraded bponganisms. Betancur [68]
proposes a mathematical model for acclimation m®ad bioreactor treating toxic
wastewater, and he found that only microorganismonis key parameter in biomass
growth. To maintain Oxygen concentration in the teaster, some researchers used
a submerged membrane bioreactors (MBRs) [69, 7@}idiS[71] used aerobic
aeration as a post-aeration, anaerobic digestérpmlious work show that it is

essential to control oxygen concentration in a égrddation and a chemical process.

Micro air bubbles have a larger surface contaciveen air and water than milli
bubbles, and effect significantly, the DO levelrgase. For example at the same air
flow rate, decreasing the bubble diameters frorm#Zto 500 micron would increase
the interfacial contact area between the air an@may a factor of five for spherical
bubbles [6]. The oxygen is needed for aerobic noiganism to degrade the organic
matter that remains in wastewater. This phenomeocam be used to support

microorganism life effectively.

Micro bubbles have small buoyancy that gives a skewical velocity. It needs
more time to reach top surface of water columnsTghenomenon gives sufficient
time to transfer oxygen from air bubble to wateenkle, time required to achieve
maximum DO level in shorter for the smaller bubbles
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The presence of the impurities in the water sigaiitly reduces the alpha factors
in the gas bubble zone, and the result of saturd®® concentration and volumetric
oxygen mass-transfer in the water will reduce. r@H&2] using Silica, Soybean oil
and surfactant impurities in water study the DOasmttration and oxygen transfer rate
mg/L-h.

2.6 Biodegradation and Nitrification

Biodegradation and nitrification of wastewater ¢snachieved effectively when the
dissolve oxygen (DO) level in the water is suffitie Aerobic wastewater treatment
uses microorganism (bacteria) to feed on wastéhénwater and convert them to
carbon dioxide and water. The purpose of aeratiomater is to provide oxygen to the
microorganism in the degradation [7, 73, 74]. Tamhic biological decomposition of
an organic waste continues until all of the wasteeonsumed. Nitrification is two
steps biological process, from ammonium nitrogemdiagd to nitrite and nitrite
oxidized to nitrate [1].

The contaminations in the wastewater influence whaer physiochemical i.e.
surface tension, viscosity and density, also actimges in the wastewater like: Van
Der Walls, Brownian, colloid and frictional shedress [75]. The forces acting on the
air bubble like: buoyancy, drag, momentum, surfecesion, Basset, particle bubble
collision and liquid-solid suspension inertial fesc[13], is also influenced by the
existence of the contaminant. The balance of tfe@ses act in the time of generation,
detachment and floating upward motion of bubblestuelied. They bubble diameter
(size), velocities (vertical and horizontal) areedmined, and hence its influence DO

level for biodegradation and nitrification process.

Aerobic purification of dairy water was studied Bgcobar [76]. The delaying of
aeration on pre-storage during 30 hours leads gihehni degradation rates than
delaying the air intake for longer times. When #exation apply in the beginning
(influent), the maximum substrate consumption reteobtained, the maximum
ammonium uptake rates varied between 0.505 an® 0}y N/I per day, being a bit

higher than in ordinary municipal wastewaters treait plants.
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2.7 Use of Micro Bubbles in Organic Matter Degradabn

In wastewater treatment systems, the standard oaeimtused in the secondary
treatment process to support the biological groeftithe organisms in the aeration
tank. However, these standard aerators producel&mbair flow that leads to high
transport coefficients. The micro-porous diffusésoarequires large horsepower.
Therefore the fine bubble diffusers are commonlgdum biological treatment plants
[7]. The use of these fine bubble diffusers is tmuéts durability; sustainability and

cost effectiveness.

Submerged air diffusers are used in wastewatetntegd facilities to increase
dissolved oxygen (DO) levels and promote waterutation. Submerged diffusers
release air or pure oxygen bubbles at depth, piogucfree, turbulent bubble-plume
that rises to the water surface through buoyanteforat roughly an 11° angle of
spreading [77]. The ascending bubble plume entraimder, causing vertical
circulation and lateral surface spreading. Oxygamdfers to the water across the

bubble interface as the bubbles rise from the siiffuo the water surface.

When a submerged diffuser is operated, there aventain interfaces over which
oxygen transfer occurs. Oxygen transfer occurssactbhe bubble interface as the
bubbles rise through the water column. Oxygen fearslso occurs across the water
surface at the air-water interface. The bubblesteanrate involves some additional
considerations. The liquid-phase equilibrium coniaion of a given bubble is not
only a function of temperature and atmosphericqaness but also hydrostatic pressure
and gas-phase oxygen composition[1]. As bubbles bhabble—water gas transfer of
oxygen, nitrogen, argon, carbon dioxide, and tigases occurs due to a concentration
gradient between the equilibrium bubble concemratand the ambient water
concentration. Over depth, the bubble—water trarcffall gases affects the gas-phase
oxygen composition and the equilibrium oxygen comion. The equilibrium
oxygen concentration inside a bubble also dependsas flow rate and the changing

bubble—water transfer coefficient over depth.

The functioning of aerobic processes, such as atetiv sludge, biological

filtration, and aerobic digestion, depends on th&ilability of sufficient quantities of
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oxygen. The most common application of oxygen femss in the biological

treatment of wastewater.

Aerobic wastewater treatment uses microorganismfedd on the waste in the
water and convert them to carbon dioxide and wdaterkeep the process going, the
wastewater needs to be aerated with oxygen. Thaoperof aeration of water is the
improvement of their physical and chemical charsties, the removal or reduction
of taste and odor and precipitation of inorganimtaminants such as iron and
manganese. In water treatment, the purpose ofi@liatto ensure continued aerobic

conditions for the microorganism to degrade thewrgmatters [7] [63].

If sufficient oxygen is available, the aerobic ligical decomposition of an
organic waste will continue until all of the wastseconsumed. Three more or less
distinct activities occur. First, a portion of thvaste is oxidized to end products to

obtain energy for cell maintenance and the synshafsnew cell tissue [1, 63, 78].

Oxidation:
COHNS + Q + bacteria> CO, + H,O + NH; + other end products + energy

Simultaneously, some of the waste is converted metw cell tissue using part of the

energy released during oxidation.

Synthesis:
COHNS + Q + bacteria + energy® CsH/NO2 ..o, (2.19)

New cell tissue

Finally, when the organic matter is used up, the pells begin to consume their
own cell tissue to obtain energy for cell maintezeanThis third process is called

endogenous respiration [74].

Endogenous respiration:

CsH/NO; + 50, + bacteria> 5CO, + 2H,0 + NH; + energy................. (2.20)
Using the term COHNS (which represents the elemeatson, oxygen, hydrogen,
nitrogen, and sulfur) to represent the organic #aahd the term 4E/NO;
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[first proposed by Hoover and Porges (1952)] toresent cell tissue, the three

processes are defined by the following generalcresinical reactions [1]

Nitrification is the term used to describe the tstep biological process in which
ammonium nitrogen (NHN) is oxidized to nitrite (N@N) and nitrite is oxidized to
nitrate (NQ-N). The need for nitrification in wastewater tmaant concerns over the
effect of ammonia on receiving water with respeat dissolved oxygen (DO)

concentrations [78-80].

Aerobic autotrophic bacteria which anditrosomonas and Nitrobacter are
responsible for nitrification in activated sludgeogess which oxidize ammonia to
nitrite and then to nitrate, respectively. Two-stegdation from ammonium nitrogen

to nitrate can be described as follows:

Nitrosomonas

2NH; +30 2 2NOo + 4H + 2H0 v (2)21
nitrobacter
2N 00 = 2N s oot e (2.22)
Total oxidation reaction
NH; 4+ 20, NO3 + 2H + HoO oo e, (2.23)

Based on the total oxidation reaction above, oxygeuired for complete nitrification
(oxidation of ammonium) is 4.57 g-(®er g N oxidized with 3.43 g £ used for
nitrite production and 1.14g49 NO, oxidized [1, 63].

2.8 Kinetics in a Batch Reactor

Treatment process kinetics in the batch reactor egsulated in first order to
determine the performance of the degradation atrdication. The derivation of the
material balance equation for batch reactor (Figug®) for a reactive constituent is
written as follows:

Accumulation = inflow — outflow + generation

a@cy, = QC, =QC HTV oot (2.24)

dt
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In a batch reactor there is no inflow or outflowrfr the control volume, therefore the
Q is 0, the equation for batch reactor is:

When flow is not occurring, the concentration peit wolume is changing according
to the applicable rate expression. The rate ofti@am first order is formulated:
P T K e (2.26)

The integration in limits between C 3@nd C=Candt=0and t =t yields.

c=C t=t
d—C:—kJ-dt SR e (2.27)
C=C, C t=0
The final result is:
A e e 000 (2.28)

This formula is similar to the BOD equation
BOD, =UBOD(E€™) .. iiiivieeiiiit e a0 (2.29)
Where BOD = amount of waste remaining at the time t(daygressed in oxygen
equivalents, mg/I.
k = first order reaction rate constant, I/d
UBOD = total or ultimate carbonaceous BOD, mg/l

t =time, d
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Slope =k

-In(C/Con)

t

Figure 2.20. Graphical analysis for determinatibfirst-order reaction [1].

2.9 Summary

This chapter covered; investigation of the micrbldas movement in the transparent
water, and the possibilities of micro bubbles perfance, which is DO level and
pathogen removal. The researchers before nevey #tedsignificances of increasing
DO level when the micro bubble was used in aergtimtess and the other effect of
the micro bubble aeration in suspended particleagmhent, therefore the result is the
clearer water. The performances of micro bubbleatamr subject to suspended
particles separations and high DO level increasifgr this research is proposed a
novelty of water purification system that of usingcro bubbles better separation
suspended particle, and better DO level increasmghe same time, therefore
optimum biodegradation and nitrification also clraeffluent water can be achieved.
The millimeter bubble in aeration (as in ordinaryastewater treatment) can be
replaced into micro bubble aeration. The aeratigstesn needs to be designed and
applied in the water treatment plant. This resededis with experimental set-up and
experimental procedure. The experimental set-dpliswed by bubble dynamics and

suspended particle entrainment, whereas the expetiprocedure is followed by
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Biodegradation and Nitrification process. The aadd sludge technique is used in
Biodegradation and Nitrification of UTP resident stewater equipped with
submerged millimeter and micro bubble aeration. Jingpended particle entrainment

is simulated using CMC polluted water.
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CHAPTER 3

METHODOLOGY

Two experimental set-ups equipped with flow andspoee transducers are used to
study the bubble dynamics and biodegradation psoc&sme measurement devices
like the LDA/PDA, high speed camera, DO-meter, idirbeter, surface tension-
meter, density-meter and viscometer are used tataraie required variables and
parameters. The polluted water is simulated todlser similarity of wastewater
physiochemical characteristic. The acting forcelsuations of suspended particles
entrain in air bubbles rise motion using proposgdations are represented. The
relation graphs of velocity ratio and bubble size plotted to represent the rate of
separation process. Finally the suspended pargcigzainment and DO level
enhancement in wastewater treatment need the kultabble size and velocity. The
sub-millimeter holes in aluminium plate and microrqus of sintered glass plate
submerged diffusers are used to generate theandlimicro air bubble respectively in

the aeration system.

3.1 Introduction

In millimetre bubble aeration, the perforated aloionn plate is used as diffuser. The
diameter of varied holes range between 0.103 t820rt@m where the pressurized air
goes through and air bubbles emerge from the alumimplate surface. Figure 3.1.a.
shows the water circulation in aeration system gigmllimetre air bubble. The

diffuser is located in the bottom side of waterucoh where the pressured air is
injected. The swirls exist stronger when the fasierflow is applied, whereas the
swirls exist weakness when micro bubbles flow esvelr due to its smaller buoyancy.
Figure 3.1.b. shows the expression of millimetréoldes and suspended particles
circulating within the vertical water column. Thelbles motions push water and

suspended particles upward. On reaching the toel lel water, the bubbles are



floating on the water surface and breaks releasedrapped air into the atmosphere.
When the bubbles break, they leave wave towardswvtiks of the container. This
small wave would help suspended particle to movthéoedge of the vertical water
column. Some of the particles close to the walth&f container would move down
with the passage of water and return back to mgweard after reach the base of
water column. This circulation last longer as teeaion process. The settled particles

would form scum on the water surface close to drgainer wall.

In micro bubble aeration, the porosity of sintepaous glass has been used as
diffuser holes to produce micro size bubbles. Déife porosities of sintered glass is
used to produce different size of micro bubbles dHlfuser holes are formed due to
the void fraction among glass crystals. Small aigsproduce small porosity and
hence smaller diffuser hole [81-83]. These poresitivorks as diffuser holes where
the pressurized air goes through sintered glass,ath bubble emerges from the
surface of the diffuser. Since all the spaces betweriation glass crystals are not
equal, therefore they always produce air bubbl@ irange of size. Using sintered
glass, the production of same size holes is veffjcdlt. The pressurized air is
adjusted minutely to produce micro bubbles. Thigable pressure can not be
increased anymore, due to increase inlet air pressil also increase the inlet air
flow. The increasing air inlet flow will generatagbger bubbles (millimeter size
bubble), due to emerges between bubbles verticalyperimentally the maximum

pressure is 33 kPa, where the maximum air flow@4® m3/s.
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Figure 3.1 b.The air millimeter bubbles trajectand suspended particles circulation

in water column.

Figure 3.2.a. shows the gas holdup and liquid visloGhe micro bubbles have
longer distance in horizontal than vertical duetlie longer distance between its
porous holes of sintered glass. Therefore everyleubas its gas holdup and liquid

velocity. Fig 3.2.b. shows the expression of mibudbbles and suspended particles

circulating within the vertical water column. ThHmubbles push the suspended

particles upward, therefore they slip among watetecule. While the water stands
still at its place. The bubble-particle pairs maslewly. When the micro bubble
breaks on the water surface the patrticle is ldfirme The settled particles would form

scum on the water surface close to the containttr Wee water would be clearer than
before aeration process.

The process of removing the suspended particlesngnued for a certain period
of time, but not all the suspended particles careb®ved from the water; however, a

significant reduction of water turbidity indicatéee effectiveness of this system.
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The bubble characteristics, such as diameter alogitseare investigated for their
relationship with air pressure and flow through diféuser.

== (Gas holdup system

”_‘,_...—— Liquid velocity system

=== \Wall of column

Figure 3.2 a Gas holdup and liquid velocity syst&sh|
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3.2 The Experimental Set-up

The experimental set up is a square water coluranin a cross-sectional area of
100 cn?, with submerged diffuser at the bottom of the omluas shown in Figure 3.3.
and Figure 3.4. The diffusers are a perforated elum and porous sintered glass.
Perforated Aluminium diffuser is a circular disc® mm diameter, 3 mm thickness
and having holes in it in the range of 0.1mm tor@m. It use for produce millimeter
bubbles. The porous sintered glass with porostgfes-40um is used to produce air
micro size bubbles. The air was forced throughdifieiser to produce air bubbles
through the holes at the diffuser surface. The lasbleleased from the diffuser
surface would move upward due to buoyancy force thedhorizontal and vertical
components of their velocity would depend upondize of the bubble. The vertical
would help in moving upward, whereas horizontal porrent of velocity would force
the bubble to move left or right. The horizontaltmoo of bubble is considered to be
as a stirring action, i.e. it would mix the suspetgbarticles into water. The Bubbles
will act as function as stirrer, dissolve oxygeunsgended particles lift-up, transfer
mass and transfer heat. The transducers are fideebn compressed air source and
the diffuser. The transducers are monitoring thaeratteristics of air before entering
into the water column. The parameters those ardtared as pressure, air flow and
temperature. The max pressure gauge range is 4ak@dlow meter is measure
between 0 to 5 lit/min. The range of the millierebubble is 1 to 50 mm, whereas

the micro bubble is 1 to 100 micron.
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Figure 3.3 Schematic diagram of experimental sebypoduce bubbles in a vertical
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Figure 3.4 Experimental set-up showing, (10 x I8)vertical column for

measurements of bubble dynamics.

