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Abstract

Slug bubblingn flat sheet MBR$FSMBR)is of interesin water treatment industtg effectively
control fouling. In this work, anovel bubbling methods usedto produce slug bubbles into all
channelsbetweenevery pair of membranedor a largescale 106sheetscommercial FSMBR
Below the membrane plates;oalescent bubbdeformed and thesedevelopedinto largesized
bubbles, which eventuallydistributedbetweenchannelsas a set of slug bubbleS8omputational
Fluid Dynamics (CFD) was used to predibe bubblesize and distributioramong different
channels and associatellydrodynamic featuresSubstantial agreement was obserweith the
experiment results. fie configurationof membrane plateentrally locatedabove theaeration
nozzleswas determined to hawiperiorhydrodynamic performanacaf high shear stressn the
membrane surfaceSheeffectof membrane plate and chandehensionsvere studiedo identify
the optimizd designfor hydrodynamics enhancememt fouling control. The combiration of
membranehicknessat5mm and channgjapat6mmwasverified tobetheoptimalconfiguration
which would give uniform distribution of slug bubbles armtovide high shear stresin the
channels.The optimized air flow rate was successfullyreduced to4.7 L/minAn2, which

corresponds to a 53% reducticompared withraditionalusage(10 L/minAn?) in industry.
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1. Introduction

The membrane bioreactor (MBR) technologwiseliable technology thas widely used
for the treatment and reclamation of both industeatl municipal wastewatersiowever,
membrane fouling remains the major drawbatipeding the wider apigation of the MBR
technologybecause the consequences are that it resuliggher energycoss and membrane
replacement expenditure-Bl. Therefore various aeration processes hdeen developedsa
technically effective stratedwr fouling control and oxygen transferocesg6-11].

The aeration for slug bubbling was early studied by Cui et al., which could enhance the
surface sheargffectively control concentration polarization and subsequently ameliorate
membrane foulingl], 6, §. The hydrodynamieffect introduced by slug bubbles flat sheet
MBRs (FSMBR)were alsanvestigatedn our previous studiesdigh wall shear stress could be
induced byperiodic slug bubbles in FSMBW®Rhichis more effective and economic to enhance the
mass transfer coefficiemtith a modestonsumptiorof air [3]. Electrochemical experimengnd
numerical studies on one membrateet surfacbad show that shear stress from over 60 mL
slug bubble couldoroduce excellent spanwise shedress of more than 1.0 Pa on the flat
membrane, thugreatlyenhanag fouling mitigation f]. As noted previouslghear stressf >1.5
Pa from slug bubble inside one channel between two membrane plates could be efficient and
beneficial for fouling contro12]. The need t@enerate the slug bubbles with high hydrodynamic
performance for a largecale commercial FSMBR with 100 membraneetkled to anovelslug
bubblingprocess A systematic studip generate an optimal design was the subject ofvibik.

Since the aeratioprocesshassignificanteffecton fouling control andhigh energy cost,
the influence of differenMBR designparameters and structures on the-piase flow were

studied Prieske et a[13] evaluated the shear stress exertethbyising bubblegrom optimizing



the geometries of tank and module accordingly in order to obtain an improved deposition control
at mnimum energy inputLiu et al.[14] studied the combination of featurefor the hollow fiber
membrane module, filtration tank, and aerasgstem tachievdargerhomogeneous shear in the
filtration zone.Similarly, Tahaet al. [8] related the slug bubbling frequency, bubble sizéh
permeate fluxn the tubular membrane system, and fothmat tie wall shear rate and fluxere
highest when the membrane was inclined at 45° from the horizoodéalon Drews et al[15]
investigatedhe wall shear that single bubble induced could be dependent on the membrane plate
spacing (329 mm) and bubble size {BOmm),the air sparging couldave advantageous but also
detrimental effect®n the wall shearyamanoi and Kageyamd§] also reported that the large
bubbles (1121mm) with twedimensional amorphous shapes between membcangsresult in

a larger shear sse compared to the bubbles (30mm)which wassmaller than the membrane
clearance in an FSMBR. Culfaz et fl7] found that large, caphaped bubbles and slulgad
betterperformancehan small bubbles in Hollow Fiber MBRs.

However, large amount of fundamental research has focused on tubular and hollow fiber
membrane modulgd8-20]. Although growing, the literature ameration optimization and slug
bubbling in FS formatvasstill quite limited [L6, 21]. Furthermorethe method to produce slug
bubbles for a commerciddrgescaleFSMBR (.e., 100 membrane sheets) was still needéus
in turn necessitatesnore fundamental researdm the hydrodynamicsof slug bubblingwith
different design variables a largescale FSMBR, which could effectively control the fouliiy
aneconomical energgonsumptionThe aim of the present works to optimizethe configuration
of aerabr and membrane platdsr a novel aeration process of slug bubbiesa largescale
commercial FSMBRwherein one camodify and efficiently control thewall shear stresto

enhance the hydrodynamic effeehilst reducingthe energy demand. Computational Fluid



Dynamics (CFD) simulation anelxperimentapproaches werkoth utilizedto preciselypredict
bubble generatioprocessand coalescerfeatures.Particular emphasiwasgiven tothe bubble
distributioninto channels between every pair of membranes. The wall shear stress was compared
and analyzed in each channel at different configuratioashi@vemore uniform distributionand

highervaluesof wall shear stresas well asan economical air flow rate.

