'c?) TECHNOLOGICAL
Ja»/ UNIVERSITY

SHEAR ENHANCING HYDRODYNAMICS

FOR LOW PRESSURE MEMBRANE PROCESSES

Farhad Zamani

SCHOOL OF CIVIL AND ENVIRONMENTAL ENGINEERING

2014



SHEAR ENHANCING HYDRODYNAMICS

FOR LOW PRESSURE MEMBRANE PROCESSES

Farhad Zamani

SCHOOL OF CIVIL AND ENVIRONMENTAL ENGINEERING

A thesis submitted to the Nanyang Technological Univensity
partial fulfillment of the requirement for the degree of

Doctor of Philosophy

2014



Acknowledgment

Firstly, | would like to express my deep respect gndtitudeto my supervisor
AssociateProfessorAdrian WingKeung Lawfor his encouragement, guidance,
supportand patienceHe taughtme the skills of research methodologyd guided

me with his solid knowledge, and made believe in myself.

Also, | would like toshow my sinceregratitude to my ceupervisor Professor
Anthony GordonFanefor his guidance and supp@s well ador the opportunity to
be part of Singapore Membrane Technology Centre (SMTC) to fulfill my. RhD

would not have been possible without his help.

| would like toreservespecial thanks t&rof. Wiliam Bill Krantz for his valuable

adviceand critical comments.
Many thanks gdo Associate Professor Wang Roagjthe SMTQirector.

| would like to acknowledge the Environment and Water Industry Programme
Office (EWI) of Singapore for the support of this work (ProjddEWR

C651/06/17%.

Many thanks to my friends angeople in SMTC, Ebrahim Akhondi, Amir
Hooshang TaherDr. Filicia WicaksanaDr. Miles Edward RzechowiczLi Tian,
Lin Long, Xia Lijun, Jiang Yishuai, Agnes Kurniawati HarijantBr. Saeid

Rajabzadetand Dr. Chong Tzyy for their sharing of knowledge and making my



PhD life more enjoyable. | am also thankful Ms. Zan Ong Chin Chin as the

SMTC Assistant Manager for her kind help.

Last but not least, | would like tthank my belovedwife, parents andistes for

their love supporiand neverending encouragements during my study.



Table of Contents

ACKNOWIEAGMENT ... nnne s [
Table Of CONENES.........ooiiiieee e e e e e e e e eneas iii
N 0] 1 = ox SO TPPPPPPP IX
LISt Of TADIES ... e e e e e e e e e e e s s Xi
LISt Of FIQUIES. ...t ae e Xii
LiSt Of SYMOIS. ... XX
List Of ADDIeVIAtIONS .....cooveiiie e s XXIi
R 111 (0 To [1 [ 1o o [P PPPPRS 1
1.1 Background and MotivatiQn...............coceeeeiiiieeeiiie e 1
1.2 ODJECLVES. ..o e e erre e e e e e e e e e e e e e e e aaeens 4
1.3  TheSiS OULIING.....cooeieeeeeeee e erenr e e e e e e e e e e 5

2 Literature REVIEW ........uueeiiiiiiie e e e e eeerene e e e e e e e e aeeeeeeenenees 7
2.1 Membrane: A Broad CONCEPL........uuuiiiiiiiiiiiiiiieeeeieeeeeeee e 7
2.2 Different Membrane Operational Modes...........cccoeeveeeiiiececiiiiieeeeennn. 8
2.2.1 Dead End and Crossflow Filtrations.............cccccoovviiiiccce e 9
2.2.2 Constant Pressure and Constant Flux Operations.................... 10
2.2.3 Concept of Critical FIUX.........ccuviiiiiiiiiiiiiieeeee, 11

2.3 Mass Transfer in Pressure Driven Membrane Filtration.................. 15



2.4  Hydrodynamics in Membrane ProCesses........ccccevvveiiiieceeeinnnnnnnnnn. 16

2.4.1 Concefttration Polarization (CP) Concept........cccceeeevvieveiviennnennn. 17
2.4.2 Particles Back Transport Mechanisms...............coooecccieeeeeeene 19
2.4.3 Numerical APProaches...........cccuviiiiiiiiiieeeiiiiee e 24
2.4.4 Particle Image Velocimetry (PIV)........coovvvviiiiiiiiiimeeeeeeeeeiiiiaes 27
2.5  MBR SYSIEBMS.. ...ttt e 29
2.5.1 Different Types of Submerged MBRS...............cccooiiiiieiiiiinnne 31
2.6 Anti-Fouling Techniques formerged MBR Systems..................... 32
2.6.1  ACTALION.....coii i 34
2.6.2  Vibrating SYStEMS........cooiiiiiiiiiiiirees e 38
2.7  ConcCluSion REMAIKS ........ouiiiiiiiiiiiit e eeenre e 54
3 Materials and Methods............coioiiiiiiiiiiiee e 57
3.1  EXperimental SEUR...........uvuiiiuiiiiii i eeen s 57
3.2  Model FOulINg AQENTS.......cooiiiiiiiiiee e 60
3.2. 1 BENIONITE. ...ttt eee e e e e e e e e e as 60
3.2.2  HUMIC ACIH ....eeiiiiiiiiiiiiee et rmmee e 60
3.3 MEMDIANES. ..o oot 61
34 PIV SBIUR . e e 62
3.5 Pore Size Distribution Analysis Methods...............cccuvvviiieeeiiiiinnnnd) 63
3.5.1 Liquid Displacement Porometry (LDP)..........cccccviiiiiiiiieannnnnenn. 63
3.5.2  Evapoporometry (ER).........ccuuiiiiiiiiiiiieeiieeeeeeee e 66



3.5.3 FieldEmission Scanning Electron Microscope (FESEM).........70

4  Prediction of Supermicron Particle Deposition in Crossflow

1Yol o 1111 =1 1 o] o ISP 71
o R Y o1 1 = T PP 71
N 111 70T [UTox 1 o o AP 12
4.3 Model Development and Numerical Solution..............cccooevvvieeeeeen.n. 75