3.2.1. Sub-milli Hole Diffuser

The capability of conventional drilling machinedlirnited by the drill size, therefore
they may not be used for very fine holes. Anotherywef drilling micron holes is
(Electric Discard Machine) EDM machine, which hgsia the limitation of cutting
thread, but is capable of drilling sub-milli sizeolés as shown in Figure 3.5.

Additionally, the holes drilled by EDM are not aitar because of electric spark
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uncertainties. However, a diffuser was preparedinga\holes in the range of
0.103 mm to 0.272 mm

Figure 3.5 Perforated aluminum plat 3 mm thickn88snm diameter machining by
EDM die sinker (a). 0.272 mm; (b). 0.103 mm

3.2.2 Micro Hole Diffuser

The sintered porous glass has micro porosity thatfenction as a diffuser to produce
micro bubbles. The three sizes (1-10, 10-16 and@@m) of sintered porous glass

were used in this research as shown in Figure 3.6.
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Figure 3.6 a. 5 mm diameter of Sintered poroussgligfuser has 10-1pm pore size.
b. SEM image of sintered glass diffuser showingpibies as dark points. c. The 300
magnification of the glass porous.

The surface is not in a plain due to the roughnBss.porosity locate in among of
the glass crystals, therefore the porosity holegeimeral have inclination and very rare
in vertical position. Different glass crystal sdistribution and their porous position at
the surface tend to vary the bubbles productionmioro bubble production the
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horizontally merging between bubbles is rare, duthé horizontal distance between
porosity holes is longer than the diameter of periooie.

3.3 The Experimental Procedure

To study the effectiveness of biodegradation atrifination process, the comparison
between millimeter and micrometer diffuser were elofin experimental setup using
two vertical reactors A and B, each of 140 mm lang40 mm width and 500 mm
height were used. Perforated aluminum was usedraduce millimeter size air
bubbles in reactor A. Porous sintered glass witogties in the range of
10-16 micron was used to produce the micro bubblesactor B. Compressed air at
a pressure of 63 kPa at a flow rate of 2.5 L/mis vasced through the diffusers at the
bottom side of both reactors. Figure 3.7 showed $ithematic diagram of

experimental apparatus.

AR FLOW

b SINTERED PERFORATED

L+ POROSITY | f- ALLBIMUM DISC
GLASS DIFFUSER
DIFFUSER

AlR COMPRESZOR

= § = = L =
__',-"-I:I

_

\NR YALVE

Figure 3.7 Schematic diagram of experimental pefiou Biodegradation and

Nitrification.

Biomass for the degradation of organic matter waleert from a municipal
activated sludge plant and placed in both reactdtse biomass was acclimatized for
2 weeks prior to experimentation. The 5 litergsaW wastewater sample was treated
in both reactors. Aeration was then provided thhothe perforated aluminium disc

diffuser and the micro sintered glass bubble défus reactors A and B, respectively.
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Aeration was continuously provided throughout thedg. Sampling was taken at
regular intervals of time; 1, 3, 6, 24 hours ud8lhours and then every 3 hours after.
The samples were settled, filtered, diluted (1:200d tested for COD, sCOD

degradation rate, ammonia-nitrogen (NK) removal and nitrate-nitrogen (N@)

production.

3.3.1. The Micro Bubble Size Selection for Aeration

The wastewater aeration is one of the processe® dmfore discharging the
wastewater into the river. The purpose of aerai®no supply oxygen to the
microorganism in the wastewater. Generally the temrgorocess use millimeter air
bubbles, whereas the micro bubbles aeration inerdesDO level significantly due to
increased interface area between air and water.nTillieneter bubbles have faster
upward motion, whereas the micro bubbles have dlpward motion and give
sufficient time for transferring oxygen. Figure83shows the existing and new
proposed aeration process. The micro bubbles aeraian effective and efficient
process, due to high DO level increment, shametof aeration and savings in
energy, whereas the millimeter bubble aeration segltlitional process to separate
the suspended particles that remain in it. The grgplection of porous sintered glass
should be started according to suitable micro beilsite. This micro bubble size is
determined by the existing suspended particlesase of varied range of suspended
particles size contaminant water, this aeratiordriede redone several times to reach

the require turbidity level.

Figure 3.9 shows micro bubble size selection foat@n process. The bubble
characteristics are determined by the type and estretion of pollutant. The
pollutant influences the water psychochemical ottersstic like viscosity, density
and surface tension. These psychochemical chasicigrare playing a role in
generation, detachment and motion of micro bubbl&ince the availability of
sintered glass in the bubble production is limitdarefore the selection is taken in
three ranges (1-10, 10-16 and 16-40 micron porpditythis research the bubble size
is categorized in three range; fine, medium angeldubble to select the 1-10, 10-16
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and 16-40 micron of porosity sintered glass. Th#exint particle size and
concentration of pollutant, the different bubbleesand different porosity of sintered
glass is needed. This micro bubble aeration proessdts with the particle disposal

(solid waste) and clearer water (liquid outcome).

56



‘.

Wastewater millimeter
bubble aeration
treatment

A

Primary
target

Oxygen supply
Provide mixing

Aeration
process

|

Sufficient
DO level?

o]

No

"

Waste water micro
bubble aeration
treatment

v

Primary
target

v

Oxygen supply
Suspended particle
separation

.

A4

4

Micro
bubble
Aeration
process

DO level?

Sufficien
Turbidity
level

o]

(b)

No

Figure 3.8 a.The existing aeration process, b.proposed aeration process.

57



o]

Micro bubble
aeration

y

Particle size
Type and
concentration of
pollutan

Bubble size selection

Fine bubble
20-45 micron

Medium bubble Large bubble
45-70 micron 70-100 micron

A

y

Sintered porous glass selection

1-10 micron 10-16 micron 16-40 micron
porosity porosity porosity
L Y l
¥
Aeration
process

v

Particle
disposal

Clearer
water

v

Lo
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3.3.2.Measuring Apparatus

The experiments were carried out by using the miegguevices to investigate the
results. The measuring devices used were i.e: PR, speed camera, Turbidimeter,
DO meter, Surface tension meter, density meter @sdometer. The working
procedure, the use in this experiment and the fpatoon are discussed in detall
below.

3.3.2.1The Particle Doppler Anemometry

The bubbles movement was investigated by usingPtbA&. The main principal of
PDA is to measure the movement of the bubblesenatater column using the laser
beam. Four laser beams having a diameter of 1 mershot from a laser source. Two
laser beams were horizontal (blue, at the rightlafiposition), and other two beams
were vertical (green, at the top and the bottorhe Tight made a cross junction at a
certain point. The refraction of light (when lightet bubbles) was accepted by a
receiver and detected as a burst shown on a moidswh burst was detected and
noted as a data sample. The number of samplesus tb 2000 and the sampling
duration is 30 seconds. The source voltage is 006 and the anode current for the
receiver is 10 mA. The data presented contain ahlBe diameter (should less than
1 mm), and bubbles velocities (vertical and hortafnThe vertical movement is only
in one direction (upward), whereas the horizontavement is in multiple direction
due to the bubbles have freedom movement in haat@ain. Figure 3.10 shows the

monitor screen of PDA.
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Figure 3.10 Monitor screen showing the burst winenlaser meets bubble [86].

Focusing of the four laser beams, the alignmentulshdbe done before the
measuring process. The alignment is done by plaeingn hole adjuster at the
focusing point where these four beams would passugh it. Unless the beams are
assured to be aligned in a high precision, the oreasent can be taken. Figure 3.11
shows the beams focusing. The obstruction in betwee traveling of the beam will
result in a fluctuation in the measurement valdes, to the beams are measured by a
back scatter mode. The back scatter is a modetafgddhering. When the bubble hits
the focusing point it will reflect a wave travelingack in the same path where it

traveled come from. This wave will be interruptexyy éime as an obstruction.

The lens focal length was 500 mm and the measwadihgle between the laser
beams was 2%which produced a measuring volume with a diamet&3 um and a
length of 1.64 mm in air. The data measuremetdken at 5 cm from the base and

2.5 cm from the center of water column.

The error and uncertainties are produced from flas laser beam, where the
reflections beam at zero velocity of air flow irettvater interference to the refraction.
The total Doppler varianc®p? equals the sum of the velocity variance and
broadening effects, assuming total independenceramdiomness of its constitutive

term is given by:
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Where the subscripts F, T, g and Ib stand for dirtransit time, turbulence, mean
velocity gradient and instrument broadening. Tihéditransit time broadening occurs
when more than one bubble is within the measuriotunae, but is limited in
frequency counting system to the resolution of¢benter. It provides that only one
particle is within the scattering volume at any dimee. A guarantee given by its

validation circuitry, hence it is zero and the cmunresolution ambiguity comes
undero}; . The turbulence variance doesn’t occur due tdaimnar flow of air bubble

is applied, proved by the result that the Reynolgimber of bubbles is maximally 70.
The mean velocity gradients lead to a broadeninth@fprobability density function
across the measuring volume and to a mean veldoag which. Instrument
broadening is produced by the different electrotmenponents. For time domain
signal processing systems, the broadening due atwsitr time effects is zero. It
provides the validation circuit prevent informatimfluenced by the presence of more
than one bubble in the scattering volume to be aoreds The inherent noise becomes
the main source of error consequently dug foclock pulse error of the counter.

& _ v,

Vp Nf 3-3)

clock

Where N is the number of cycles counted by the ggsor and . is the clock
frequency which for the present case is 250 MHz Trfeasured maximum Doppler
frequency never exceeded 16 MHz and, with the #aqy validation performed by
comparing 10 to 16 cycles of the same burst, tlreiracy of the counter is within
0.4%. The resolution of the floating point formdtthe data is another source of
uncertainty which less than 0.1 % of the total Oepgrequency. The coprocessor
used in the statistical calculations (BSA softwdray an uncertainty limited by the
use of 6 significant digits which is negligible. @der and computer errors are
relative to the total Doppler frequency and the rbayimportant when the frequency
shift is high relative to the velocities being maasl. For the present air bubble flow
measurements, the frequency shift representedastt falf of the total frequency but

never exceeded three quarters (for low Reynoldsbearbubble flows) so that, the
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values given above in this paragraph have to beipheatl at most by four if they are
to represent uncertainties of the velocities. Tlugeg the maximum uncertainties of
the velocities introduced by the counter and dateét are 1.6 and 0.4% respectively

at low Reynolds number bubble flows.

Finally, under the broadening due to other effeig,..), is included a

diffraction of beams according to the manufactucdér&ater column glass. For flows
which are strongly unidirectional such as bubblse-up flow, the accuracy in
positioning the laser beams in a plane parall¢ghéoflow can affect the measurement
of transverse components. In this case, the perpdadty between water column
axis and laser beams plane was withir? Oki&nce contributing to the uncertainty of
the vertical velocity component with 0.5% of theadocomponent.

Positional error is introduced by the method usedotate the control volume
inside the water column. This relies on visual obsgon of the beam crossing at the
internal wall and leads to an uncertainty of aboaif the measuring volume length,
l.e, 200um.

From the description of uncertainties and with tf@mulas above, the
uncertainties in mean of the fluctuating velocitiésd positioning the measuring
volume are listed in table 3.1 follow. The corren8 for velocity gradient effects
were applied to the mean velocity data. The vejagiadient correction relative to the

measured value was for the mean velocities less tha% in regions of high shear

rate.

Table 3.1. Maximum uncertainties in mean velocity.
Source of uncertainty Systematic Random
Averaging and amplitude effect 2% 0
statistical - 1% (sample size<50)
Perpendicularity of beams - 05%U
Velocity gradient + 1% (correction) -

In conclusion, the maximum overall relative uncettaof axial mean velocity is

estimated to have a random of less than 1.5%.dbtibble flow the uncertainties are
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even lower because of the laminar flow. The maxinunoertainty in the position of

control volume is 20@m for the transverse directions.

The Overall mean data sample is formulated asvollo

R RHR AR TR, (3.5)

s
The population standard deviation is noted below:

T AR, oo e (3.6)
Whered is depend on sample sizis1 when the sample size is less than 50 in this

research sample data size is 20.

The uncertainty of data sample is calculated deviol
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Figure 3.11 Beams focusing point [84].

Since the working principle of laser beam is reffiatg scattering and polarization,
the Dantec Dynamics A/S 2002 has a specificatioriolsws. The input relative
refraction index is valid in the range between°Q® 2 and the scattering angle
between 2 to 180. The confidence of linearity of output in paralf@larization is

98%. The dominant scattering order is first ordefraction. Figure 3.12 shows the
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confidence vs scattering angle. It indicates thefidence of linearity for a particular
particle type. In that Figure the best scatteringl@ais 68.

The calibration method of the Dantec Dynamics ABB22is followed. The probe
fringe spacing (&) is calibrated against a flywheel which known apeaipheral
velocity (Uef). The flywheel velocity is calculated from number relvolutions and
wheel radius (r). The nominal velocity conversiantbr kom = thomiS calculated from
nominal fringe spacing as formulated
Urom =W/(2sSin(@tan(Rm2L))) MM .o (3.8)
Where: W= laser wavelength in nm

L = focal length in mm of front lens

Shon= NOMinal beam spacing in mm.
The calibrated velocity conversion factag ks calculated as flywheel velocity,d)
divided by frequencysta measured using BSA software. The calibration réopemed
in a number of sectors across the measuring volainmane flywheel velocity. The
average of the velocity conversion factors is wkdhwith respect to expected
sensitivity distribution Wacross the measuring volume; i/defined by the number

of samples N in each sector. A sector is only idetly when Ncior> 10% Of Nhax
[86]

Confidence vs Scattering Angle
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Figure 3.12 The confidence vs scattering anglé@fantec Dynamics A/S 2002
[86].
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3.3.2.2The High Speed Camera

The Fastcam-x1280pci high speed camera was ugbdsinesearch for capturing the
bubble upward motion. The slow motion bubble carcéetured, the bubble upward
velocity and the size can be measured. This cahesdraming rate in two modes i.e:
full frame and partial frame. In full frame, theptaring figure rate is provided in four
rates; 60, 125, 250, 500 FPS, whereas in the padrae the rate is available in five
rates; 100, 2000, 4000, 8000, 16000 FPS [87]. ik ksearch has been chosen the
partial framing in 2000 rate. This reason of theading is partial captured can be
focused in a small area with adequate framing f&te. bubble velocity and size can
be calculated from the slow motion by putting agiinscale inside the captured area.
The resolution (pixels) in image framing rate avaikble in many choices. In this

research has been chosen the 640x256 resolutibr2@@0 framing rate.

3.3.2.3Dissolved Oxygen Meter

The EW-35641-00 DO meter is used to measure theld¥® in the water. The
readings are displayed in mg/l, ppm or % saturasiomultaneously with temperature
value, Calibration can be done independently 100% @% calibration point to
achieve high accuracy over the entire range. $ebth number using the real sample
with known DO level (100%) and set the DO levetato for a relative measurement
(0%). Increase reading accuracy by entering bambenptessure and salinity, the
meter automatically calculate offset. Setup functatisplays electrode slope, zero
offset and mill volt. The real time clock stampsret reading and calibration data
with date and time[88].