4.3.1 Velocity Profile in a Channel with Flux through the Membrane 75

4.3.2 Mass Transfer of Supermicron Particles near the Membrane Sifsface

4.4  Material and MethOdS.........coooiiiiiiiiiii e 85
4.4.1 Experimental ProtoCol............cevviiiiiiiiiieanii e 86
4.5 ReSUltS and DISCUSSIQIN.......uuuuuirieiiiiiiiiieaereeereeeeeeeeeeeee e e e e e e s s e eeeeens 89
4.5.1 Determination of critical fluXes............cccooiiiiiiiiieace e 92
45.2 Comparson between Predictions of the Different Models......... 93
4.5.3 Critical Modified Peclet Number.............cccccoe 94
4.6 CONCIUSIONS.....coiiiiiiiiiii e erer e eeer e e e e e e e aeeeeeas 97
5 Hydrodynamic Analysis of Vibrating Hollow Fibre Membranes............ 100
5.1 ADSIIACE ....ciii it ee e 100
5.2 INrOAUCTION......ciiiiiiiiiii e ettt e e e 101
5.3  Hydrodynamic ANAlIYSIS.......cccceiiiiiiiieiiiiieemeeeiies e e e e e evenneeeaans 103

5.3.1 Analytical Solution for the Hydrodynamics of a Sinusoidal Vibrating

SINGIE FIDI...ceiiiiiieee s 103



5.3.2 Analytical Solution for Optimizing the Distance between Two

Vibrating SUIMACES. .........ocviiiiiic s rern e e e e e e e 108
5.4  CFDMOAEING.....ccoiiiiiiiiii e 110
54.1 Computational DOM@IN.........cceeiiiiiiiieiiiiireeeee e 110
5.4.2  Solution DESCIIPLON......ccceiiiiiiiiieiieeee e eeae 112
5.5 Results and DiSCUSSION..........c.uuviiiieiiiiiemeiiiie e emees e 113
5.5.1 Wall Shear Rate of ¥ibrating Fibre................ccovvviiiiene e 113
5.5.2  Optimum Distance between Two Vibrating Surfaces.............. 117
5.5.3 CFD Simulations of Vibrating Bundles of Fibres...................... 119
5.6 CONCIUSIONS ....uuiiiiiiiiiiiiiiiee ittt e e e e amr e e e e e e e e e e e 121

6 Introducing Effective Hydrodynamic Parameters on Depolarization for

Transverse Vibrating Hollow Fibre Membranes..........ccccoooiiiiiiiicccn. 123
6.1 ADSIIACE... ..ot 123
6.2 INEFOAUCTION. ...t 124
6.3  Theory and Prior StUTIES..........ccccuuuiiiiiiiiieeeiiiiee e 128
6.4 Materials and Methods............oooiiiiiiiiceee e 135

6.4.1 PIV Experimental APParatus............cccuuuuureeerieemiuvreenieneeeeeeeeeenss 135
6.4.2 Vibrating Hollow Fibre Experiments...............cccoovvvivvieeneceeenne, 136
6.4.3  CFD SIMUIALION. .....coiiiiiiieiiie e 138
6.5 Results and DiSCUSSION...........ccccuuuuiiiiiiimemii e eeere e 141
6.5.1 Validation of CFD Simulations by PIV Resulis........................ 143

Vi



6.5.2 Gauge Pressure Variation for an Oscillatifigre Membrane......144

6.5.3 Hydrodynamic Comparison of Oscillating Fibre Membranes with

DIffer@nt LAYOULS.......covviiieeeeeeieeee e 147

6.5.4 Comparison of Longitudinal and Transverse Oscillating Membranes

149
0.6 CONCIUSIONS. .. e aaan 151

7 Comparison of Different Anti Fouling Techniques in tems of the

Membrane Selectivity and Fouling Mode................ccoovvviiiiieeee e, 153
7.1 ADSITACK. ....ci it eeei e 153
7.2 INEOAUCTION. ...t e e 153
7.3 Materials and Methods..........coooiiiiiiiiiiiic e 156

7.3.1 Experimental Apparatus and Protocal............cccceeviiivieecnnnnnnns 156
7.3.2  Model FOUIANL...........coooiiiiiiiee e 156
7.3.3 Pore Size Distribution Analysis Methods..............ccccceeiiiienne. 157
7.4  ReSults and DiSCUSSIQL.........coiiiuuiiiiiiee it e e eeeee e e 157
7.4.1  TMP RISE MONITOIING. . .eveiiiieiiiiiiieeee et 157
7.4.2  TOC-Level ANAlYSIS......ccoooiiiiiiiiiiirree e eeeeeiees 158
7.4.3 Pore Size Distribution Analysis...........ccccueeveiiiiiiicesiiiiiiiieeeeee. 159
7.5 CONCIUSIONS.....cuiiiiiiiiiiiiiiiii ittt 162

8 Preliminary Observation of Supermicron Particles Polarization near a

ViIDrating SUIMACE ........coovuii i 164

Vil



T R 1N o 1 1 = (o1 TSRO 164

8.2 INtrOQUCTION......uuiiiiiiiiiiiii it 164
8.3 Materials and Methods............oooviiiiiiiieeee e 167
8.4 Results and DiSCUSSION...........ccccuuuuiiiiiiiemmiiiibii e eeesreeeees 168
8.5 CONCIUSIONS ...ttt e 171
9 Conclusions and Recommendations..............cccoviiuirrieemiereeeesiniiieeeeeenn 173
9.1 CONCIUSIONS ...ttt ettt ettt et e e e e e e 173

9.1.1 Introducing a Generalized Criterion for Particle Deposition in CFMF

USINg DOTM RESUILS......cooiiiiiiiiiiieeee e 173

9.1.2 Hydrodynamic Analysis of Longitudinal Vibrating Hollow Fibre

V12T 001 o] £= 1 g (=1 T TP 174

9.1.3 Hydrodynamic Analysis of Transverse Oscillating Hollow Fibre

MBIMIAINES . .o ee e e e e e e e e e e e e aanmens 175

9.1.4 Effects of Different AntiFouling Techniques on the Fouling

AV =Tod o= T 1 o PP PPPPRR 176
9.1.5 Supermicron Particles Polarization near a VibraSogface........ 176

9.2  ReCcOMMENAIONS. .......cceeeieiieeeeeeeieeee e e e e e et eeeeennnnes 176
] (=] (= o = USSP 178

viii



Abstract

Low pressure membrane applications, such as microfiltration (MF) and
ultrafiltration (UF), have been widely employed in wastewater treatment systems
includingmembrane bioreactors (MBR3)he main problenof these applicationis

that the operating life ped of the membrane is greatly reduced du¢h®rapid
fouling rate resuling in frequent cleaning othe membrane and consequently
increasing theplant maintenance and operating cd3ynamic sheaenhancing
approaches, including vibrating hollow filsremembrane modules, have bee
proven to be effectivéo reduce concentration polarization and membrane fouling.
However, b date, the effects of the parameters of vibrating system on the fouling

have not been well studi@mprehensively

In order toobtaina better understanding of the behavior of supermicron particles in
the shear flows, the particle deposition in a simple crossflow microfiltration
(CFEMF) channel wadirst investigated theoretically and experimentalBirect
observation through themembrane (DOTM) was employed to determine the local
critical flux in the channel. The mass transfer of the particles in the channel was
simulated usinghe finite difference methodThe results showed that aitical
modified Peclet number (Bg) can beintroducedas a generalized (not depending

on the hydrodynamics) criterion for the onset of particle depogiéither than the

critical flux.