3.3.2.4Turbidimeter

The Hach portable turbidimeter model 2100P is useaheasure the water turbidity.
The 2100P combines microprocessor-controlled ojerand Hach's patented Ratio
optics to bring greater accuracy, sensitivity, aaliability to field testing. Its two-

detector optical system compensates for color & dAmple, light fluctuation, and
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stray light, enabling analysts to achieve labosatgrade performance on a wide range
of samples. The direct digital readout in nephelommeurbidity units, the need for
calculations or interpolation of calibration chaits completely eliminated. The
measurement method is Ratio Nephelometric sign@f) (8catter light ratio to
transmitted light. The 2100P Portable turbidimetercalibrated with Formazin
Primary Standard at the factory and does not regicalibration before use. Hach
recommends recalibration with formazin once evéingd month, or more often as
experience dictates. Measurements may be madetivathignal average mode on or
off and in manual or automatic range selection makdeng automatic range selection
is recommended. Signal averaging uses more povdestaruld be used only when the
sample causes an unstable reading. Signal averagewsures and averages ten
measurements while displaying intermediate resdlte initial value is displayed
after about 11 seconds and the display is updatedy€l.2 seconds until all ten
measurements are taken (about 20 seconds). Aigettie lamp turns off, but the final
measured turbidity value continues to be displayetil another key is pressed. When
it does not in signal average mode, the final vadudisplayed after about 13 seconds.
Accurate turbidity measurement depends on good umeaent technique, such as

using clean sample cells on good condition and vémgaair bubbles (degassing).

The sample water data is pour into clean sample beffore inserting into the
instrument cell compartment. The cell needs toviped to remove water spots and
fingerprints. The measurement can be started imategiafter the lid to be closed to
prevent temperature changes and settling. Theumsint should place on a flat and
steady surface during measurement. The opticémsyscludes a tungsten-filament
lamp, a 90 detector to monitor scattered light and a transaitight detector. The
instrument’s microprocessor calculates the ratioth&f signals from the 90and
transmitted light detectors. This ratio techniqoerects for interferences from color
and/or light absorbing material (such as activatadbon) and compensates for
fluctuations in lamp intensity, providing long- tercalibration stability. The optical
design also minimizes stray light, increasing measent accuracyAlong micro
bubble aeration is running in 0.25% volume of CMiQistilled water, data sample is
taken every 15 minutes from the water column andsuead the turbidity. The data
collection from three types of porosity of sintegddss are continued until 5 ours with
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constant air pressure and flow. This experimentejgeated 10 times before the
average of turbidity data is calculated [89]. Key3.13 shows the 2100P portable

Turbidimeter working principles.

Glass

Sample Cell
al m Transmitted |
= Light
90° Scattered
A Light

Lamp Lens Aperture

Detector

Source: Sadar, 1996; photo revised by SAIC, 1992,

Figure 3.13 The Hach 2100P portable Turbidimeterkwprinciples[89].

3.3.2.5Qurface Tension Meter

The IFT 700 is designed to determine interfaciabten and contact angle. Basically a
pendant drop or standing bubble/drop (drop fluiddynbe generated in a second
immiscible fluid (pressure Fluid). The drop shapeage is computed, and then the
interfacial tension is computed from solving algjom of the Laplace transform

equation. The bulk fluid refers to the fluid whehe droplet is released, for example;
water droplet release in the atmosphere, hends #ie bulk fluid, whereas the drop
fluid refers to nature of the fluid of the dropléty example; water droplet release in

the atmosphere, therefore water is the drop fluid.

The calculation of surface tension starts fromahgle and size of the droplet that
has been captured. Assume a droplet shape isicghg@ressure inside the droplet
(Pnt) and pressure outside ¢, when equilibrium state is reached, the energy
required to increase or decrease the droplet volamesitive. In the other words, this
state matches to the minimum energy level. To as@ehe droplet volume (49...),
energy required as follow:

N, e = (Pt =Po )V i n(3.9)

volume
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The increasing the energy of surface area induces:

They is the interfacial tension. To modify the radiuk a spherical droplet, the

coeeeenn(3.10)

infinitesimal energy variation is:

S = (P, - PM)J(“’fs) FYBATREY oo (3.11)
%:—(Pint —P AR+ Y8R ..o n(3012)
The optimum value Whe%% =0

ceeeennn(3.13)

2
or (P, —PM):EV

The internal pressure is higher than the extermabgure, more exactly the
pressure on convex side is bigger than the conoageTherefore, the argument does
not depend on the phase nature of the dropletidliqoplet inside a gas or gas inside
the liquid). This relation can be extended to thape of a real droplet. Curve radius
Ri at each point of the surface area can be defiretdS is a surface (separation fluid
A/fluid B), which the curves dI1 and dI2 with radilR1l and R2 (Figure 3.14). The
force f counterbalances the vertical resultant dofom interfacial tension can be

defined:
DP.S= PG, covovooeoeee oo (3014)
F 2 Gl oo (3.15)
AP =208 E0 oy (3.16)
d, d,
11
P P ) S P =) e (317
(Pt = Pot) J/(R1 Rz) (3.17)
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Figure 3.14 The convex layer between air bubbleveater.

Moreover, taking into account the fundamental eiquadf the equilibrium of the

forces at a point of the dropAR.S = mg), interfacial tension can be computed afte

some mathematical Taylor's development and diffeaeformulations. The IFT 700

software enables to determine the interfacial tansirom the Laplace-Young

equation based on the shape of the droplet [903. sthiface tension measurement is

based on the drop image captured. After the arfglgerface is measured, the surface

tension force can be calculated.

3.3.2.6Density Meter

The DMA 35 N portable density meter measures tmsitie of liquids. Two types of

unit are available in g/ctror kg/n?. The sample is filled into the measuring cell gsin

the built-in pipette-style pump or a syringe. Tleenperature is displayed after the
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temperature sensor measures the sample tempertiisgréemperature can be used
internally for automatic temperature compensatidnttee density reading. The

temperature coefficient can be calculated accorttirige formula [91]:

P~ P,

Temperature coefficient

t,-t,

Using the DMA 35 N portable, the density of glycesolution in the distilled
water is measured, and found the density of 0.4%mwe glycerin is similar with the
UTP resident wastewater. Before performing any mnessents, prepare suitable
cleaning agent or solvents to clean the PTFE (pymgbon, filling tube) and
borosilicate glass (measuring cell, pump cylind€he resistant of all material contact
(PTFE and Borosilicate glass) should be eliminaidet resistant could be air bubbles
or other particles that stick on the material contdherefore every measurement

should be continued with cleaning the measurinpgteelvoid deposit of coating.

3.3.2.7Viscometer

The Fann Model 35 viscometer is used to measurglieerin solution in volume
fraction 0.1%, 0.2%, 0.3%, 0.4% and 0.5% in thiseegch. This model is direct
reading instrument which available in six speedd &8 speeds designs for use on
either 50 Hz or 60 Hz and 115 volts electric powlrese are true couette coaxial
cylinder rotational viscometer since the test flisdcontained in the annular space
(shear gap) between an outer cylinder and the Wislesosity measurements are made
when the outer cylinder, rotating at a known vdigctauses a viscous drag to be
exerted by the fluid. This drag creates a torqueéhenbob, which is transmitted to a
precision spring where its deflection is measured then compared with the test
conditions and the instruments’ constants. Visgasita measure of the shear stress
caused by a given shear rate. The relationshipdsstvghear stress and the shear rate
is a linear function for Newtonian fluids. Therefothe model 35 is recommended
calibration for Newtonian fluid. The measuremenindicated on the dial with the
standard rotor, bob, and torsion spring operattr@Pa rpm and in centipoises unit.
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The calibration is checked by applying known tosjt@ the bob shaft. For any
applied torque, within the torque range of the rgpritherefore should be a specific
dial reading plus or minus a small tolerance. Tle tmethods of calibration are
recommended, that are dead weight calibration hnd ¢alibration check. The dead
weight calibration is easier to perform and if thegring requires adjustment, the
proper setting can easily be verified. The standlaid calibration check verifies the
complete instrument is operating properly. It vditermine problems of bent bob
shaft, rotor eccentricity, and/or run out of théoroor bob more effectively than the
dead weight method. The standard fluid calibragpvacedure should be used for

calibration using only Newtonian certified caliboat fluids [92].

3.3.2.8The Pollutant

Carboxy Methyl Cellulose (CMC) is used as a suspdrghrticle pollutant in distilled
water. The microscopic image of CMC patrticle iswhan Figure 3.15. The carbon
molecules are white color while the dark colorhe tellulose. The carbon patrticles
produce turbidity in the water. Using air bubbleatien through submerged diffuser,
the carbon particles are lifted to the top of watgumn, where they can be separated

from water body. Hence the turbidity level woulcccease.

The 0.25 % of a food grade moisture retention ag@arboxy Methyl Cellulose
HP-8A is added in distilled water to imitate susgesh particle pollutant as in the real
wastewater. This CMC grade HP-8A increase waterogity up to 25 cps in 2%
solution [93], therefore the 0.25 % CMC pollutedi@aloes not increase its viscosity.

Hence the suspended particle pollutant in thelldidtwater can be represented.
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Figure 3.15 The Microscope of CMC, The particleesg 1 to 20 micron, monitored

by Scanning electron microscope (SEM).

The behaviour of aeration through micro bubblesl|domot be understood
properly unless, the physiochemical characteristitsvater are close to the real
wastewater. Moreover, due to the limitations o ttésearch, the PDA can only read
the motion of micro bubbles, if the solution is nsparent, therefore, Glycerin
impurities are used as a colloid solution to sttiaybubble characteristic in the water.
By adding glycerin in volume fraction of 0.1%, 0.2%.3%, 0.4% and 0.5% in
distilled water, the physiochemical characteristiovastewater can be imitated. The
physiochemical characteristics of 0.4 % volume gtytin the distilled water is close
to UTP resident wastewater, therefore the voluraetion of 0.4% glycerin is used for

further experiment.

3.4 The Forces Acting During Bubble Generation andetachment

There are two situations when the bubble is exthenm8iuenced by various forces
and they are at the time of;

1. Bubble generation,

2. Bubble detachment.
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Both condition have own force balance and differemte compositions. The
forces are influenced by gas momentum force, serfagsion, viscosity of liquid, and
air-water density differences, when bubble is gateel. Meanwhile after detachment
from the diffuser, two forces act on the bubblejollare buoyancy and viscous drag.
These two forces are depending on the liquid visgoand air water density
differences, whereas, inviscid inertia force antlide interaction forces are neglected.

The bubble diameter and velocity are the main fadtr controlling the
movement of the bubbles. Painmanakul et al. [3dihébthe hydrodynamic parameters
(bubble size, bubble rising velocity, bubble forioat frequency) is important
parameter for controlling the floatation proces®ily wastewater. Buoyancy and gas
momentum force are in upward direction, the othames downward. Any incline
diffuser holes position would effect the bubble mi&igation. The detailed forces act

before detachment is listed in Table 3.2.

Some porous diffuser have a rough surface, thexedosmall part of the surface
would be flat and the rest of the surface wouldrnméined as shown in Figure 3.16.
This condition will influence the surface energyedo decrease bubble pull out force
(Fv and ). These acting forces will change slightly whee phosition of diffuser
hole does not in the plain, eventually increashggize of bubble (Figure 3.16. b and

C).
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Table 3.2 Summary of equations showing variouse®exerted on a bubble at the time of generatidrdatachment.
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Sym- | Description | Eq. when pore is in a vertical Eq when pore is in horizontal Eq when pore is at8° inclination| Eq when the bubble detach fror|
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Figure 3.16 The balance of forces acting on a grgwubble, for various inclination

angels of the diffuser pores.

a. Vertical diffuser pore: The forces acting on ltible at the time of generation in a

vertical position pore diffuser can be formulatsdoalow:

D Fria =Fu T Fs = F, = Fp i, (3.19)

Where F,, is momentum force an#; is buoyancy force.
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The momentum force of air inlef(, ) would help to generate the bubble, and is

dependent on cross sectional area of diffuser llelesity of air and velocity of air
entering the diffuser. The relationship is:

F, =%D§pgu§ ....................................................................... (3.20)

The buoyancy force is dependent on volume of bybbensity differences

between water and air and gravitation acceleratiertan be formulated as:

7
Fy :Ed,f(,oI T 0) T (3.21)

At the time of detachment, the force acting onlibhble would be:
D Fatocrmen =Fa * Py =(Fo + F, + Fgu + R+ Fo +F ) o, (3.22)
b. Incline diffuser pore @): The forces acting on the bubble at the time of

generation can be described into two directionsticad and horizontal): The
horizontal force acting as an enlarge bubble Sreet

D Frtea = Fu SING+Fy oo, (3.23)

D Frorizonial = Fag COSF i (3.24)
The effective bubble generation forces are:

Fosiow = Fu SING+ Fg = F, = Fo oo seees s (3. 25)

At the time of detachment, the force acting onliibble would be:

> Fictaomen = Fs + Fysind=(Fy +F, + Fou +F  +Fo +F ) oo, (3.26)

Incline diffuser pores always generate bigger bebldue to smaller bubble pull-
out force and detachment force ( equation (3.18) (8:20)) and the enlarge bubble
force (equation (3. 21)).

3.4.1 The Forces Acting on a Moving Bubble

The details of forces acting on bubbles are redolg Fan, Vazquez, and Yeoh
[22, 94, 95]. They detailed all acting forces doudble. Ruzicka et al. [32] studied the
forces at Reynolds number 50 to 200. Kulkarni [2didied the bubble lift force by

balancing the upward and downward forces actintherbubble. The buoyancy force
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depends on the density differences between watdraan while the drag force
depends on CD (drag coefficient), length of chaetfective bubble diameter) and
velocity. Fan [22] described the CD equal to 24¥iReen the value of Re=1 and for
value of Re in the range of 1 to 500 Rivikind angsknd suggested the following
equation which is cited by Xu at el. [14]:

o= L 22 ) a0
k+1| \Re Re"®) Re"®

.................................................. (3.27)
_Hy
Where k = —
H,

As K depends on air and water viscosity thereforeCiheequation becomes:
0484 0081, 146
CD= Re + R + REOTE T (3.28)
. puD,
Where Reynolds number iRe =2 ... e (3.29)

H

Figure 3.17 shows the buoyancy and drag force enftbe bubble and the
vorticity inside the bubble due to the friction Wween air and water. The drag force on

a bubble is formulated:

2
Fop = CD(’ZT d2) p';’B [L2] oo (3.30)

=(0.484,u+ 0081° | 146u°" J g pVE
IOIVBdB (pIVBdB)l/3 (IOIVBdB)OI78 4 ° 2

2

= 00617V, + 001V 70 3vg + LOU I, oo, (3.31)
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AL

Figure 3.17 The free air bubble forces in water[23]

By assuming upward forces as positive and downésadegative, the balance on the

free bubble is:

Z FB = FBB - FDB

2
Vi 17
= Edg (0 = Py)9 — 00647V, — 001 ° vy = 191 %P g ®vy .o, (3.32)

Where g is bubble buoyancy force angdHs bubble drag force. After collision with
any suspended particle the bubble-particle pait mibve upward together, since

suspended particle is floating in water.