The effects of vibration parameters, namely frequency and amplitade,

geometrical parametefsuch asfibre radius andoundle packing densityyn the



wall shear rateat the membrane surfaceere studied both analytically and
numerically for longitudinal vibrating fiboresThe CFD results showed a good

agreement witlthe analytical solution results.

For transversescillating fibres in addition to the shear flow around the membrane
fibres, some secondary flows also exi®fD simulatiols were performed to
analyse the secondary flows induced by transverse oscillating membranelfibres
addition,the hydrodynamicsef different fibre layoutssuch asundle and curtain of
membrane fibreswere studiedand comparedFor validation purposethe CFD
simulation results were compared with experimental data acquired tising
technique ofParticle Image Velocimetry (PIV)nithe laboratory with different
Reynolds numbers. The computational results generally showed a good agreement

with the experimental observations.

The effect of different antiouling techniques (such as aeration and vibration) on
the internal fouling of he membranes was assessed using different methods,
including liquid displacement porometry (LDP), evapoporometry (EP) and field
emission scanning electron microscopy (FESEM). The results sadgest using
vibration might have adverse effects on the pemiance of the membraneith

internal fouling.

Finally, the behavior of accumulated particles near vibrating surfacesaisas
evaluated using PIVThe results showdthatin order topreventthe cake formation
on the membrane surface, shear rate (induced by vibration) and washing flows

(generated by aeratioajebothneeded.
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Chapter 1

Introduction

1.1 Background and Motivation

At present, he main challenge itow pressure membrarapplicatiors is the rapid
fouling rate of the membraneslue to heavily loaded suspensiord the high
fluxes used commonly in these applicationsSeveral techniqueshave been
developedin the industry toprevent or reduce foulingluring the membrane

filtration processThese techniques could be categorized into two major methods:

1 Air Bubbling

1 Dynamic SheaEnhancedviembrane Filtration

With air bubbling bubbles are used toduce turbulences and scrub the surface of
the membranéBrindle, et al. 200pFrom hydrodynamic point of vieyair bubbling
generatedhigher shear stresson the membrane surfagcend induces additional
flows in different directionghat scatter particles from the surfa@esides,the
movement of fibres, which is induced by bubbles, a#so be considered as a
possiblereason of fouling reduction for loose submerged hollow fibre modules
(Cui, et al. 2008 However, me of the main disadvantages of this technique is its
high power consumption. It is repted thata significant portion of power
consumption ofa submerged system is due to aeraf@ander, et al. 2000This

problem arisesbecausehe bubble dstribution is hardlycontrollable and hencea
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huge portion of aeration energg/wasta. Another problem of aeration thatwith
increasingaerationrate the systemperformance in terms of flux improvement
reaches a limit and nimirtherimprovementcanbe achievedFinally, the shear rate
induced by bubbling is relatively weaknd consequeiy only modest flues in
filtering operation with bubbling can be employgui, et al. 2003Genkin, et al.

2006.

It is well known that high shear rates on the surface of membrane can tleduce
Concentration Polarization (CP), cake buill and consequently fouling in
membrane systems. In conventional CyBksv Filtration (CFF), these high shear
rates are achieved bgcreasingthe tangential flow velocity along the membrane
surface and decreasiribe channel width. This combination of factors resuift
high pressure drop along the membraneorder to providea high flow velocity
and concomitanthigh pressure gradieng huge amount ofoumping energyis
therefore required Also, due to the pressure gradient imhe direction of the
permeateflow, the Trans Membrane Pressure (TMP) of the process varies in
different parts of membrane andus causes a noroptimal utilization of whole

membrandJaffrin 2009.

In dynamic or sheagnhanced filtration, a moving part is used to induce shear rate
on the surface of the membranstead Somecommonmethodsof shear enhanced
systems areotating cylindrical membrane, rotating disk systems and vibrational

membranes.

A rotating cylindrical membrane consists ©flindrical membranes rotating in a

fixed cylindrical housing Rotating disk systems use rotating disks near fixed
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circular membranes. These two systems have several drawbacks such as complexity
and limited membranearea thatlead to higher equipment cost. Thuthe
commercial success diie industrial scals of these applications has been limited

(Akoum, et al. 2002Jaffrin 2009.

Different mode of vibration can be used in differemiembranesystems. For
instance a hollow fibres systentan be vibrated longitudinallytransversely and
torsionally (Figure 1.1). A flat membranes system can vibrate torsionally as, well
around avertical axis. Therefore, t seems thathe method of vibrating membranes
could be more effective ath applicable in compason with alternate methodsn
addition, anaerobic systems are gaining momentum in the wastewater industry due
to their potential of energy production. The vibration approach would be ideal for

anaerobic MBR systems.

Many experimental studies have beerried outon vibrational membranes. These
studies and their results will be discusse@lvapter2. At the same timetheoretical
analysisandnumerical modelingf these systemare rare The modelingneed for

thestudy of a vibrational membrane systeam be dividednto two parts:

1. Modding of the hydrodynamic of thesystemthat can predicthe shear rate
on the membrane surface and flow characterization near the membrane.

2. Modeling of the reverse transport mechanism of dtygermicronparticles
away fran the membrane surface in a shear flamhich enables the
predicton of theback transport induced on the particles causeshegprand

consequently the critical flux of the membrane.
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Figurel.l Schematiof a hollow fibres module with different modes of vibrati¢en)
longitudinal vibration; (b) transverse vibratiand(c) torsional vibration.

Therefore,comprehensivenydrodynamicmodek are required to help understand
the effects of hydrodynamics onetlperformance of the low pressure membrane

systems.

1.2 Objectives

The research objectives of this study are summarized as follows:

U Develop a modefo predict the onset aleposition ofsupermicron particles
in shear flowson the membrane surfac€his modelwill be verified with
accurate experimental results.

U Develop a moddio determire the velocity profile and wall shear rate around
lengthwise vibrating hollow fibreystemausinganalyticalformulations and

numerical simulations.
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U Study the hydrodynamics around a transverse oscillating hollow fibre
membrane. The hydrodynamicg different configurationsof oscillating
fibres will be modeled and comparetihe modelingwill be verified with
PIV results.

U Determine the effects of vibrath on the internal fouling of the membrane.
The vibration approachwill also be compared with other afduling
techniquesuch as aeration.

U Investigate the behavior of accumulated particles on the surface of a

vibrating membrane.

1.3 ThesisOutline

Thisthesisis organizedn nine chapters as follows:

Chapter 1  Introduction: This chaptempresents the introduction alis study
and describes the contents of tieisort.

Chapter 2  Literature review This chapter reviews the prior studies on the
pressue membrane systems and dotiling techniques in thes
systems.

Chapter 3  Materials and methods The materials, experimental protoco
characterization methods and experimental apparatudeaczibed
in this chapter.

Chapter 4  Prediction ofsupermicron particle deposition in the shear flow |
crossflow microfiltration The onset of particle deposition in
crossflow channel was investigated via DOTM. A new numel

modeling of supermicron particles in the shear flows prasentec
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Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

in this chapter. The critical Peclet number was introduced ¢
generalized criterion for the onset of particle deposition in the ¢
flows.

Hydrodynamic an#ysis of vibrating hollow fibre membranes
This chapteiintroduces a new analytical solutiéor the flow field
around a longitudinal vibrating hollow fibre. CFD simulasaovere
performed to calculate the induced shear rate on the mem
surface in vibrating fibre bundles with different layouts.
Hydrodynamic Analysis of Transverse Sillating Hollow Fibre
Membranes A comprehensive study of the hydrodynamics
transverse oscillating fibore membrane systems is presented i
chapter.

A Comparison of Different AntiFouling Techniques, in Terms o
Membrane Rejection and &uling Mode The effects of membran
vibration on the internal fouling of the membrane are investigatt
this chapter.

Preliminary Observation of Supermicron Particles Polarizatic
near a Vibrating Surface The behaviour and motion ¢
accumulated particles on the surface of vibrating membrane
studied.

Conclusions and Recommendationsthis chapter summarigéhe
important  findings of the current study and provic

recommendi@ons for furtheresearch work
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Chapter 2

Literature Review

This chapter briefly reviesvsome basic definitions and concepts membrane
processesas well asthe literatureon shear enhancing methods in membrane

processes.

2.1 Membrane: A Broad Concept

A membrane can be considered as a sslactive barrier which can block the
transmission of particular partes while allowing other particlesto permeate
through Nowadaysnumeous kinds oilmembranes exist. Thmembranes are made

with different properties, materials, thickness, structures, etc. For instance, a
membrane can be as thin as 100 nm and as thick as a centimetre, and it can be made
of organic or inorganic materials. &lstructure of a membrane may be symmetric

or asymmetricand homogeneous or heterogeneous. Different driving forces can
cause the mass transfer through a membrane such as an electrical field or a
difference in temperature, concentration or pressure betwee sides of the

membranéMulder 1996.

Pressure driven membrane processes, which this study deals with, can be classified
into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse

osmosis(RO) based on the particle size and rangehefapplied pressure for the
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processesin these processes pressure difference between two sides of the
membrane, calledransmembrane pressure (TMP), causes the flux through the
membraneThe typical pressure and flux range used in different pressure driven
membrane processes are showitable2.1. In this studyJow pressure membrane
processegefer to microfiltration and ultrafiltration.Figure 2.1 summarizes the

application range of these processes from the particles size point of view.

Table2.1 The flux and pressure range in different pressure driven membrane processes (adopted
from Wicaksana (2009)

Membrane Process Type Pressure Range (bar) | Flux Range (L/n? h bar)
Microfiltration 0.1-2.0 >50

Ultrafiltration 1.05.0 10-50

Nanofiltration 5.0-20 1412

Reverse Osmosis 10-100 0.051.4

2.2 Different Membrane Operational Modes

The operational conditions of membrane systems can be categorized from different
viewpoints. The feed stream can hdly filtered or only a percentage can pass
through the membrane to the permeate side. Also, in a filtration preddss the

TMP or the flux can be fixed.
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Reverse
Osmosis

Nano-
filtration Microfiltration Cloth, Fibre Filters
Ultrafiltration m

| | | | | | |
0.001 0.01 0.1 1.0 10 100 1000 pm

lonic Micron Fine Coarse
Macromolecular Range «— S
* Range I - Range Particle Particle

Figure2.1 Different pressure driven membrane processes and their application range
(adopted fronCui and Muralidhara (201])

Membrane Process

2.2.1 Dead End and Crossflow Filtrations

Two different basic modes of oadion can be distinguished in pressure driven
membrane processes: dead end and crossflow médpse 2.2 describes the
differences between these twmdes schematically.hefeed flow direction in dead

end mode is perpendicular to the membrane and also thesedtentate stream in

this mode. Cake formation is very severe in dead end operations and the membrane
should be back washed repeatedly idenrthat the cake resistance does not increase

too much.

In cross flow modethere are three streams: fepdrmeate and retentate. The feed
stream is parallel to the membrane surface. The tangential comporteetfeéd
velocity makes the particles move the flow direction. As a resulthe cake
formation and fouling tendency are less compared to the dead end mode. The

parallel feed flow in cross flow mode can be caused by pumping, stirring, bubbling
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and moving the membrane rel& to the surroundingldid. It should be mentioned
that some modes of membrane filtratmannotbe categorized as dead end or cross

flow completely and they are a combination of these two m(ilesryan 1998

2.2.2 Constant Pressure and Constant Flux Operations

The TMP of a membrane filtration process can be set to a fixed value. This
operational condition is called constant pressure filtration. If the TMP is small
enough then an almost constant permeate fluay be achieved. Otherwise the
permeate flux would ecline to a final steady valusgeFigure 2.3a). As can be
seen in the figurehis mode of operation is self limiting and the flux would reach a

final minimum valuecalled final flux.

Running a filtration process undéhe constant flux modewill result in an
accelerating rise of the TM® the flux is over a critical value (critical flux]gi)
(Field, et al. 199b Figure 2.3 shows that the constant flux operation is a self
accelerating process. If the filtration is run under thiicat flux, then no
significant fouling will occur (Howell 1995. The criti@al flux concept and the
methods usetb determine the criticdlux, arediscussedn more details in the next

section.