3.4.2 The Forces Acting on a Bubble-particle Pair

The forces acting on the bubble and particle, wiheyy are in contact, are shown in
Figure 3.17 and upward movement of the suspendeitipahas been studied under
the following 3 conditions:

1. When the particle diameter is similar with the bigldiameter.

2. When the particle diameter is smaller than the butlameter.

3. When the particle diameter is bigger than the beibidmeter.
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The vortex inside the bubble due to air-water imittis shown in Figure 2.3 The
vortex would help the smaller particle to remaitaeted to the bubble as long as they
are in line of motion. Similar behavior is expecfed larger particles; however, in
case the line of motion is changed, then the bubbleld be separated and would not
force the particle upward. A next inline bubble Wwbtake the place and pushes the

particle upward, unless, the particle reachesdpe t

3.4.2.1\When Particle Diameter is Smilar to Bubble Diameter

The passage of bubble-particle when they have aimdiameter is shown in Figure
3.18. The upward force is buoyancy, whereas thend@sd force is drag. The drag is
produced by the particle, while the buoyancy isdpiced by air bubble. The bubble
and particle are assumed in a line moving upwarg.aBsuming the surface area
condition is similar, therefore the particle dragsimilar with the bubble drag and

formulated as:

1
Fop = 006470, v, + 0014370 2V, + 1O T /Y2, oo, (3.33)

The balance force is:

z Fei = Fas = Fop
2
T N
= Edg(,oI ~ 0y)9 — 00647V, — 001 ° 2y, — 19 %P, ... (3. 34)

2
AF = {’g d3(p, - ,)9~ 067D 4V, — 001 7l PV, — 1.9p°-78m;22v3} -

2
Vi L
{6 ds (o = py)9- (0067 v, + 001 ° rd v, +19u %" rd 1%y, )}

2 2
= (0067, + 0013 7m.2 + L9 ™7 222)v, — (00617, + 0014 + 1918 22y,
oo (3.35)

The velocity ratio is:

12
3
P

Ve(B) _ Ve(B) _ (O.OG/,[I ,dp + O'O]-pu| 1/3d + 1-9/J| o_78d ;22)

Vi) tVp Ve

2
(0064 d,, + 0014°d.® + 19y °°d2?)
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YY VY
Figure 3.18. The bubble-particle pair, when thantkters are similar. Assuming the

bubble and suspended particle are vertically ie.lin

3.4.2.2\When Particle Diameter is Smaller than Bubble Diameter

Figure 3.19 shows the bubble-particle pair whenlthbble diameter is bigger than
the particle diameter. The drag forces are prodimethe movement of particle and
bubble. The bubble drag force as described in equéd.30) is :

13 078 2 2
F = ( 0484y 008],(11/3 N 14.6,1,1078)7_TdB(dB ~2d, +£) P\Vg
PVeds O Vedg pVedg™ 4 dg”~ 2
2
= (006urw, + 001w d 2" + 191w, d 22%)(d — 2d, +%) ........ (3.37)

B

The balance force is formulated:
z FBZ = FBB - FDB - FDP

JT d2
=Edg(p| _pg)g — (006urwg + O-Olrul/smsdéls + 1-9/1078msd§22)(d5 -2d, +d_P) -

B
2

(00647, v, + 001" EVP + 194 %% 2%v,)



The force deference between the bubble-particlegiar and before is formulated:

AF = Z Fbefore.merge - z Fafter.merge

2

AF = ’—67 d2 (0, - £, )9 ~ 00674V, — 001 7dl Py, — 191 W2y, | -

2
022 d

/4
Edg(,o| - py)9 — (006um, + 001u*°mwyd2"® + 194 *v,dg?)(d, - 2d, +d_P) -

B

2
006,y + O.Oly1/37di3vc +194°%%m v,

B

2
= 7w, (0064 + 0014%d 2" +1.94°%d 022)(% ~2d,)+
B

2
7w, (0061, + 00143 ? +1.94°7d 122
Assuming the bubble particle pair combines velogiy) is the same as that of

bubble upward velocity s, ) and particle upward velocitw(), the velocity ratio

becomes:
2
Vew _Vaw _  (0064d, + 0014 d ;7 +194,"d ) 2.40)
Vorg + Vo Ve gz )

(0064 + 0014 ™d" + 194, ""d**)(2d, =)
b

Wherevy g, is bubbles velocity before merge the particle apd is the velocity of
the system. It can be divided into three conditias$ollow:
o If the vy > Vg OF Vg >V Then, the velocity ratio would be very high,
therefore the suspended particle separation ratdovoe quick.
o Ifthe Vg < Vg OF Vg <V, Itis not possible, due to the bubble velocity

should be greater than the bubble-particle velaaityr merge.
* Ifthe vgg = Vg OF Vg = Ve Then, the velocity ratio would be very low

and it shows the very slow separation process.
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Figure 3.19 The bubbl() ) is bigger than thetiga (O ). Assuming the bubble and
suspended patrticle are vertically in line.

3.4.2.3When Particle Diameter is Larger than Bubble Diameter

Figure 3.20 shows the bubble-particle pair whenpgasicle diameter is bigger than
the bubble diameter. The representing particle dcagtion is:

DP

_(0.484;4 L 00814"° 14644 ](5 )

2

Vv
= d)— 3.41
pv,d, (,qvpdp)”3 (av,d,)*" | 4 o) 2 ( )

The force balance is:

st = FBB - FDP

2
=7€Td§’(,oI - p,)9 — (0064 77d v, + 00144" 377.d?)3vp +1.94"°md *v,) ... (3.42)

The deference force before and after bubble-partredrge is:
AF = z Fbefore.merge - z Fafter.merge
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2
T 2
AF = {6 ds (o, = py)9— 0067V, — 001" * v, — 1.9 BmvB} -

2
{;’ d2(p, - £,)9 - (0067, + 001 el v, +1.9u°-78mé”vc)}
2
= (006w, + 00137 2 + 194" dl 322)v,. -
2
(006470, + 0013702 + 1.9 22y,
The velocity ratio is:

2
VB(B) — VB(B) _ (0'06:u| .dp + 0.0]’ul 1/3d23 + 1-9/J. 0,78d ;22)
Ve tVe Ve

2
(0064 d, + 001, "%d,® + 194 °°d122)

) ’
LN S
L S
. ,
St R
] M M I

e (3.43)

Figure 3.20 The bubblQ( ) is smaller thanghsicle O ). Assuming the bubble

and suspended particle are vertically in line.

3.5 The Investigated Variables and Parameters

Five experiments were conducted in this study. Vdréables and parameters data that

have been adjusted and taken in this researclsted In Table 3.3.
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Table 3.3. The investigated variables and paramseter

No. | Experiment Variable Parameter
1 Bubble dynamics in Air inlet Bubble diameter, vertical and
distilled and polluted watef pressure horizontal velocities

2 Suspended particle entrain  Air inlet flow  Turlydevel

3 Aeration process Milli & micra DO level
bubble

4 Biodegradation Milli & micro COD, COD removal rate, sCOD
bubble and sCOD removal rate

5 Nitrification Milli & micro | Amonia, Amonia removal rate,
bubble Nitrate and Nitrate removal rate

3.6 Summary

The millimeter size bubble can be generated bygugerforated aluminium plate
diffuser, while for micro size bubble can be getegtausing sintered porous glass
diffuser. A regulated valve is mounted to adjust ihlet air pressure and flow
simultaneously. Some transducers that monitor thpesties of air inlet are mounted
before the submerged diffuser. The submerged @iffisslocated at the base of the
water column. The PDA, the high speed camera ani¥ $&canning electron

microscope) can be used to monitor the bubblespanmiicles properties. The Hach
Turbidity-meter and DO-meter are monitoring thebidity level and DO level

respectively.

The balance of the bubbles buoyancy force and tlélb-particle pair drag force
shows the mechanism of the pushing up of suspepddtles to the top of water
column. The bubble-particle pair upward motion esents the particle lift-up
process. Inline bubble-particle movement takes#paration action, whereas the rest
of the particles would meet the next inline bubblBsie to continuing bubbles
generation, most of suspended particles would parated and maintain on the top of

water column.
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The Biodegradation and Nitrification can be donea@ration process using the

both millimeter and micro diffusers in the simukausly periods of time.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Dynamics of Bubbles

This chapter deals with the high speed camera imamed Particle Doppler
Anemometry (PDA) measurement of bubble movemeudistilled water and polluted
water. The bubbles in both cases show differenceupvard motion between
millimeter bubble and micro bubble. Being the largesize, millimeter bubble have
high buoyancy and higher upward velocity. The babblelocities have two
components, which are vertical and horizontal. Teeical velocity activates the
counter force (drag) to resist the upward moveroétihe bubbles. Under the vertical
and horizontal forces on the bubbles, they tenchimge their shapes from spherical

to ellipsoidal, which eventually changes the drad buoyancy forces.

High speed camera images and PDA measurement@ma s$h this chapter. Size
of the bubbles and velocities are the main parametbe measured, whereas the air
pressure, air flow and porosities of sintered glass the variables. The generated
bubbles are either the non uniform bubbles (popelised) or the uniform bubbles
(monodispersed). The variation of porosity sintegéabs diffusers generate both the
forms of bubbles that are controlled by changing pessure and air flow. The
relationships between bubble velocities and diamesye been characterized and

plotted using some dimensionless number like Regmoumber etc.

Due to the opaqueness of real wastewater, thedmiot pass through it. Hence
it can not be used in PDA measurement, Thus leafiegnly possibility of imitated
polluted water, This imitated polluted water havemigr physiochemical
characteristics (surface tension, density and gisgoas that of real wastewater.



Glycerin in the range of 0.1% to 0.5% is used teppre imitated water for further
investigation. The graphs of relationships among thubble diameter, bubble
velocities and air pressure-flow using variety oftered porous glass diffuser have
been plotted.

The Carboxy Methyl Cellulose (CMC) pollutant prodac turbidity (the
cloudiness of solution) in the water. The CMC caistrepresent the suspended
particle in the range of 5 to 20 micron. The linearve fit graph of turbidity level
versus the PPM of the CMC pollutant has been obseand show the relationships
between them. The decreasing level of turbiditytloé solution shows that the

suspended particles have been reduced in thecattifiolluted water.

Biodegradation and Nitrification need the suffigierygen to fulfill their process.
Compare to the millimeter bubble, micro bubble hasetter in Biodegradation and
Nitrification process, due to the significant of D€vel increasing. The performance

of micro bubble aeration is discussed in this obiapt

4.1.1 The High Speed Camera Image Results

Figure 4.1 shows the image of non spherical shpailbmeter bubbles. In general,
the bubble has a sphere shape, whereas this nemicgdhshape is caused by the
higher forces working on it. The millimeter bubblesve insufficient surface tension
to maintain their shape. The main forces are buoyamd drag. The higher forces
produce higher vertical and horizontal velocity.eTVertical velocity always acts in
upward direction whereas, the horizontal velocltyags acts at left or right, front or
rear. Higher horizontal component of velocity of bubbidicate that bubble move in
non-linear trajectory. Thus can be effect as watgring. The non-linear trajectory
also creates bubbles coalescence and bubbles mergegrequently. The coalescence
is often in the vertical direction due to the higkertical forces (buoyancy and drag),

whereas the coalescence rarely in the horizontattion.
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The various measurements of diffuser holes diameaierbubbles diameter and

rise-up velocity, in case of the perforated Alurami disc diffuser are listed in
Table 4.1. The data is taken from 20 reading pempsas. The air bubble diameters
are found in the order of 10 to 20 times of diffuser holes diameter. Most of the

bubbles have non spherical shape and are contilyuchenge their shape. They move

upward in a non linear trajectory. The inlet preess in the range 5 to 7.5 kPa and
the inlet flow in range 0.024 to 0.042 m3/s.

(a)
Figure 4.1 (a) monodispersed bubbles magnifiedhégi(b) pollydispersed bubbles

magnified 2 times.

(b)

Table 4.1 Bubbles diameter and rise-up velocitywforous diffuser holes.

No Diffuserhole Bubble Vertically upward
diameter (mm) diameter (mm) velocity (m/s)
1 0.247 3 0.332
2 0.271 3.7 0.283
3 0.285 4.09 0.287
4 0.312 3.54 0.296
5 0.321 3.72 0.289
6 0.327 2.82 0.475
7 0.339 6.36 0.409
8 0.404 5.46 0.412
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Figure 4.2 shows the relationship between bubldendter and upward velocity.
Compare to Figure 2.1, the second order polynoauale fit plotted to represent the

relationship between bubble diameter and upwardcitglis valid.
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Figure 4.2 The relationship between bubble diameatdrupward velocity of

millimeter bubbles

Figure 4.3 shows the image of spherical micro beskbThe shape is maintained
during the upward motion of the bubble in the wa@umn. Having spherical shape,
the micro bubble accepts smaller buoyancy and smalbward velocity. As the
counter forces of bubbles upward motion, the daages appear in a lower scale. In
consequences of smaller working forces, the miarbble is maintained in sphere
shape and moves linear upward. The lower horizaatialcity of micro bubble limited
the non-linear trajectory in its flow, thereforeetimicro bubble upward motion is
suitable for lifting-up the suspended particlese Timear motion to the top of water
column keeps the lifting-up of suspended partictecess last longer. The other
suitable condition for lifting-up process is thecnai bubbles population. Where the
population of micro bubbles generated, are muchenabrthe same air volume inlet

than millimeter bubble.
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The porous sintered glass diffuser holes are forlnethe pores among the glass
crystals, where the size is varied and the shajeegular. Since the shape and the
size are not uniform, it could therefore not getesraniform air bubbles. The
uniformity of bubbles size can be achieved whenpbmus is made from uniform
glass crystals, but it is very difficult to produgeiform glass crystal. Experimentally
the porosity is always available in a randomly iaes Generally the size of bubble
generated is bigger than the porous hole, wherebth#les up to 10@um are
generated from less than #@ porous hole. The inlet pressure is in range 233to
kPa and inlet flow is in range 0.03 to 0.132 m3ihe energy derive from air inlet
pressure and flow is found at a range 2.2 to 3ne wifferences between micro and
millimeter bubble

Figure 4.3 The air bubbles are formed by the posimtered glass (a) the 10-jifh
porosity generated bubble diameters in a rangen8@ 60um with 20 times
magnification (b) the 16-40m porosity, the maximum bubble diameter

was 100um with 20 times magnification.
4.1.2 PDA Graph Results

Figure 4.4 shows the PDA print out of the resuitsase of the ordinary tap water. At
an inlet air pressure in the range of 22-24 kPa, rificro bubble produced, are
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monodispersed whereas at higher pressure in tlge @in24-27 kPa, the production
of bubbles is polydispersed. The graph (print-osihows the bubble diameter,
horizontal velocity and vertical velocity of the liale, when it crosses the point of
intersection of the two laser beams. It is cleanfrFigures 4.4 and 4.5 that with a
change of pressure from 22 kPa to 27 kPa, the ptmstuof bubbles changes from
monodispersed (single bubble) to polydispersed ynbaibbles at the same time).

The print-out of the PDA consists of three bar gsapThe upper is the vertical
velocity, the middle is the horizontal velocity amloe bottom is the diameter of
particles. Figure 4.4.a represents a B bubble diameter, with average bubble
horizontal and vertical velocity of 0.1 and 0.5 sméspectively. Figure 4.4.b shows
43 um bubbles diameter, with sampling data detgctime was 30 seconds and
detects one bubble represented in vertical axis. btbbles have 0.1 cm/s horizontal
velocity. The sampling data detecting were in leselints 200. The bubbles have
randomly horizontal velocities. In the vertical efition, the bubbles have 0.3 cm/s

velocity. The measurement result is listed in Tabkand 4.3.
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Figure 4.4 PDA print outs for Monodispersed bubhtenitored at (a). 22 kPa.
(b). 24 kPa. using 16-40 micro porosity sinteregsgldiffuser in the tap water.

Figure 4.5 shows that the PDA detects four diffetarbbles diameters (20, 25,

45, and 48um). The PDA also measures those bubbles havingrdift vertical and

horizontal velocities. Therefore, the velocity ofca bubble can not be easily

determined in the Polydisperse case compared tooMspersed case. The problem

had been solved by taking the average value oflbubameters, horizontal velocities
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and vertical velocities. The average values are ts€orrelate various parameters in

the experiments.
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Figure 4.5 Polydispersed bubble was monitored &2V used 16-40 micro porosity

sintered glass diffuser in tap water medium.

4.1.2.1The Effect of Air Inlet Pressure on Bubble Characteristics.

The air bubble diameter produced by the sinteradsgtliffuser depends mainly on the
porosities and supplied air (pressure and flow)e Thpability of smaller porosity
diffuser to produce uniform bubbles (monodispersd)igher than that of the larger
porosity, whereas the larger porosity diffuser traes higher possibility in producing
non uniform bubbles (Polydisperse). The polydisperbubbles upward movement
has many horizontal velocity varieties (non-lingajectory). A similar movement of
bubbles has been reported by Kracht [30], Tomiyda#], eventually, creating a
stirring effect in the water. Micro bubbles haveraaller stirring effect due to small
component of their velocities in the horizontaledtion. A slower upward movement
Is obtained, and the turbulent effect is avoidédheé bubble is produced in micron
size. By adjusting the air inlet pressure, theamif bubble diameter is generated. The

limiting air pressure and using small porosity esiatl glass, the size and velocity of
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bubbles can be controlled in a narrow pressureerambe pressure ranges used to
produce monodispersed are is between 12 to 141dPm, 16 kPa, and 21 and 26 kPa
for porosity 1-10 um, 10-16 pum, and 16-40 um respely. Table 4.2 and 4.3 are
listed the averaged of bubble diameter, horizoatal vertical velocities in different
air inlet pressure-flow, using submerged sintededgdiffuser with porosity 1-16 pm,

16-40 um respectively.

Table 4.2 Bubble diameter and velocity for varipusssure and air flow of 1-16 um

porosity sintered glass diffuser in tap water.

Air Bubble Hor. Ver.
Pressurg flow | diameter| velocity | velocity
(kPa) | (I/min) | (um) (cm/s) | (cml/s)
12 0.6 11 0.1 0.1
13 0.7 48 0.1 0.2
14 0.8 65 0.1 0.1
15 0.9 83 0.1 0.1
16 1 84 0.1 0.2
17 1.3 95 0.1 0.2
18 15 100 0.2 0.2
19 2 94 0.2 0.2
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Table 4.3 Bubble diameter and velocity for variposssure and air flow of 16-40 um

porosity sintered glass diffuser in tap water.

Air | Bubble Hor. Ver.

Pressure flow | diameter| velocity | velocity

(kPa)| (I/min) (um) (cm/s)| (cml/s)
21 0.9 11 0.1 0.1
22 1 10 0.1 0.1
23 1.2 14 0.1 0.1
24 1.2 20 0.2 0.2
25 1.3 44 0.2 0.2
26 15 70 0.2 0.2
27 1.6 74 0.2 0.2
28 1.3 70 0.2 0.3
29 14 70 0.2 0.4
30 15 59 0.2 0.4

The second order polynomial curve fitting is impéted as shown in Figure 4.6,
in which the correlation coefficient is 0.9. It Hasen used to establish the relationship
between bubble diameter and inlet air pressure.l@heurve fit represent 1-16m,
and the right represent 16-40m porosity of sintered glass. The pressure ranges
depend on the porosity of sintered glass and thterwlavel in water column.
The 1-16um porous sintered glass, the pressure range isuneehat 12 to 19 kPa,
while 16-40um is measured 21 to 30 kPa. In this case, the uatel is measured at
30 cm high. To control the bubble diameter, fireed to use lower porosity sintered
glass and second very controlled low inlet air pues. For using of 10-1@Gm
sintered porous glass, each unit of pressure chgrige approximatads on average
would be 13.57 micron and this maximum value offdelproduction is 100 micron.
While the 16-40um sintered porous glass, each unit of pressure golmgnthe
approximateAds on average would be 9 micron and the maximum vafueubble
production is 74 micron. In this case the tap wetersed.
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Figure 4.6 The effect of various inlet air pressura the bubble size through different
porosity diffusers. Error bar in y direction is %5

4.1.2.2The Effect of the Water Level on Air Inlet Pressure and Bubble Diameter

Figure 4.7 shows the relationship between bubbdendter, inlet air pressure and
water level. Inlet air pressure to produce the leibtlepend on the water level, The
higher water level the higher inlet air pressure pimduce bubble at diffuser.

Eventually, the increase inlet air pressure woutipce the bigger bubble size.

At any position between 0 and 50 cm from the bade ef water column, the
varied bubble size would be produced. The increaskecrease in bubble size would
start the phenomena of merging and breaking of leubkide the water column. The
Figure 4.7 shows almost a linear relationship betwthe inlet air pressure and water
height in the column above diffuser and also iated the bubble diameter to water

level and pressure linearly.
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Figure 4.7 Relationship between bubble diameted a@ pressure versus altered

water level are measured at air flow 0.075 m3/s.

4.1.2.3The Effect of Buoyancy and Drag Force on Bubble Dynamics

As mention earlier all forces that have been worledhe bubbles would lead to the
bubble production characteristics. Their charastes (size and velocities) determine
the flow, therefore the Reynolds number can be rokse The relationship between
bubble diameter and vertical velocity is plottedl amow in Figure 4.8. The bigger
the bubble size, the higher the velocity would be.
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Figure 4.8. The relationship between bubble dianeatd vertical velocity using

16-40pum porous sintered glass.
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The Buoyancy force acting on the bubble is caledlatising air and water
properties, egpair =1.204 kg/m, g=9.80665 misand puaer = 998 kg/ni, etc. The
bubble volume is taken from the data gathered dutie experimentation. Thus, the
calculated buoyancy force is shown in Figure 4.8jclv is a function of bubble
diameter. The result of third order polynomial aufit as shown in Figure 4.9, show

that the higher buoyancy the higher vertical veioid generated.
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Figure 4.9 The relationship between Buoyancy, Doage and Bubble diameter

The bigger the bubble is the higher buoyancy wdddand consequently bubble
would expression higher velocities. The high upwaedbcity is the most suitable
parameter to achieve the high energy to transfeantmains suspended particles. But
then higher upward velocity of bubble altered tbeng drag force become high. The
horizontal velocity of bubble would increase whée tacting drag increase or the
bubbles shape change. For lifting suspended paitielally bubble sizes is produced
in micron level to maintain their shape or to lirthe drag force. For 9Am bubble
size, the maximum buoyancy force is 3.72° em/$, and the maximum vertical
velocity and calculated drag force are found at /s and 2.27 E-7 gcm/s?
respectively. The bubble shape is key factor tepkthe higher energy to entrain
suspended particles, as long as the bubble in ispheshape the lower drag is
maintainable.
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The velocity distribution in the cross section ofter column is shown in
Figure 4.10. The maximum velocity is 0.8 cm/s whies inlet air flow is adjusted at

0.132 m3/s. The lower inlet air flow is 0.03 m3glanaximum velocity 0.3 cm/s.
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Figure 4.10 The vertical velocity distribution vistdnce from the wall.

4.1.3 Effect of Glycerin Water Solution on Bubble jnamics.

The bubble dynamics in water are dependent on higsigchemical properties of the
medium, where they are produced and are moving ihwée moment, the physical
or chemical characteristics of the medium wouldngjgathe size of bubbles and their
movement i.e. their velocities would change altbgetOne of the problems of using
the actual wastewater in the experiment is thatmot transparent, that is why it does
not allow measuring the bubble dynamics. Glycesraaollution is used to solve the
problem, where it maintains similar physiochemidaracteristics as that of polluted
water and offer reasonable transparency. Table sth@ws the physiochemical
properties of distilled and polluted water. Theideatial wastewater has liquid phase

properties similar to the glycerin solution witfraction between 0.1% until 0.5%.
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Table 4.4 Physiochemical properties of distilled aolluted water.

Glycerin percentages Viscosity Density Surface tension
(% by vol.) (centi-poise) | (1000 kg/nf) (mN/m)
0.0 (distilled water) 1.0 1.0000 73
0.1 1.1 0.9975 67
0.2 1.2 0.9979 63
0.3 1.2 0.9983 59
0.4 1.2 0.9986 55
0.5 15 0.9990 53
Residential wastewater 1.2 0.9982 55
Tap water 0.5 0.997 69.53

A volume fraction of glycerin in the percentaget to 0.5 is used to pollute
distilled water. The 0.4% volume fraction of glyweexhibits the similar properties to

that of wastewater, collected from UTP wastewatsatment plant.

The physical characteristics of distilled water ajigcerine polluted water are
shown in Figure 4.11. The volume percentages qf@2, 0.3, 0.4 and 0.5 of glycerin
are added in distilled water, it would increaseditynand viscosity of water solution
and decrease surface tension. The change of tlaameters influence the bubbles
dynamic like velocities, size, etc due to the clenfyworking forces on the bubbile.
The main working forces on the bubble are buoyadcyg and surface tension. The
buoyancy and drag would increase as the densitywedsity increase. The surface
tension force influences the decreasing of thecathet@nt force (eq (3.22), (3.26)).

Therefore the bigger bubbles are genere

Wastewater
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Figure 4.11 The relationship of Glycerin impuritiagistilled water to viscosity,

water density and surface tension.
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4.1.3.1The PDA Graph of Bubble Dynamics in Glycerin Polluted Water

The condition where the collision, merging and kieg of the bubbles have been
occurred, the polydipersed bubbles are producedgdneral decreasing surface
tension would increasing bubble size even usingthallest porosity of sintered glass
diffuser and very fine control of air input pressuilhe increasing bubble size would
increase buoyancy force, velocity and drag force wuboth forces depend upon the
bubble diameter as listed in Table 3.1. The bidgdibles production happens in the
time of detachment of the bubble from the diffusarface, where at that time the
surface tension force work on the diffuser surféadewever, after detachment where
the free moving bubble take turn, the surface tensvork only at the interface
between air bubble and water. The bigger bubb&tha weakness of the surface
tension as compared to the smaller bubbles. Thexeloe bigger bubbles are easy to
break into smaller bubbles. In the condition whigne higher bubble breaks become
smaller bubble, these smaller bubbles would renadiints size due to the higher
surface tension (as mention earlier, at the fre@imgobubble, the surface tension
work only at interface between air bubble and watez smaller bubble the smaller
interface area would be and higher surface tensots). At the free moving bubble,
the water viscosity takes over to control the babbpward movement, the more
viscous water (here 5% glycerin added) the morg &vece worked would be. Since
the Reynolds number is dependent on the water sitycohe increase water viscosity
would lead to decrease the Reynolds number (e2P))3.Due to the decreasing of the
Reynolds number, the coefficient of drag (CD) woinickease (eq. (3.28)). Finally the
increasing of CD gives impact to the increasing dheg force works on the bubble
(eq (3.30)). This higher drag force would act oa #imaller bubbles on free moving
bubble regime.

The PDA bar graphs of adding glycerin with a fratiof 0.1% up to 0.5% in
distilled water are plotted in Figures 4.12., 4.48¢ 4.14. As listed in Table 4.4, the
addition of glycerin would decrease the water sigféension. The distilled water
surface tension is 73 mN/m, while the presence lpdegin decreased the surface

tension to the level of 53 mN/m.
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Figure 4.12 Polydispersed bubble from 1-10 um gitysintered glass diffuser at air
pressure 25 kPa and air flow 0.06 m3/s in 0.1%a@gincsolution.
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Figure 4.13. Polydispersed bubble from 1-10 um sitysintered glass diffuser at air
pressure 25 kPa and air flow 0.06 m3/s in 0.3%a@gincsolution.
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Figure 4.14. Polydispersed bubble from 1-10 um gitysintered glass diffuser at air
pressure 25 kPa and air flow 0.06 m3/s in 0.5%aegincsolution.

The higher buoyancy force acting on the bubblénésrhost wanted parameter to
separate the suspended particles. Because of tisgydgap between air and water, is
widening, therefore horizontal velocity of bubble also increasing, this creating
undesired turbulent flow. From these phenomena,dligcerine impurity does not
only reduce the linearity of the bubble movement areate high horizontal
velocities, but also adds the variation of bublite,sdue to the bubble dispersion. The
high divergence of bubble is due to the fact tlnat three liquid phase properties
(density, viscosity, and surface tension) can r@tranipulated independently. It is
impossible to modify one property without changthg other two. Consequently, the

realizable range of air pressure to achieve zerizdwtal velocity is very limited.

When 0.5% by volume glycerin is added, the zerazbotal velocity condition is
reached at inlet air pressure 23 kPa, as showigird-4.15. This inlet air pressure is

two kPa lower compare to the 0.1% volume of glytadded.
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Figure 4.15 Polydispersed bubble from 1-10 um ptyregtered glass diffuser at air
pressure 23 kPa and air flow 0.048 m3/s in 0.5%egin solution.

Various volume fractions of glycerin effect the aaties of free floating bubbles.
In some cases, the horizontal velocity reaches stimero, i.e. the bubble is moving
upward only and at this point, the bubble would rexeaximum forces on the
suspended particle to move it to the water levEhe zero horizontal condition of
micro bubble has been recorded when the inlet eessure through diffuser is
controlled at the range between 20 and 24 kPa,naeg2d kPa air inlet pressure, the
horizontal velocity exist. The different additiorerpentage volume of glycerin the
different range of inlet air pressure applied toduce zero horizontal velocity bubble

would be as listed at Table 4.5.
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Table 4.5 Effect of pressure and air flow on thblides diameter and velocities in a
glycerin solution, using 1-10 um sintered glasfudir
Air inlet pressure (kPa) 20 21 22 23 24

Ai inlet flow (L/min) 0.8 0.8 0.9 0.9 0.9
0.1 % Glycerin
Bubble diameter.um) 42 45 56 50 85

Horizontal velocity (cm/s) 0 0 0 0 0

Vertical vel. (cm/s) 0.1 0.1 0.3 0.3 0.3
0.2 % Glycerin

Bubble diameterym) 40 45 50 60 70

Horizontal velocity (cm/s) 0 0 0.1 0.3 0.3

Vertical velocity (cm/s) 0.1 0.1 0.3 0.3 0.5
0.3 % Glycerin
Bubble diameterym) 41 50 31 40 45
Horizontal velocity (cm/s) 0 0 0.1 0 0.3
Vertical velocity (cm/s) 0.3 0.3 0.1 0.1 0.3
0.4 % Glycerin
Bubble diameterym) 25 27 29 30 40
Horizontal velocity (cm/s) 0 0 0 0.1 0.1
Vertical velocity (cm/s) 0.3 0.3 0.3 0.3 0.5
0.5 % Glycerin
Bubble diameterym) 23 27 29 30 35
Horizontal velocity (cm/s) 0 0 0 0 0.1
Vertical velocity (cm/s) 0.3 0.3 0.3 0.3 0.3
Distilled Water (DW)
Bubble diameterym) 20 23 35 40 45
Horizontal velocity (cm/s) 0 0 0 0 0
Vertical velocity (cm/s) 0.3 0.3 0.3 0.3 0.5

The addition of glycerin in distilled water effeoh the bubble production, due to

every increase percentage of the glycerin pollutaltted in the water the lower line
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curve fit would be. Therefore line curve fit of tle5% glycerin polluted water is
lower than the 0.4% glycerin polluted water, theelicurve fit of the 0.4% glycerin
polluted water is lower than the 0.3% glycerin pt#tl water and so on until the line
curve fit of the 0.1% glycerin polluted water isver than distilled water. The bubble
production is determined from air inlet pressurd #re size of the diffuser, hence the
higher air inlet pressure the bigger bubble wowdd The line curve fit has been used
to establish the relationship between the inletpagssure and bubble diameter. The
bubble diameter, before and after various percentdgylycerin added into distilled
water is recorded as shown in Figure 4.16. The Qgerin added in distilled water
has similar physiochemical characteristics as tifateal waste water from UTP

wastewater treatment plant.
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Figure 4.16 The relationship between inlet air pues and bubbles diameter in varied

percentage of glycerin in distilled water usingQgin sintered glass diffuser.

The addition of glycerin in distilled water woulticrease the bubble upward
velocity due to the decreasing water surface ten#\g stated in equations (3.22) and
(3.25), the bubble generation forces would be ewed when the surface tension
decrease. The relationship between the verticalcitgl and bubble diameter before
and after various percentages of glycerin addexdidtilled water has been plotted in
Figure 4.17.
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Figure 4.17 The relationship between bubble diametdubble vertical velocity. The
y error bars at distilled water, 0.2% and 0.4% gtytare 0.03, 0.03, and 0.05

respectively.