Through comparing theperformance of theconstant flux and constant pressure
processes fowater treatment, it was found that thenstant flux mode is much
morepreferable since it prevents an initial high fouling rate whictoremonunder

constant pressure mo¢leefrance and Jaffrin 1999

10
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Figure2.2 Schematic of differences betwettie modes of operation for pressure driven

membrane filtrdon: (a) deadkndand(b) crossflow
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A 4

A 4

Filtration Time Filtration Time

Figure2.3 Schematic diagram @he operational conditions over timg) constant

pressure filtratiorand(b) constant flux filtration

2.2.3 Concept ofCritical Flux

A conceptwhich has beenused extesivdy in the literature of microfiltration

processes ithe critical flux (Jgrit). The critical flux hypothesis for microfiltration is

11
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based on thfact that a fluxcan be foundin constant TMP filtrationthat below it
thedecline offlux overthetime isnegligible andaboveit the fouling is noticeable
Likewise in constanflux filtration, an increase in TMP is not obsabtebelowthe
critical value.The value othecritical flux depends on the hydrodynamics, particle
size poresize and probably othevariables. The critical flux can baetermined
experimentally(Field, et al. 199p For MBR applications, however, the critical flux
is not easy to be determined becauseheffast adsorption of particles on the
surface of the membrane in these applications. To deterdginin a filtration

process, different methods can be uasedescribed in the following
2.2.3.1 Flux Stepping

In this method, the permeate flux is kept consiiamach stepvithin a certain time
interval (e.g. 15 minutesand the TMP is monitored and recorded. Eamsecutive
steps, the flux is increased by a certain value (this flux step can be Bh[/t0
L/m?h, etc) and the TMP is again monitored. The fateppng is repeated till a
noticeable TMP increase rateplMP/qd)crit, IS observedWu, et al. 1999 This

procedure is schematically depictedrigure2.4.

There are differences between the standards which have been used by different

researchers to determine the critical flux by flux stepping. These differences include

the variations of the time intervals, flustepsand thedetermination of theritical

TMP increase rat@Bacchin, et al. 2008Cho and Fane 2002e Clech, et al. 2003

12
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Figure2.4 Determination of critical flux using flux stepping method

2.2.3.2 Direct Observation through the Membrane (DOTM)

By using high porosity membranes with straiglores (that makes the membrane
transparent when it is wet), it is possible to observe #réicfe deposition and
movementclose to surface through the membréhie et al. 1998 Li, et al. 2003.

I n this <case, it i's possible to estimate
deposition on the membrane. In other vgrthe critical flux is the highest flux
before a noticeable deposition can be observed. An example of estimating the
critical flux by DOTM is shown inFigure 2.5. In this figure, Li and ceworkers
moni tor ed depasitiop ia diffeiert flugesluing the filtration of latex
particles with diameter of 12m in a crossflow channel with constant cftew
velocity (CFV) of 0.4 m/sThey concluded thahe fluxes of 35 L/nfh and 45
L/m?h wereunder the critical flux, since no noticeable deposition occurred in these

fluxes, and 51 L/ith wasnear or at the critical flug.i, et al. 1998.

13
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Figure2.5 Estimating critical flux by monitoringhe particledeposition using DOTM

2.2.3.3 Mass Balance

The nmass balance method ftre determination of critical flux is based on the fact

t hat t he

fluxes below the critical fluXKwon, et al. 200p Above the critical flux, it has

been shown thahe particledeposition rate is proportional to the difference of the

performed byLi, et al. (1998)

par t i dn/dd ;@ filtdatop precess eqoais torzerd fer

14
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flux and critical flux (J-Jqrit), feed concentrationc{) and membrane aread)(
(Chong, ¢ al. 2008 Knutsen and Davis 200&hang, et al. 2006 This can be

summarized in the general form(@hang, et al. 2000

Q4 .. . . . (2.2)

Equation (2.1) implies that if we plot the deposition rat@/gd) versus the fluxJ),

then the flux axis intercept of the regression line can be considered as the critical

flux (Figure2.6).

dm/dt

/
f+— Experimental Data
+/
f Regression Line
"
/

+
/

b . el }‘

Critical Flux (Ju) T 1% ()

Figure2.6 Determination of critical flux using mass balance method

2.3 Mass Transfer in Pressure Driven Membrane Filtration

The permeate flud in a pressure dren membrane is related to the TMRd total

resistance of the membraRebytheD a r ¢ y §Mulddr EO9§:

“YO O (22

15
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where ¢ is the viscosity R can be written as the sum of the clean membrane

resistancély, and the resistance due to fouliRgas follows:

Y Y Y (2.3

In general, different types of fouling exist. Two main classes of fouling are internal

and external fouling. Internal fouling occurs when the particles are smaller than

membr ane pores. These particles can narrow
wall or theymay plug the holes totally. On the other hand, external fouling can arise

from the cake or gel formatiorand pore blocking and depositican occuron the

surface of the membrane.

2.4 Hydrodynamics in Membrane Processes

Due to the rejection of particldsy the membrane, the concentration of rejected
particles rises near the membrane surface. This phenomenon is known as
concentration polarization (CP). CP is more severe in low pressure membrane
applications because of the relatively high permeate fluxpeoed to reverse
osmosis (RO) and nanofiltration processes. CP is one of the most important factors
that caninducefouling. Therefore, it is essential to lower the CP intensity by means

of the hydrodynamics the filtration system.

The hydrodynamics reled to the low pressure membrane applications can be

categorized into two different areas:

1- The first arearelates to themacro hydrodynamics of the system. For

instance, the shear rate on the membrane surface (one of thenpagant

16
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parameters in the mebrane filtration systems) should be determined by
means of analytical and experimental methods. Also, The washing or
secondary flows, which are effectit@mvard reducingcP, should be studied.

2- The second area relatestt®e micro hydrodynamics, or the émaction of
particles and fluid near the membrane surface. This can help understand how

the back transport of particles from the membrane sudeoas

Here we review some of the existing models and experimental methodbefor

study ofhydrodynamicsn the membrangrocesses.