The higher percentage of pollutant added into widterfaster vertical velocity of
the bubble would be, therefore in the same buhblke groduction would elevate the
bubble upward motion. Hence the buoyancy and doagefacts on the bubble
increase, due to the increase of water densityaudsity by increase the percentage
of pollutant in the water. This phenomena leadth®reducing of correlation factor
(R? of the curve fit. The line curve fit of the 0.2 gtycerin pollutant water has
correlation factor as high 0.914, whereas the 0.glyderin polluted water has’Ris
high as 0.7797. This relationship between bubb#e sind its velocity became

weakness.

4.1.3.2The Dimensionless Number of Bubble Dynamicsin Glycerin Polluted Water

Since the bubble movement is dependent on the dgeaas well as gravitational
forces acting on it, and the relationship betwdwsé forces leads to Froude number,
therefore the Froude number is presented anttedlin Figure 4.18. The upward

velocity and bubble size are the dependent elesrienestablish the Froude number.
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The presence of a pollutant in water would charge lhubble diameter and its
velocity; consequently Froude number would be stifto a lower value. The lower
Froude number is found less than one, thereforedtitble flow is in constant line
named tranquil (sub critical) flow [16], which wallassure the lifting-up of

suspended particles process in water.
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Figure 4.18 The relationship between velocity verlstoude number in glycerin

polluted water.

Acknowledging the significance of air inlet flow ate main factor for
determining Reynolds number, the relationship betw&eynolds number and air
inlet flow both before and after various percensagé glycerin added into distilled
water is presented and plotted in Figure 4.1% @liserved that increasing percentage
of pollutant would decrease the Reynolds number tduéhe increase of mixture
viscosity. At any positions after 0.2 % glycerindad, a significant decrease of the

Reynolds number is recorded.
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The y error bar is in between 2 and 3. DW standslifiilled water.

Increasing the inlet air pressure tend to gendigtger bubble or shorter vertical
distance between bubbles also higher vertical #glo€onsequently the merging
between bubbles happens more frequently. The chamgbubble diameter is
controlled by the inlet air pressure. This can bgeoved in Figure 4.20, where a 9 kPa
increment (from 21 to 30 kPa) produced a 5 foldease in the average bubble size.
The vertical velocity increased 4 fold (0.1 to @&#/s) (Figure 4.17), and the
Reynolds number increased 4 times (from 15 to 60h@icated in Figure 4.19. These
show that in order to control the Reynolds numbee needs to control the air inlet
flow and follow by the bubble size, due to the sfraelationship between bubble

diameter and air inlet flow also pressure.

By keeping the bubble size and its upward velocionstant, the lift-up of
suspended particle process can be achieved attamuop condition, which has been
validated by the decrease of pollutant level (Fegu27 and 4.29).

4.1.3.3The Bubble Production in Variance Porosity Diffuser

Figure 4.20 shows the relationship between inlepassure and the bubble diameter

for two different porosities sintered glass diffysehen the volumetric range of
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pollutant in water is 0.5%. Comparing with Figuré,4he 1-16 micron porous line is
shifted to the right close to the 16-40 micron psrglass, its shows that increasing
water viscosity by added glycerin would effect nEreasing drag force (eq.(3.26))
and follow by increasing the inlet air pressuregptoduce same diameter bubble. By
comparing Figure 4.6 and Figure 4.20, it is evidéat air inlet pressure required to
produce micron bubbles through 1-i6 porous sintered glass, in an increment to
20 ~ 30 kPa; one of the obvious reasons for tlaseased inlet air pressure is that of
addition of glycerin into distilled water, that hascreased the viscosity of water
solution. Due to the increase viscosity, a slightigher pressure is required to

produce similar sized bubble, etc.
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Figure 4.20 The effect of various inlet air pregsuon the bubble size through

different porosity diffusers in 0.5% glycerin pdtint

Since the vertical component of velocity is prodlibg the buoyancy force acted
on the bubble, while the buoyancy depend on bubdeneter, therefore vertical
component of velocity is dependent on the bubbi,sFigure 4.21 shows the
relationship between the vertical velocity and bléble size in distilled water. At any
inlet air pressure between 20 and 30 kPa, thremgoedes of bubbles diameter eg. fine,
medium and large produced by 1-10, 10-16 and l1l@H#h0sintered porous glass
diffusers respectively. The second polynomial cuiitvés implemented to represent

the strong relationship between bubble diametervantical velocity. The 1-10 and
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10-16 um porosities give comparable results between \&@rtielocity and bubble
size. On the other hand, the 16440 porosity produces different results, which do
not show significant changes in vertical velocitighnincreasing bubble diameter as
shown in Figure 4.21.

Usually, vertical component of velocity is dependen the bubble size, whereas,
bubble size is dependent on porosities and intefl@av and pressure. Figure 4.21
shows the relationship of vertical velocity to tbebble size in distilled water.
Generally, bubbles of larger size would have mamical velocity.
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Figure 4.21 Relationship between bubble diametdrvantical velocity in distilled

water. Maximum error bar in y directions5%.

The pollutant concentrations added in water eféecbubble diameter and vertical
velocity of bubble production. The investigatioroshthat the more pollutant added
the higher vertical velocity would be. The resulis any glycerine pollutant at
concentration between 0.1% and 0.5% are plottédgare 4.22. The vertical velocity

increase due to the increased viscosity, waterityesnsd decreased surface tension.

Using 16-40 um porosity sintered glass, a larggutadion of small bubbles and
higher vertical velocity are achieved. The maximuentical velocity was reached by
adding 0.5% glycerin. The physiochemical charasties bring the change to the
bubble dynamic behaviour.
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Figure 4.22 Relationship between bubble diametdrvantical velocity in polluted

water.

4.1.4 Effect of CMC Polluted on Water Turbidity

The pollutants present in water are categorizeslapended particle or colloid. In this
research, the CMC pollutant represents a suspepai@idle pollutant in the range of
1 to 20 micron. As mentioned earlier, the suspermieticles can be lifted-up by the
buoyancy force of air bubble in the vertical watedlumn. When the air bubble
attaches a suspended particle, they would movehege line as a bubble-particle
pair. One of the assumptions is that the bubblgushing the particle upward
vertically. If the bubble is not exerting the forgertically, then the bubble would
detach from the particle and the next inline bubléild start pushing the particle.
These steps continue until these bubble-particle neaches to the top surface of
water column. Implementing equation (3.37) (for Iblebbigger than the particle

diameter) and equation (3.41) (for bubble smalt@ntthe particle diameter), which
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experimental bubble and interpretation particle giiz~220 micron), the relationships

between diameter and velocity ratiog(v. where v, =vg +V;) is plotted in

Figure 4.23. Assuming the diameter ratio (Rd) as thtio between the bubble
diameter (db) and the particle diameter (dp), Titag@ly shows the different sets of Rd,
one with Rd<1 and the other as>Rd(dot plotted). The first line in the graph legend
is Rd<1(40), it means that dp smaller than db d&drumber in bracket is bubble
diameter (db=40).The particle diameter (dp) is e@rin the range between 0 to
40 micron. The first dot line in the graph legesdRic1(40), it means that dp is larger
than db and the bubble diameter is 40 micron, vagetiee particle diameter is in the
range between 40 to 80 micron. The second lineniégs Rd<1 (60), it means that dp
smaller than db, bubble diameter is 60 micron amal particle varied from 0 to

60 micron diameter. The second dot line legendd=1i60), it means the particle is

larger than bubble in diameter, the particles dia@mis varied in the range in between
60 to 120 micron. The next legend is similar megnith different value of bubble

and particle diameter. The, /v, <1 when dp is smaller than db, thg =v. when dp

is equal to db, and the, / v, >1 where dp is bigger than db.
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Figure 4.23 Velocity ratiof; /v, ) versus particle diameter.

To investigate the potential of the micro bubbldifteup the suspended particle in

the water column, it is necessary to imitate thepsanded particle in the wastewater
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using CMC polluted water. Because of the opaquenéske CMC polluted water
solution, the PDA can not be used to measure tkeorbubble characteristics (bubble
size and velocities) of that water. The one posedibistudy the bubble characteristic is
used the transparent solution like glycerin potuteater. The physiochemical
characteristics of glycerin solution should be tamwith real wastewater, which are
surface tension, viscosity and density. Those lagevblume percentages of glycerin;
0.3, 0.4 and 0.5 are added in the distilled wasgr.taking the 40 microns bubble
diameter and patrticle size varied in the range tf 80 (Rd<1) and 40 to 80 (Rd),
the relationship between combined upward veloditbble-particle pair velocity) and

particle diameter is plotted in Figure 4.24 follow.
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Figure 4.24 Relationship between the suspendettigagiameter and combine

velocity (v,.).

The higher velocity ratio @/vc), the larger particle can be lifted-up. To achieve
the higher velocity ratio need to increase the beiblze, due to the bigger bubble size
the higher buoyancy force and then the higher ubblocity would be. After the
bubble attach the particle, their velocity would flewer than the initial bubble

velocity, therefore the larger particle the slowembine velocity ¥, +V,) would

be. Figure 4.24 shows the particle size in betw@ém 20 micron give the significant
combine velocity, therefore CMC particles sizeha tange between 1 and 20 is used.
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Some dosages of CMC have been added into distiter, and their turbidity
levels have been measured, the relationship betteeturbidity level and the PPM
of CMC water polluted solution is listed in Tableé64and is plotted in Figure 4.25.
The graph shows that the higher CMC is added, itjeeh would be the Turbidity

level

Table 4.6 The Comparison of PPM and Turbidity usidC solution.

PPM | Turbidity
0 0.07
250 0.6
500 1.45
750 2.53
1000 2.54
1500 4.3
2000 5.92

The PPM equation is formulated in turbidity levelldw:

PPM = 340.12 x Turbidity + 21.91........uiiiiiieiiiiieiee e (4.1)
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Figure 4.25 The linearity of PPM and Turbidity d¥AC population in distilled water.

Tables 4.7, 4.8 and 4.9 list the decreasing ofdiisblevel of CMC polluted water
after the aeration process has been applied usiadptibbles (10-45 micron), medium
bubbles (45-70 micron) and larger bubbles (70-1@€ran). Table 4.7 the turbidity
level decreases from 6.767 to 3.569. after six $iaeration process. It is found that of
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the aeration process continues beyond six hourdpes not change the Turbidity

level. Therefore for further turbidity level decse#ag, bubble size should be changed.

The maximum turbidity level decreasing per liter ai aeration process reach
0.153 NTU /liter using the 1-1@m porous sintered glass diffuser, while using
the 10-16um and the 16-4@m porous sintered glass diffuser reach 0.077 N1ay/li
and 0.031NTU/liter respectively.

Table 4.7 The decreasing of turbidity level usingQlum porous sintered glass.

Aeration time Air flow Aeration volume | Turbidity| Thidity

(hour) l/min (liter) (NTU) decreasin
0 0.2 0 6.767
1 0.2 12 4.937 1.83
2 0.2 24 4.321 0.616
3 0.2 36 3.94 0.381
4 0.2 48 3.747 0.193
5 0.2 60 3.586 0.161
6 0.2 72 3.569 0.017
10 0.2 120 3.549 0.02

Table 4.8 The decreasing of turbidity level usi®glbum porous sintered glass.

Aeration time Air flow Aeration volume | Turbidity| Thidity

(hours) [/min (liter) (NTU) decreasin
0 0 0 7.138
1 0.4 24 5.29 1.848
2 0.4 48 4.399 0.891
3 0.4 72 3.587 0.812
4 0.4 96 3.491 0.096
5 0.4 120 3.406 0.085
6 0.4 144 3.390 0.016
10 0.4 240 3.373 0.019
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Table 4.9 The decreasing of turbidity level usi®gdDum porous sintered glass.

Aeration time | Air flow Aeration Volume Turbidity | Thidity

(hour) l/min (liter) (NTU) Decreasing
0 0 0 7.044
1 0.8 48 5.556 1.489
2 0.8 96 4.519 1.037
3 0.8 144 4.031 0.488
4 0.8 192 3.847 0.184
5 0.7 210 3.846 0.001
6 0.7 252 3.566 0.280
10 0.7 420 3.500 0.066

Figure 4.26, shows the relationships between aeraviolume and turbidity
decreasing. The first line in the graph, the srsalégr flow (0.012 m3/s) is used, The
smallest air flow would be the smallest volume af @sed in aeration process
(0.072 litre). The second line in the graph repmeserbidity decreasing in aeration
process using air flow 0.4 litre/min. Compare amtmgthree kind of air flow rate in
aeration process, the minimum turbidity level dasneg is achieved when apply the
0.012 m3/s reduce Turbidity level from 6.7 NTU be tevel 3.5 NTU.
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0 ‘ | | ‘
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Aeration Volume (litre)
—&— Air flow 0.2 I/min —a— Air flow 0.4 I/min —a&— Air flow 0.6 l/min

Figure 4.26. The turbidity of CMC solution in diktd water versus micron bubble
aeration volume using 1-ffh porous sintered glass.
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In this research the effectiveness of turbidity rdasing achieve in 5 hours
aeration process. The 0.012 m3/s air flow is théebeesult of Turbidity decreasing as

shown in Figure 4.27

8

Turbidity

3 T T T T T 1
0 50 100 150 200 250 300
1-10 umporosity ~ Aeration time (minutes)

—e— Air flow 0.2 I/min —=— Air flow 0.4 I/min —a— Air flow 0.6 I/min

Figure 4.27 The turbidity of CMC solution in digdl water vs micron bubble

aeration time using 1-1@m porous sintered glass.

Figure 4.28 and 4.29 show the effectiveness ofntiero bubble aeration in
Turbidity decreasing achieves when 12°16%s air flow is applied. The suitable air
flow rate and the time duration for reducing thebidity level in aeration process
show the characteristic of the diffuser.

Turbid

O T T T 1
0 50 100 150 200

Aeration Volume (litre)
—&— Air flow 0.2 I/min —a— Air flow 0.4 /min —a— Air flow 0.6 I/min

Figure 4.28 The turbidity of CMC solution in disid water vs micron bubble

aeration volume using 10-6 porous sintered glass.
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Figure 4.29 The turbidity of CMC solution in digd water vs micron bubble

aeration time using 10-16n porous sintered glass.

The smaller porosity of sintered glass, producimg foubbles (10-45 micron)
shows a better performance of the turbidity levetrdasing. The micro bubble
upward movement would sweep the suspended paoficte the surface. Some of the
immersed particles that move close to the wallhef tontainer would move down
with the passage of water and settle down aroumddiffuser. This continuous
process would separate the suspended particles fh@msolution, whereas the
suspended particles can not be totally separatedieier a significant reduction of

water turbidity level shows the effectiveness a#ien using micro bubbles.

The suspended patrticle has similar density withewaince it floats in the water.
Due to the density similarity, the suspended plartcan be pushed upward by the
micro bubble, as long as the micro bubble hasseiteelocity that has been produced
by buoyancy force. After the micro bubble attaches particle, the bubble-particle
pair moves with very low velocity. In the travellirup the drag force would be
created and resist the bubble particle pair mot#dnthis time the diameter and
velocity of bubble-particle pair play a role inedling up, due to the drag force

depend on skin friction area and velocity of bubBlee comparison between previous
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bubble velocity and bubble-particle pair named ejoratio that depend on particle
diameter, is essential factor in upward motion. that reason the graph of velocity
ratio versus particle removal rate can be plotied=igure 4.30. It represents the
effectiveness of the bubbles in lift-up suspendadige in their travelling to the top
of water column. The particle removal rate datéaken from PPM level decreasing
that equivalence to turbidity decreasing in aerapoocess. The aeration is applied to
the CMC pollutant water using three porous sintegkeds diffusers i.e., 1-10, 10-16
and 16-40um. The bubble production can be categorized in, fmedium and large
bubble that can be produced by 1-10, 10-16 and0l1@m sintered porous glass
respectively. The first line in the graph is repragng fine bubble to lift-up 20 micron
particle size, second line is medium to lift-up rBicron particle size and the last is

large bubble to lift-up 40 micron particle size.
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Figure 4.30. The relationship between velocityoraind particle removal rate.