2.4.1 Concentration Polarization (CP) Concept

Membranes are used fdhe filtration of solutions, colloids and suspensions
(generally consist of fluid (liquidand particles (solidphaség The particles can be
rejected partially@< c,<< c,) or completely ¢=0), wherec, andc, are the partile
concentration values in thpermeate and feedide, respectively. In a steady
situation, the concentration of particles reaches its maximum value at the surface
(cw) and declines to the feecbncentration valuecf) through a concentration
boundary layemwith a thickness ;) as shown irFigure 2.7. In the concentration
boundary layer, for a membrane witB0% rejection¢,=0), the convective flux of

the particles to the membrang €) should be equal to the back transport of the
particles to the Wk flow due to diffusion The diffusive flux is-D G/ which D is

the diffusion coefficient of the particles andis the direction normal to the
membrane surface Figure 2.7). Therefore, the governing equation in the
concentrabn boundary layer and the boundary conditions can be formulated as

follows (Bowen and Jenner 1998lulder 1996:

17
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. w 24

6o o @4
T w

O O O T (25)

O O O (26)

Integrating Equation (2.4) over the concentration boundary layer (i.e.X#0no

x=U), yields:

W

© g (2.7)
w

wherek is the mass transfer coefficient, defined as:

.~ O (2.8)

% Membrane

Cw

(}:l Convective Flux (J ¢)

Y

Figure2.7 Schematic diagram of CP in a steady state membrane filtration process

The mass transfer coefficieri) (is the ratio of the diffusion coefficient) to the

concentration boundary layer thickne&g.(To reduce th€P effect, it isnecessary

18
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to minimize the concentration of particles at the membrane sudgceBased on
Equation (2.7)k should be increasdd reducec,,. For this purpose, eithég should

be decreased @ should be increased.

In the membrane processgsis a function of the hydrodynamics of the system
(Belfort and Nagata 1985 Gekas and Hallstrom 1980 The effect of
hydrodynamics on the mass transfer coefficid)t for a crossflow channgls
usually presentedin the form of a correlation between three non dimensional
groups: Sherwood numbe8l{=kd/D), Reynolds nhumberRe=ud/3) and Schmidt
number § ¢ = 3, WHereu is the velocity of the bulk flows is kinematic viscosity

of the fluid aml d, is the hydraulic diameter of the channel. Tharelation is

(Mulder 1996:

: - Q 2.
M QY 'Q"Yu)ﬁ 29)

where L is the channel length. Empirical values for the constants (a, b, ¢ and d) are
available for laminaPorter 1972and tirbulent flows(Gekas and Hallstrom 1987

in the literature.

There arealsomany mechanisms to model the diffusion of particles in the filtration
systems(in other words, to determine the diffusion coeffici@®)t The common

mechanisms will be reviewed in the next section.
2.4.2 Particles Back Transport Mechanisms

Many theoretical models have been developed to prettiet concentration

polarizationand steadyld@ix in crossflow microfiltration processesFor dead end

19
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filtration processes, the only mechanism of particle back transport is Brownian
diffusion, which should benegligible compared to the convective migration of the
particles toward the membrane (doghe permeate flux). As mentioned before, the
tangential flow ofthe feed in cross flow filtration removes the particles from the
membrane surface. In other words, the tangential flow indadesck transport of
particles The particleback transpd in cross flow filtration has been describleg
means of different mechanisms such as Brownian diffusion, shear induced diffusion
and inertial lift(Belfort, et al. 199% Based on the definition of critical flux, it can

be concluded thathe critical flux occurs when th particles back transport is in

balance with the convective migration of particles toward the membrane.
2.4.2.1 Brownian Diffusion Model

The Brownian diffusion model is a mechanism of particle back transport which is
dominantwith submicron particles and lowearnges of shear rateThe Brownian
diffusivity Do of particles, which is a function of temperatdrecan be calculated

by EinsteinSutherland equatiofBelfort, et al. 199%

o qYy (2.10)
)

whereki s t he Bol t zmann®3dmotk ansfi(ka/sarmol)isthe 38 x 10
frictional coefficient of the particle, which can be calculated by Stokes law for a

laminar flowas

0 ot (2.11)

20
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where a is the radius of the particles amg ( Odnd equals to 1 for spherical
particleg is a correctingactor for fractal shape particl€geerapaneni and Wiesner

1996.

According to the Brownian diffusion model, the steady state fluwi{|l be reached
when the particles that are transported toward the membrane by convection, are
balanced with the particles that diffuse away from the membrane and pass the
membrane due to the tangential flow. By integration of this convediifiesive
flow across the membrane length, the steady flow is achieved as f¢Rowsr

1972

| ro (212
) T[EﬂJpT a e—

L indicates the membrane length,andd , are the shear rate and particle volume
fraction at the edge of the cake layer respectively @pds the particle volume
fraction at the bulk suspensidsubstituting Equations (2.10) and (2.11) in Equation

(2.12), the steady state flux predicted by Brownian diffusion model is obtained as

follows:

o - 2.13
| R (213
v T P m a e

2.4.2.2 Shea-Induced Diffusion Model

It was obseved that the steady state fléor cross flow filtration with micron sized
particles and intermediate range of shear rate, is noticeably higher than the flux

predicted by Brownian diffusion model (Equation (2.1®drter 1972 To explain

21



Chapter 2. Literature Review

this disagreement between the experirmemésultsand modelpredictions the

sheafinduced diffusion model was proposed Bydney and Colton (1986)This

model is based on the fact that particles have a tendency to migrate from layers with

higher shear rate to layers with lower shear rate in a flow. As a result, the shear

induced diffusion coefficienDs is a function of sheamteoand partiacl esdé r ad
A general relationship has been proposed to calculatBdfteckstein, et al. 1977

Li, et al. 2000 Zydney and Colton 198&s

O .
SIS (214
W

In this relationc is a constant value that dependgimwvolumetric concentration of

particles(t ). An estimation oDswas proposed b¥ydney and Colton (1986dr a

bulk flow concentrationi , between 0.2 and 0.4
0O md O (219

Equation (2.15) can be substituted in Equation (2.12) in order to predict the steady

state flux based on the shaeaduced diffusion model.
2.4.2.3 Inertial Lift Mechanism

Another approach to mod#ie reverse transport of particles from the surface is to
determinethe lift force (F.) thatis inducedon an individual particle due tthe
existing shear rate near the surface of the membf&rew, et al. 1991
McLaughlin 1991 McLaughlin 1993 Rubin 1977. In this approacha typical

relationis used to predict this force:as

22
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0 A (2.16)

This force is usually compared with other forsegh as thelrag force(Fp) due to
the filtration flux and adhesion forgéag) thatis caused by electrostatic forces,

vanderWaals interactions and steric effe(fpperger and Altmann 202
O O O (2.17)

In this equationFy is the total deposition force thas induced to a particleTo

calculateFp, the Stokes law for laminar flowan be applied:
O ¢0“ " W (218

vt is the flow velocity normal to the surfaceaused by filtration flux The forces

discussed in Equation (2.17) are shown schematicalygure?2.8.

Crossflow Velocity

Lift Force (F.) C?

Particle Interaction

* Electrostatic Interaction

* Van-der-Waals Interaction
« Steric Effects

Ill

Fo=Fp+Faq '

Figure2.8 Forcesactingon a particle near the surface of membrane in a filtration system

(Ripperger and Altmann 20p2
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It is possible to calculatthe critical flux theoreticallyby the inertial lift modelThe
critical flux can be consideremkthe flux in whichF4 is counterbalaneeby F. on a

particle.

2.4.3 Numerical Approaches

With the performance of computamsprovingsignificantlyday by daya great deal

of interest has been shown in usimgmerical approaches or computatibfiuid
dynamics (CFD) to simulate the fluid systems in the membrane applications. Most
of these simulations have been performed urdsrinar conditions, thougla
substantiahumberof studies have dealt with turbulent conditiq@hidossi, et al.

2008.

The main purpose of CFD simulations ts investigate the hydrodynamics of
membrane systems. Researchers have used CFD to obtain different hydrodynamic
parameters irthe membrane systems such the induced shear stresses on the
membrane surface, friction loss of the flow passing the membradeles mixing
characteristic of the membrane reactor (like Residence time distribution, RTD), etc.
Moreover, CFD can be employed to simulate the hydrodynamics in different kinds
of membrane systems like crossflow chann@ismbrane bioreactors (MBRS) with

or without air sparging, vibrating membranes, gghidossi, et al. 2006

Joshi (2001)reviewed cmprehensivelythe paststudies on turbulent three
dimensional () two phase flow in bubble column systems (that are very
important in MBR applications). Since themany efforts have been made

simulate two-phase (ahwater) flows in membrane systemsitlw aeration
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(Buetehorn, et al. 20)1A complicated simulation of singleand twephase flows

in a submerged hollow fibre system with an irregular moving fibre arrangeanent
different height of the column (achieved by computer tomography (CT) scan) was
performed byBuetehorn, et al. (2011Yhey considered fluidtructure interatons
(FSIs) in their study and found that the regions with higher porosity have higher
velocity and lower turbulent local viscositifigure 2.1 shows the instantaneous
map of fibres in the different heights of the bubbling column takean@®¥ scan.

Fiber segment

Flow channel Gas sparger

Figure2.9 CT scan of fibres arrangemaeattdifferent heights in the bubbling column

(Buetehorn, et al. 20)1

RTD is an effective quantitto measurethe mixing and consequentlyhe
biodegradation rate in a membrane plarannock, et al. (2010ysed CFD to
obtain RTD within two fullscale MBR plantsThey found a close agreement

betweerthe experimental and simulated results.

The dear rate (and shear stress) on mhembrane surface is one of the most
important factos that can influence the fouling and CP in any membrane process.
Since there are onlgfew experimental techniqués estimate thehear rate on the

membrane surface (which are usually expensivecangdicated, most researchers
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prefer to calculate the shear rate analytically or numerically (GEbidossi, et al.

2006.

Different flow patterns and induced sheate on the membrane surface were
studied using CFD in a membrane channel with 12 different strgctirspacers
(Santos, et al. 2007 The results were used to design an optimum alignment of
spacers in the chann@arkar, et al. (201imulated the hydrodynamics inside a
novel shearenhancing membrane system, call@dspinning basket membrane
(SBM). They calculated the shear rate and pressure on the membrane surface. To
date,very few CFD simulations reportthe hydrodynamics of vibrating membrane
systems. Ahmad, et al. (2010)performed threg@limensional unsteady CFD
simulatiors for a vibrating membrane channel and obtained the shear rate and
velocity profile n the channel. As a result they could distinguish five types of
velocity profile in a vibrating channePoiseuille flow Figure 2.10a), Couetté
Poiseuille flow Figure2.10b), plug flow Figure2.10c), VSEP flow Figure2.10d)

and oppositalirection CouettePoisuille flow (Figure2.10e).

—_— — —
a b C o T “d- -----------

Figure2.10 Different types of velocity profile in a vibrating membrane chafakmad, et
al. 2010.
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However, he CFD modeling for vibrating hollow fibresubdles, which can
determine the effect of different geometricainfigurationson the hydrodynamic

flow around the fibres, has not been reported so far. In the present study, the CFD
modeling for avibrating fibre bundle is performed for two different dagurations

of fibres: inline and staggered. The results of CFD modeling are described in the

following chaptes.

2.4.4 Particle Image Velocimetry (PIV)

To study the hydrodynamics of a membrane process experimentally, it is essential
to monitor the different hydrodynamic parameters of the process when it is
operatingMany noninvasive techniquelsave been developed to do(&hen, et al.

2009. Optical techniques like DOTMHodgson, et al. 1993 electrochemical
methodqMiyagi, et al. 200} constant temperature anemometry (CTl¥g-Clech,

et al. 200% and impedance spectroscaf@oster, et al. 199Gre examples of tise
methods.Particle image velocimetry (PIV)as also been usexs a norinvasive

method in membrane applicatiofeo, et al. 2006

PIV can be used to measuz® reattime velocityfields. To performPIV, three

main componentare needediaser sheetseeding particles and digital camera. To
generate the laser sheet, the laser beam (commonly emitted by Nd:YAG type lasers)
should be reshaped to a sheet shape by a cylindrical leh®ws & Figure2.11.
Seeding particles should be able to follow the flow and scatter the laser light so that

the particles can be distinguishable in images takahédigital camera.