Figure 4.31 shows an enlarge photograph of miardabble using high speed
camera. The dark dots are micro bubbles, whilegitey background is suspended
particles. The 90 to 100 micron diameter of bubbleaptured, whereas the particle
diameter can not be clearly captured due to theufficent of the image

magnification.
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Figure 4.31 The micro air bubble image' capturettighh speed camera at 2000 fps.

4.2. Biodegradation and Nitrification of Organic Mater

Micro air bubbles provide larger interfacial area 6xygen transfer as the air bubble
provides large surface area to volume ratio. Destngathe bubble diameter from 2.5
mm to 0.5 mm would increase the interfacial contaea between air and water
twenty-five times for spherical bubbles. This sl fulfill the goal of aeration
which is to dissolve oxygen into water [6]. Oxygeiffusion is influenced by the
interaction between air and the wastewater. Degi@ad of organic matter and
nitrification also depend on the diffusion rateoafygen into the water. By enhancing
the oxygen diffusion rate, higher and faster organatter removal can be achieved
[96]. Therefore the oxidation of ammonia also iased. In the diffusion process, air
in the atmosphere has a higher concentration ofjexythan water; hence oxygen
diffuses or is pushed from the air into the waifdr |

Submerged air diffusers are mostly used to incrdess®lved oxygen (DO) levels and
promote water circulation. Air or pure oxygen bldsb are released at depth,
producing a free, turbulent bubble-plume that risesthe water surface through
buoyant force [97]. As the bubble plume ascendsnirains water, causing vertical
circulation and lateral surface spreading. Oxygerhen transferred to the water
across the bubble interfaces as the bubbles rise the diffuser to the top water
surface. There are two main interfaces over wbiygen transfer occurs; across the

bubble interfaces as the bubbles rise through #terveolumn and across the water

122



surface at the air-water interface [97]. Howeuwbe bubble-transfer rate involved
some additional considerations. The liquid-phagailrium concentration of a
given bubble is not only a function of temperatanel atmospheric pressure, but also
hydrostatic pressure and gas-phase oxygen congpusifis the bubbles rise, bubble-
water gas transfer of oxygen, nitrogen, argon, marioxide, and trace gases occurs
due to a concentration gradient between the equifibbubble concentration and the
ambient water concentration. Over depth, the keibldter transfer of all gases
affects the gas-phase oxygen composition and théitegum oxygen concentration.
The equilibrium oxygen concentration inside a bebdlso depends on gas flow rate
and the changing bubble-water transfer coeffictemtr depth [6, 96].

The effect of DO on nitrification is affected byetlactivated-sludge floc size and
the density and total oxygen demand of the mixgdar [1]. Nitrifying bacteria are
mostly distributed within a floc containing hetenghic bacteria and other solids,
with the floc diameters ranging from 100 to 400 p@xygen from the bulk liquid
diffuses into floc particles, however bacteria deewithin the floc are exposed to
lower DO concentrations. Therefore, a higher blifjuid DO concentration is
required to maintain the same internal floc DO @mt@ation and subsequent
nitrification rate [1]. Biodegradation of organicatter is accelerated by increased
temperature (20°C to 40°C), but the amount of kioietric oxygen needed has to
be achieved at first. By using micro bubble aeratihe diffused oxygen can be
preserved [98]. Dissolved oxygen should also begadte to support the
biodegradation process. As micro bubbles’ aeraitmmmease the oxygen diffusion
process. Studies have shown that sufficient aerais required for significant
biodegradation of various wastes, such as olivéasks, Pentachlorophenol (PCP),
diesel oil and gasoline contaminated water ancf@tm waste [99-103]. Meanwhile,
coarse bubbles were found to use more energy andtsoes oxygen absorption is
inadequate because the bubbles were quickly raisethe top water surface.
However, micro bubbles move slower and take mone tio reach water top surface.
This gives adequate time for the transfer of oxylgem the bubbles to water medium
since there is a longer contact time. Oxygen femnsas also found to be enhanced

with or without surfactants [16].
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4.2.1 DO Level

Figure 4.32 shows the dissolved oxygen. Its caadbgeved by the micro air bubble
aeration. Initially they have different DO leveljalto the different capacity to absorb
oxygen from the air. Because of the temperaturterdifice of water and air, there
would any heat flow from air into water, therefdhe elevated temperature of water
will reduce the DO. It is occurred until 15 to 20neites aeration, after that time the
DO will be sloped slightly. It is influent by theatsirated oxygen level and also the
rising up of water temperature. The incline lineveuof micro bubbles aeration shows
the lower DO level the higher rate of DO increasbgereas the millimeter bubbles

aeration process does not increase the DO level.

DO (mg/l)

3 T T T T T
0 5 10 15 20 25 30
Aeration time (minutes)
—e—samplel —e—sample2 —O— sample3 —e—sample 4
—{1-sample 5 —4&- sample 6 —/—sample 7 —a— sample 8
Sample 1 2 3 4 5 6 7 8
Water disti- | distilled | tap tap influent influent | effluent | effluent
lled waste | waste |waste | waste
aeration milli micro milli | micro| milli micro milli micro
Density |1 1 0.997/ 0.997| 0.9976| 0.9976 0.996 0.996
(gr/cnt)
Viscosity | 1 1 1 1 1.5 15 1.2 1.2
(cp)

Figure 4.32 DO versus time in various water usinigjmeter bubble and micro

bubble aeration.
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Figure 4.33 shows the salinity of resident wastewatf UTP STP (Sewage
Treatment Plant). The influent salinity levels’ dtuations show the resident activity
in producing wastewater. During the day from 6 ani8 pm, as showed in sample
taking times’ interval O to 12, the fluctuationhgher than in the night from 18 pm to
5 am. While in the effluent salinity levels shove tstability of the treatment process.
In the average, the salinity was very low theretbee influence of salinity on DO can
be neglected. The Effluent wastewater has highkmityacompare to the Influent
wastewater, the higher evaporation of this wastematthe obvious reason. Therefore
the further step to decrease the Effluent wastevsatinity should be applied before

flowing to the river.
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Figure 4.33 The salinity level of UTP wastewateRéhours measurement. IW is

stand for influent wastewater and EW is effluensteavater.

4.2.2 COD Removal

The removal of COD throughout the study period wiadted in Figure 4.34 below.
In Figure 4.34a, it can be observed that the COhefwastewater dropped gradually
throughout the study period. Samples taken fromcRe B which utilized the micro
diffuser showed lower effluent COD concentratiohant samples from Reactor A
which utilized the millimeter diffuser. The expeemt was done twice: first and
second trial. It can be observed that the degraadati COD is higher after 12 hours of

aeration. The experimental data was expressédtifotm the first order kinetic
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model with the coefficient rate, k or the rate afyanic matter removal. After
obtaining the coefficient rate, k value, the théice@ COD degradation was plotted
for both COD as shown in Figure 4.34b. From themthtical study, it was found that,
the COD degradation kinetic parameter was fountbe00.041 and 0.028, for the
micro and millimeter diffusers, respectively. $atal t-tests conducted on both
experimental and theoretical values indicated thate is a significant difference
between effluent COD from micro- and millimeterfdger reactors at 5% level of
significance.  On average, micro and millimeter fusiers removed COD at

approximately 87% and 81%, respectively,
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Figure 4.34 Graph of: COD value vs Sampling Tinrs)h

The experimental and theoretical COD degradatide tAroughout the study
period was plotted in Figure 4.35a and Figure 4.38bpectively. It can also be
observed that the degradation of COD was at a higite during the initial stage of
the study for Reactor B which utilized micro difluscompared to Reactor A which
utilized millimeter diffuser. This indicates théaster COD degradation rate was
achieved using the micro diffuser. The averageatgion rate from 30-42 hr of
aeration was found to be 3 mg/L.hr and 2.48 mg/Lfor micro and millimeter

diffuser, respectively. Statistical analysis cocteéd indicated that both experimental
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and theoretical COD degradation rates were sigmifly different at 10% level of

significance for both diffusers.
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Figure 4.35 Degradation rate of COD.

4.2.3 sCOD Removal

The experimental and theoretical sSCOD degradatias plotted in Figure 4.36a and
4.36b respectively. It can be observed from Figlu@6a that the degradation of
sCOD is highest at approximately 10 hours of aegnatiThe final effluent sCOD for
the reactors stabilized at approximately 20 mg/tl @mg/L, for millimeter and micro
diffusers, respectively, at the end of the samploegiod. It can be observed that
effluent sCOD from the micro diffuser reactor (Riead) stabilized at approximately
24 hours of aeration. The experimental sCOD alesety follows the theoretical
sCOD pilotted in Figure 4.36b with sCOD degradatiate, kCOD to be 0.060 and
0.044, for micro and millimeter diffuser, respeetjxz. On average, micro and

millimeter diffusers removed sCOD at approximatéli®o and 75%, respectively.
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Statistical t-tests conducted on both experimeantdl theoretical values indicated that
there is a significant difference between efflus@OD from micro- and millimeter

diffuser reactors at 5% level of significance.
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Figure 4.36 Graph of: sCOD vs Sampling time .

The experimental and theoretical sSCOD degradatata throughout the study
period was plotted in Figure 4.37a and Figure 4.3@bpectively. It can also be
observed that the degradation of sSCOD was at ahigtie during the initial stage of
the study for Reactor B which utilized micro difluscompared to Reactor A which
utilized millimeter diffuser. This indicates th&dster sCOD degradation rate was
achieved using the micro diffuser. The averageatigion rate from 30-42 hr of
aeration was found to be 3 mg/L.hr and 2.5 mg/Lfbr, micro and millimeter
diffuser, respectively. The experimental degramatiate also closely follows the
theoretical degradation rate with the theoreticagrddation rate from 30-42 hr of
aeration found to be 3.03 mg/L.hr. and 2.6 mg/L{&wverage of the values) for micro
and millimeter diffuser, respectively. Statistiahalysis conducted indicated that
both experimental and theoretical SCOD degradaates were significantly different

at 10% level of significance for both diffusers.
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Figure 4.37 Degradation of sCOD

4.2.4 Removal of Ammonia

The removal of ammonia throughout the study pex@s plotted in Figure 4.38a
below. It can be observed that the ammonia remo¥ahe wastewater dropped
gradually throughout the study period. Samplesnakom Reactor B which utilized
the micro diffuser showed lower effluent ammonia@ntrations than samples from
Reactor A which utilized the millimeter diffuserrttughout the study period. The
experimental data was expressed in the form okihetic modeling so that the first
order coefficient rate, k or the rate of ammoniaogal can be calculated to determine
the effectiveness of the micro diffuser. Afterahtng the first order coefficient rate
k, the kinetic modeling graph was plotted for baghctors in Figure 4.38b. From the
theoretical study, it was found that, the ammoeimaval kinetic parameter, kn was
found to be 0.062 and 0.053, respectively, for tfiero and millimeter diffusers.
Statistical T-tests conducted on both experimeartdltheoretical values indicated that
there is a significant difference between effluehtammonia removal from micro-

and milli- diffuser reactors at 5% level of sigondnce. On average, micro and
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millimeters diffusers removed ammonia-nitrogen ppraximately 90% and 87%,

respectively.
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Figure 4.38 Ammonia removal vs sampling time

The experimental and theoretical ammonia removid throughout the study
period was plotted in Figure 4.39a and Figure 4.38bpectively. It can also be
observed that the removal of ammonia for ReactavhBch utilized micro diffuser
was as comparable to the ammonia removal rate attBe A which utilized milli
diffuser. This indicates that faster ammonia reataate was achieved using the
micro diffuser. The final average ammonia remokate was found to be 0.26
mg/L.hr and 0.3 mg/L.hr, for micro and milli diffes respectively.

The experimental ammonia removal rate plotted igufé 4.39a also closely
follows the theoretical ammonia removal rate wiile theoretical ammonia removal
rate from 22-50 hrs. of aeration found to be 0.2f8Lnfr and 0.32 mg/L.hr for micro
and milli diffuser, respectively. However, statat analysis conducted throughout
the study period indicated that both experimental theoretical ammonia removal

rates were significantly different at 5% level @jrgficance for both diffusers.
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Figure 4.39 Ammonia removal vs sampling time

4.2.5 Oxidation of Ammonia to Nitrate

The experimental and theoretical nitrate-nitrogeodpced during nitrification was
plotted in Figure 4.40 below. It can be observedif Figure 4.40 that the degradation
of ammonia to nitrate essentially stopped at 34héar Reactor B in the first trial of
the experiment. The final effluent nitrate concatidon stabilized at approximately
26 mg/L and 22 mg/L, for milli and micro diffusengspectively at the end of the

sampling period.

Experimentally, the ammonia-nitrogen has been agdlito nitrate-nitrogen at a
faster rate for Reactor B which utilized the midifusers. Effluent nitrate
concentration from Reactor B can be seen to stab#ifter 34 hours of aeration.
Statistical T-tests conducted on experimental \sluedicated that there is a
significant difference between effluent nitrate nfromicro- and submilli-diffuser

reactors at 10% level of significance.
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Figure 4.40 Nitrogen removal vs sampling time.

The experimental nitrate production rate throughbet study period was plotted
in Figure 4.41. It can also be observed that thetei production rate was generally
higher for Reactor B after 18 hours of aerationhisTindicates that faster nitrate
production was achieved using the micro diffusBine average nitrate production rate
from 30-40 hrs of aeration was found to be 0.44Lnig/and 0.33 mg/L.hr, for micro
and milli diffuser, respectively.

Statistical analysis conducted indicated that erpamtal nitrate production rate
were significantly different at 10% level of sigodince for both diffusers from
34-40 hours of aeration.
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Figure 4.41 Nitrate Production vs sampling time

4.3 Summary

Size of the bubbles and velocities are the maiarpaters to be measured, whereas
the inlet air pressure, air flow and porosities #e variables. Millimeter and micro
size bubbles show altogether different dynamic tieta in a vertical water column.
Millimeter size bubbles add turbulence and actevater stirrer, due to high velocity
components (vertical and horizontal) and low swefemsion (at the air-water surface
contact), therefore they exhibit frequent shapengba These parameters add an
influence of high buoyancy force and low surfacesten. A reduction in the bubble

size (millimeter to micro) tends to change the upimzelocity, buoyancy force, drag
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force and eventually a little or no turbulent effethe changing of surface tension
influence the bubble size generation, therefore libhbble shape changing is less
frequent and bubble maintain its spherical shapagluts upward motion. Generally,
the spherical shape has high vertical velocityretftge have more force to push the
suspended particle upward. In the same air inlétiee through the diffuser, the
micro bubbles have much more population compamitiimeter bubble, therefore
the micro bubble have high possibility to attack Huspended particle. To produce
millimeter bubble need sub- millimeter diffuser, @vbas to produce micro bubble size

need less than 40 micron porosity of sintered glafsser.

Monodispersed air bubbles are released at andinleressure of 22 kPa or below,
whereas, a combination of monodispersed and pggdied bubbles are produced at
a pressure range of 22 kPa to 27 kPa. However, wheninlet air pressure is
increased beyond 27 kPa, only polydispersed buldnlesproduced, and horizontal
velocity increase. The phenomena of collision anterging of bubble start with
increased horizontal velocity component. These ohyadehaviours of air bubbles
show that air pressure is a significant variableontrolling the generation of micro
air bubble. A number of forces are acting on the kaibble at the time of its
generation and detachment from diffuser surface itite water. The physical
behaviors (size and velocities) of air bubble ametiolled by the depth of column and
physiochemical characteristics of water like swfaension, density, viscosity, etc.

The depth of water column would determine the |@¥elir inlet pressure adjusted.

Adding the glycerin pollutant to distilled water wld increase the viscosity and
density and decrease surface tension which constygumfluence the bubbles
generation. The bubble size determines its ve&s;itooth horizontally and vertically,
which generate their motion in the water column.oTeenditions of bubble flow are
laminar and turbulent. The smaller bubbles haveadamupward movement and the
bigger bubbles have turbulent movement. The defoomaf bigger bubble shape is

one reason the turbulent flow exist.
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The micro bubbles can entrain the suspended pastitlat remain in the water.
The proposed method has been investigated thetieéfieess to lift-up suspended
particles from polluted water. Even though the scopthis study only covers CMC
(carboxy methyl cellulose) suspended particles ptioposed method has potentials to
be applied to other types of suspended particldss Tlaim is validated by
experimental results, which show that the turbidéyel in CMC polluted water
decreased from 6.9 to 3.1 after five hours aeratising micro bubbles. The micro
bubbles have smaller buoyancy and drag force. Adpéimall buoyancy and drag

force, the lifting process is stronger than theisty process.

From the study it was found that the reactor witbro: diffuser achieved higher
percentage removals of COD, sCOD, and ammoniagatrcompared to the reactor
with millimeter diffuser. Similarly, slightly higér degradation rates of COD, sCOD
and ammonia-nitrogen were achieved for the reactorg the micro diffuser. This
shows that there is a potential use of the micfluskr in wastewater treatment as
higher rate of oxygen diffusion into the water. Bube energy needed in producing
micro bubbles is higher than milli bubbles, buthe certain condition like, the degree
of suspended particle removal, the DO level, antherquality Biodegradation and
Nitrification, this system is reasonable and afédni@ to apply.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The size of micro bubble production by the porousesed glass diffuser depends
mainly on the porosities and air inlet pressuree Tapability of smaller porosity

diffuser to produce uniform bubble (monodispersedhigher than that of the larger
porosity, whereas the larger porosity diffuser ttes higher possibility in producing

sets of various sized bubbles (polydispersed).t lale pressure to the diffuser is

directly proportional to the size of bubbles. Theef bubble generation is influenced
by the water level in the water column and is dssed in section 4.1.2.2 Generally,
the higher water level requires more inlet air poes to generate bubble, thus
increasing the size of bubble. The effect of theyamcy force is discussed in section
4.1.2.3, and it is found that the larger bubbleragiter, would produce more buoyancy
force, because of higher vertical velocity compdnédn the other hand, as the
diameter of the rising bubble increases it wouldréase the Reynolds number that

mainly depends upon bubble size, vertical veloartyg viscosity of the liquid.

The dynamics of micro bubble in upward motion idluenced by the
physiochemical characteristic of water medium I#erface tension, density and
viscosity. The bubble size and its velocity haverbeneasured using PDA and is
discussed in section 4.1.3.1. The relationship éetwbubble diameter and its
velocities has been achieved in a linear curveitt correlation factor (B of 0.9. By
the addition of pollutant to water, upward veloaitythe bubbles increase because of
decreased surface tension. By increase of percemalutant to water, bubble size
production decrease because of increase water tgemsid viscosity. The
physiochemical characteristics of water is discdissesection 4.1.3 and found that the
resident wastewater has physiochemical charadtaristose to those of 0.4% by



volume glycerin added in distilled water. The riglaship between the inlet air flow
and Reynolds number has been plotted in the lineediit with correlation factor (B

of 0.9, as discussed in section 4.1.3.2. The moiluadded into water, the Reynolds
number decrease from 60 to 40 at 12 E-3 m?/s antdtow. The relationship between
bubbles’ upward velocity and Froude number is addeo be linear, thus the Froude

number is less than one.

The effectiveness of micro bubble in removing susigel particles is fully
dependent on the micro bubble dynamics and theesdgpl particle size. The bubble
dynamics are controlled by the forces acting oningls moving bubble and/or a
bubble-particle pair. These forces acting on theingbubbles are detailed in section
3.8.1 and section 3.8.2. The evaluation is discuseesection 4.1.4 The bubble
characteristics (diameter and velocities) are tadkem the experimental data, while
the particle size is assumed to be 1 to 220 midtanrelationship between the particle
size and vertical velocity ratio (single bubble/bléhparticle pair velocity) is plotted.
For entrain the larger particle size the higheoe®y ratio is needed. The relationship
between the particle size and bubble-particle palocity (combine velocity) shows
the bigger particle the slower combined velocithieToptimum capability of micro
bubble for entrain suspended patrticle is achieviednithe particle size is in a range of
1 to 20 micron. The faster velocity of bubble upsavanotion is the most wanted
parameter for the suspended particles entrains.r@mevals of pollutants from the
water are characterized by the Turbidity level. &ally, the higher the turbidity, the
more pollutant in the water is. The maximum turtyidiemoval rate is 0.153 /liter
(using 1-10um porous sintered glass) that has been achievesixirnours micro
bubbles aeration.

The effectiveness of micro bubble in enhancing @i level has been achieved
due to the higher surface area/volume interfacevdmt air and water and sufficient
time to dissolve oxygen from air to water alongirttedower upward motion in the
water column. The two types of diffuser made froarfgrated aluminium disk and
porous sintered glass has been used in aeratieegwgdor the degradation of organic
matter, however, they differ in terms of the e#iacy and oxygen transferred. The
removal of COD and sCOD are discussed in sectiagr2 and 4.2.3 Generally, COD
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and sCOD value reduces over time as the organicema&t removed from the
wastewater by metabolizing microorganisms. The erytransfer rate using micro
bubble aeration is greater than the millimeter beibhe higher oxygen diffusion
result in the higher COD and sCOD removal. Basedttmn calculated kinetics
coefficient rate, Kk, it is calculated that the mitrubbles have higher effectiveness with
average k value for COD and sCOD with 0.041 an8%bQespectively. While k value
for millimeter bubbles have 0.0275 and 0.044 forBC@nd sCOD removals. On
average the micro bubble aeration process remo@ety ercent of COD and 90.86
percent of sCOD, while millimeter bubble aerationgess remove 80.3%rcent of
COD and 75.19ercent of sCOD. As its efficiency of micro bubbleration, the micro
porous sintered glass diffuser has been used ahesnalternative type of more
efficient in Sewage Treatment Plant aerators. Bkengh the energy needed is 2.2 to
3.5 time compare to milli bubble, but in the higltegree result of biodegradation

level this micro bubble could be applied.

The higher nitrification rate has been achievedhgisihe micro air bubbles
aeration. The removal of ammonia and the oxidatbammonia-nitrogen to nitrate-
nitrogen are discussed in section 4.2.4 and 4.&spectively. The mixing process
between the organic matter and the substance mepyooccurred in micro bubble
aeration process. The micro bubble can enhanceateeof ammonia removal as well
as the oxidation of ammonia-nitrogen to nitrateéagen in wastewater treatment. The

90% efficiency of ammonia removal can be achieved.

5.2. Research Contributions

Based on these results, it is concluded that tleeontiubble aeration represent a new
capability in wastewater treatment. The contribngiof the research include:
* Developing a new system of wastewater treatmentrevtiee proper and the
effective process should be fulfilled.
» Developing a new system of increasing quality amaindity of water treatment.
Previous aeration process in wastewater treatmeirigumillimeter bubble has

insufficient DO level and need more time for biogetation of organic matters, thus
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in the millimeter bubble aeration, further procéssieeded. While using the micro
bubble aeration the DO level is achieved at prdapee and the lower turbidity of
treatment water is resulted.

5.3. Research Recommendations

In the future, the propose method has many potgmissibility application of micro
bubble aeration in:

» Various other types and sizes of suspended paitidiee water should be
studied.

« Elimination the pathogen microorganism using eledatair inlet
temperature.
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APPENDICES

A: Figures of Experimental Set-ups

Figure A.1: The Laboratory scale stagnant wateurool (100 mm W x 100 mm mm L
x 500 mm H)
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Figure A.2: The experimental set-up water colun20(thm W x 120 mm L x 2 m H).
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B: Tables and Figure of Measurement

Table B.1: Comparison of DO (dissolve oxygen) inaas water using millimeter air

bubble and micro bubble.

Distilled water Tap water influent wastewater Edfit wastewater
samplel sample 2 sample 3 sample (4 sample5 sampleSample7 sample 8
Sam- | Tair=28 T=23.4C | Tair=27C| J=24.4C| Tair=27C| J=23.9C| Tair=26C| J=24.4C
Pling micro milli bubb micro micro micro
Time milli bubb bubb bubb milli bubb bubb milli bubb bubb
(min) | DO (mg/l) | DO (mg/l)| DO (mg/)| DO (mg/)| DO (mg/l| © (mgll) | DO (mg/l)| DO (mgll)
0 9.14 9.13 7.7 7.73 3.97 3.97] 5.89 5.9
2 9.15 9.18 7.71 8.05 3.97 4.22 5.92 6.2p
4 9.18 9.2 7.72 8.2 3.98 4.45 5.93 6.68
6 9.17 9.23 7.74 8.45 3.98 4.7 5.95 6.99
8 9.21 9.21 7.75 8.6 3.99 5.01 5.964 7.29
10 9.2 9.22 7.77 8.77 3.99 5.24 5.97 7.5p
12 9.22 9.23 7.78 8.82 3.99 5.4 5.98 7.8B
14 9.19 9.25 7.81 8.9 3.99 5.61 6.01 8.0B
16 9.16 9.24 7.83 8.94 4 5.79 6.04 8.28
18 9.23 9.24 7.86 9 4 6 6.03 8.35
20 9.23 9.25 7.89 9.06 4 6.18 6.04 8.49
22 9.23 9.25 7.93 9.05 4 6.28 6.06 8.56
24 9.22 9.25 7.96 9.1 4 6.36 6.08 8.65
26 9.21 9.25 7.99 9.11 4 6.49 6.09 8.74
28 9.23 9.25 8.01 9.14 4 6.6 6.11 8.79
30 9.23 9.25 8.05 9.17 4 6.67 6.17 8.8b
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Table B.2: Turbidity decreasing of wastewater usmgro bubble aeration

Time minutes Influent Effluent
wastewater turbidity NTU| wastewater turbidity NTU
0 53 22.3
S 48.8 21.7
10 49.7 21.6
15 49.7 21.7
20 48.4 221
25 49.5 21.8
30 49.6 21.9
35 48.9 20.9
40 48.7 20.4
45 46.4 20.4
50 46.3 20.5
55 44.5 21.1
60 44.9 20.8
65 44.1 21.1
70 43.8 20.5
75 40.7 20.6
80 39.9 21.9
85 38.1 20.8
90 38 19.6
95 36.4 20.2
100 36.3 19.9
105 36.4 20.6
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Figure B.1 Turbidity decreasing of wastewater usmgro bubble aeration
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C. Measurement Apparatus (Figures and Specificatioifables).

Figure C.1 The Laser Doppler Anemometry (PDA) usecheasure the bubble size

and

velocities.

Grabber
board

Camera head

Figure C.2 The Fastcam-x1280pci camera head [87].
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The reading—:

Key push button __

Probe cable —

Figure C.3 The DO meter.[88]

R YRG!
i

Figure C.4 The Hach 2100P portable Turbidimeter
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Figure C.5 The interface angle and the surfacadertalculation display [90].
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Figure C.6 The IFT 700 surface tension meter[90].
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Figure C.7 The DMA 35 N portable density meter[91].
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Table C.1 The Fastcam-x1280pci Framing rate vs émmagolutiorj87].

Resolution

Framing rate (FPS)

(pixels)

60

125

250

500

100(

D

400

0

80

DO

16

1280x1024

1280x512

640x512

1280x256

640x256

320x256

640x128

320x128

160x128

640x64

320x64

160x 64

320x32
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160x32
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(O) is available and-] is unavailable
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Table C.2 The Fastcam-x1280pci Camera head speodin [87].

Sensor resolution

1280 x 1024 pixels

Grayscale Mono 8 bits

Color 8 bits each RGB (bayer color filter)
Lens mount F mount (Nikon)
Dimensions 85.4 (W) x 85.4 (H) x 56.0 (L) mm

(exl. Lens mount, camera mount plate)

Camera cable

5 meters (not expandable)

Data bus I/F

Panel Link Standard (photron-modified)

Power

5V DC power fed by grabber board via camaldec

Never remove camera cable while PC is powered on.

High gain feature

(Analog gain selection)

1

| Gain selectable between Standard and High GaincBwit

camera back plate

Sensor output

selection

rangeSelectable by control

software from Upper 8

(default)/Middle 8 bits/Lower 8 bits

DitS
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Table C.3 The EW-35641-00 specifications [88].

DO range

0.00 to 20.00

DO resolution

0.01

DO accuracy

+ 1.5% full scale

Percent saturation accuracy

+ 1.5% full scale

Percent saturation range

0.0 t0 199.9%

Percent saturation resolution 0.1%
Temperature compensation Automatic from 0 t6 GO
Temperature resolution 0.1°F, 0.1°C

Temperature accuracy

+0.5° F, £0.3°C

Salinity compensation

Manual from 0.0 to 50.0 pt, ppt resolution

Barometric pressure compensation

Manual from 50469 mm Hg/ 66.6 t
199.9 kPa; 1 mm Hg/0.1 kPa resolution

O

Power

Four 1.5 V AAA batteries (included)

Temperature range

32 1220F, Pto 5C¢ C

Brand

Oakton

Operating temperature range

°t6 5¢ C

with

Memory Up to 50 sets

Probe type Galvanic probe

Probe length 10 ft

Clock Stamps calibration data and stored data
time and date (month and day)

Battery life 100 hours continuous

Dimension 7-1/2" L x 3-1/2" W x 1-3/4" H
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Table C.4 The specification of Turbidimeter mod&0@P [89].

Principle of operation

Nephelometric Ratio

Operating Modes

Manual or Auto Range Selection

Measurement Mode

NTU

Range 0-1000 NTU in automatic range mode
Manual range selection of 0-9.99, 0-99.9 and 0-NJ0O
Accuracy 2% of reading or1 least significant digpm 0-500NTU
+3% of reading between 500-1000NTU
Resolution 0.01 on lowest range

Repeatability

+1% of reading, or 0.01 NTU, whichever is greater

Response time

6 seconds for full step change witksignal averaging in

constant reading mode

Stray light

<0.02 NTU

Standardization

Stabilized formazin primary staddar

Light source

Tungsten lamp. Typical lamp life iSO readings

Detectors

Silicon photovoltaic

Signal Averaging

Selectable on/off

Sample cells

60.0 H x 25 mm D borosilicate glagh wcrew caps

Sample required

15 ml

Operating temperatur

a)

C

0 to%s0

Operating humidity

range

0 to 90% RH noncondensing at°3D
0 to 80% RH noncondensing at 40 C
0 to 70% RH noncondensing at 50 C

Power requirements

Four AA alkaline cells or optildoattery eliminator

Shipping Weight

3.1kg (6 1b 8.5 0z)
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Table C.5 Specification of DMA 35 N portable depsiteter [91].

Measuring range

Density 0 to 1.999 g/cm
Temperature 0 to 40C, 32 to 104 F

Viscosity 0 to approx. 1000 mPa.s

Uncertainty of

measurement

+0.001 g/cm
Temperaturec0.22 C

Density

Repeatability

+0.0005 g/cm
Temperaturec0.1° C

Density

Resolution

0.0001 gf&m
Temperature 0°1C or 0.2 F

Density

Sample volume Approx. 2 ml
Sample temperature 0 to P00
Ambient temperature 0 to +4C

Air humidity

5 to 90% relative humidity, non conckamg

Protection class

IP 54 (use in light rainfall/snallvpossible

Memory

1024 values

Interface

Infrared/Rs 232

Power supply

2 x 1.5 V Alkaline batteries Micro LR@use only,

batteries of the same type and same level of charge

Dimensions

140 x 30 x 25 mm

Weight

2759 (9.7 0z2)
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