27



Chapter 2. Literature Review

The PIV operation is illustrated fhigure2.11. The target area is divided to several
subsection areas or interrogation areas (IAs). The displacement and consequently
the velocity of seeding particles are measured by @oselating ofthe images of

particles in each IA between two pulses of lasers (with a certain time intgiuals

PIV has been used to study the flow and measure the shear rate on the flat plate and
rotating membrane@Gaucher, et al. 2002Wereley and covorkers used PIV to

study the hydrodynamics of a rotatingembrane system. They used two different
types of seeding particles: smaller particles with diameters in the range2& 10
microns, and bigger particles with diameters of 150 to 300 microns. They assumed
that the smaller particles would follow the flowtlwa good degree of accuracy,
whereas the bigger particles might slip relative to the flow. They found that the slip
velocity between big particles and flow can be neglected since the difference
between the velocity fields which are achieved by usingdifferent particle types

was almost zer@Nereley, et al. 2002

Figure2.11 The principles of the PIV operatigpantecDynamics 2032

PIV was used in submerged hollow fibore membrane systems for measuring the

shear rate and finding the flow pattern in a bundle of fibres with air sparging by
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Yeo, et al. (2007)It was also used to determinket intensity of turbulence in
different membrane applications such as crossflow filtration with turbulence
promoter(Gimmelshteinand Semiat 20Q5and vibrating submerged hollow fibre

membranegLi, et al. 2013.

25 MBR Systems

In an aerobic biological process, organic substances biodegradebasio
compounds such as water, £MH,", etc. The biological cells involved in this
biodegradation are called biomass or activated sludge. The amount of biomass
increases due to the biodegradation. Therefore, a secondary clarification is needed
to separat the sludge from the mixture. In conventional activated sludge processes,
this clarification is done by settling tankBidure 2.12). A larger volumesettling

tank can lead to detter sludge separation. On the other hand, using tanksawith
larger volume requires more space and equipmentshamnefore it ismore costly

(Tchobanoglous, et al. 2003

Aeration Tank

Feed Water /_\ Settling Tank

| Treated Effluent

1

Air

Recycled éludge

Extra
Sludge

Figure2.12 Schematic of a conventional activated sludge process.
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To overcome the space shortaged achieve higher quality treated water,
membrane filtratiorsystemcan be used as an alternativethie clarification tank
system Themembrane filtratiorsystems which integratbe biological degradation

and membrane separation are known as membrane bioredbtBiRs). The
membrane can retain the sludge totally; therefore, higher quality water can be
achieved by MBRs rather than conventional activated sludge sy§iefis, et al.

2012 Muller, et al. 1995 Since higher sludge concentration can be emplayed
MBRs, a low food to biomass ratio can be sustained; consequently, lower (up to
50% less) sludge production can be achiey&hyoot and Verstraete 2000
Mayhew and Stephenson 1998 terms of chemical oxygen demand (COD), total
suspended solids (TSS) and turbidity treatment, MBR systems have shown high
efficiencies in municipal and industrial applicatiq@hang and Kim 20Q9\g and

Hermanowicz 2006

Two main configurations exist for MBR the cross flow (sidstream)
configuration and the now more commercial submerged configurakaguré

2.13). In the cross flow configuration, the membrane module is located out of the
aeration tank and a retentate streantireulates to the aeration tank. In the
submerged configuration, the merabe module is immersed in the aeration tank.
This configuration was firstly proposed Bamamoto, et al. (1989)Unlike the

cross flow configuration, submerged configuration does not need arrcuéation

pump and only needs a suction pump. As a result, less pumping power is consumed

in submerged systengdudd and Judd 20D6
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Feed Water Retentate Stream Feed Water

Permeate

&

—Q_' P Membrane
ar ] l rp—

Aeration Tank

suelqWap

ﬂ

Aeration Tank

Extra
Sludge Sludge

Extia Permeate

(a) (b)

Figure2.13 Different configurations of a MBR: (a) cross flow configuration, and (b)

submerged configuration.

2.5.1 Different Types of Submerged MBRS

Two different malules using in MBR applicationare the flat plate submerged

MBR and hollow fibre submerged MBR.

Figure2.14 showsa typical commercial flat plate submerged MBRor instancein
a commercialsubrerged flat membrane systedeveloped bythe environmental
division of Kubota Corporation in Japan, 150 membrane cartridgéh
approximately 0.8 fsurface area for each platereplaced in a rectangular tank.
Bubbling was used in order to control the dbng on the membrane surface

(Churchouse 1997

Figure 2.15 shows a typical hollow fibre module used in submerged MBR
applications. This module is manufactured by Ze(@ui, et al. 2008 The hollow

fibres are mounted vertically in this module and the permeate can be taken from

both ends of the module frame.
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Flat Membrane Cartridge

Air Sparger

/\

Raw wﬁ \

Figure2.14 Schematiaiagramof a submerged MBR configuration using flat plate

membranes

2.6 Anti-Fouling Techniques for Submerged MBR Systems

MBR applications usually deal with extremely thick solid suspension fluids.

Besides, lav pressure and consequently high flux membranes (MF and UF) are
usually employed in MBR systems. As a result, the membranes are highly at risk of
fouling in these systems. Different techniques can be employed to control the

fouling in submerged MBR systemns

These techniques could be categorized itlttee major methods:chemical,
electrical and ultrasonic and hydrodynamic methoBgyufe 2.16). Chemical
cleaning, membrane surface modification and feedrpament (chlorination, pH
adjustment, etc.) are examples of chemical antifouling metkigase and Fell

1987 Fane, et al. 199Kuzmenko, et al. 2005
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Figure2.15 A submerged hollow fibre membrane MBR module manufactured by Zenon
(Cui, et al. 2008

The ultrasonic waves can be employed to manipulate the concentration polarization
layer near the membrane to reduce the foulighon, et al. 2000 They canalso

be usedo break the cake structure on the membrane in order to remove the foulants
from the surface of the membra(@onzalezAvila, et al. 2012 Many attemptso
diminish the fouling usingan electric field have also been reportghirado and

Bellhouse 1994Mameri, et al. 20011

Backwashing(van de Ven, et al. 200&nd baclkpulsing (Ning Koh, et al. 2008

have been used extensively in submerged hollow fibore membrane systems.
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Figure2.16 Classification of anti fouling methods used in MBR applicati@tsahnawaz
2009.

Using hydrodynamics to induce shear stresses on the membrane surface and also
producing disturbaces and secondary flows is the most common anti fouling

technique in MBR applicatiaThere aréwo categories:

1 Air sparging (or aeration)

1 Dynamicshearenhanéing membrandiltration

Some common kinds of shear enhagsystems are rotating cylindrical membrane,
rotaing disk systems and vibratinpembraneqJaffrin 2008. The scope of this

study is on vibrating membranes. This technique and also air sparging (as the most
common technique in MBR systems and for the purpose of comparison) are

discussed in details in the next sections.

2.6.1 Aeration

It has been proven that employing air sparging is an effective strategy to enhance

the flux (i.e. decrease the fouling) in YBellara, et al. 1996Li, et al. 1998 and
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