2. Methods
2.1 Experiment Method

The bubbles were generatedrom an aerator of O.D.20mm with 4 nozzles (Fig. The
aerator was fixed in the bottom of largescale plexiglass tank witlthe dimensionsof
510x600x1800 mnfLengthxThicknessHeight). Deionized water was filled in the tank as the
liquid phasethenl5 membrane plates (provided by Oxiamembrane Co., Ltd, Xiamen, China) with
the dimensionsof 510>6x1200 mm(LengthxThicknessHeight) was placed above the aerator.
The distancef the membrareto aeratowas 0 mm.One of the channels was formed shaet
of transparent plexiglass with the same dimensamisa membrane tmobtrusivelyobserve the

bubble development inside the channel.

Compressed air was directeg air pumpto the liquid tankunderair flow rate 0f36.2
L/min. Solenoid valve with a time controllevas usedo generate intermittent aeration at a fixed
open time of 1Hz. Buffer tank was connected between the solenoid valve and air rotameter to
dampertheupstrean air flow pulsation. The slug bubbling process was observed and recorded by
a high-speedCMOS camera (FASTCAMiltima APX, Photron, Japan) with 1024x10@ikel

resolution. The images were processed by MATLAB program to obtain thatgtieatfeatures



of the large size bubble formatigmocessduring its upwards movemerall experiments were

repeated three times and conducted at room temperature.
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Fig. 1 Schematic diagram alugbubbling experimeia rig.

2.2 Numerical SimulatiotMethod

2.2.1 Physicaodel and meshing

Hydrodynamic characteristiaf the novel bubbling process was studieddopmputational Fluid
Dynamics (CFD) simulations3D numerical modelingvas conducted foitwo configurations of
different aerator positions, in which the aerator wasqd below thenembraneKig. 2 (a)) and

below the channel (Fig. 2 (b)), respectively
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Fig. 2 Two types otonfigurationsof aerator(side view: (a) Configurationl: nozzles
below thecentralchannel (b) Configuration2: nozzles below the center thfe middlemembrane

plate

Moreover, he thicknessof membrane plateand channels were adjusted aneétail
information of geometrieasedin simulationswas collectedin Table 1.Various computational
domains were set up according to different geometries by using GAMBIT 2.4.6 soditvedhe
mesh information was shown in Table The Coopetype hex mesh was constructed for the
computational domaiwith symmetric boundary conditis which could save computational time
by a factor of 40ne of the computation domain was shown in Ejgvhichcontained?,356,256
cells, 7,627,720 aces an®,915,96(hodesNo individual cell had a value d¢drger than 0.8 for
EquiSize SkewparameterThis highquality mesh could directlympact simulation time and

convergence stabilityvloreover for all thecomputational domains, tlvalue ofaverage EquiSize



Skewparametes wereall within the rangdrom 0.2 to 03 (0-best; tworst), suggesting thathe

meshquality of thecomputationamodelis excellent

Fig. 3 Mesh structuref computational domain generated by GAMBIT softwanembrane

platethicknessof 5mm andchannelgapof 6mm.



Table 1 Mesh information for various 3D computational geometries

Aerator below the channel

Name Width of Membrane Width of Channel Number of Number of Number of
Plate (mm) (mm) Cells Faces Nodes
-- 5 6 2,602,561 8,350,908 3,148,100
Aerator below the mmbrane plate
N Width of Membrane Width of Channel Number of Number of Number of
ame
Plate (mm) (mm) Cells Faces Nodes
M5C4 5 4 2,003,227 6,477,701 2,472,537
M5C5 5 5 1,852,563 6,027,075 2,322,971
M5C6 5 6 2,356,256 7,627,720 2,915,960
M5C6.5 5 6.5 2,255,019 7,333,557 2,823,998
M5C7 5 7 2,392,525 7,744,386 2,960,063
M5C8 5 8 2,529,909 8,003,205 2,994,110
M3C6 3 6 3,148,265 10,027,727 3,732,956
M4C6 4 6 2,356,256 7,627,720 2,915,960
M6C6 6 6 2,255,019 7,333,557 2,823,998



M7C6 7 6 2,211,707 7,719,466 2,747,483

M8C6 8 6 2,192,095 7,043,651 2,661,083

2.2.2 Governing equations

3D dmulations were conducteay ANSYS FLUENT 17.0.Among ®veralmulti-phase
models VOF (Volume of Fluid)model was usetb compute the motion of large bubbles in liquid
through incorporating an additional volume fraction equati@d].[ The simulation was
implemented by solving mass and momentum conservation equations, and additional equations
for turbulence and interface tracking. The mass and momentum conservatiaornsqoah be

expressed as

— "® m (1)
T 0
Foe o ntes b R U o @

where P, "‘Rand ®were the pressure, gravitational acceleration, and external force,
respectively. The properties appearing in the transport equateresletermined by the presence
of the component phases in each control voluhte volumefractionraveraged density and
dynamic viscosityg for ann-phase system were defined as
" Bl 3)
‘B (4)
The volume fraction functiowassolvedusing the geometric reconstruction scheme based
on piecewise linear interface calculation (PLIT)eprimary phase@olume fraction of th@-phase

systemwascomputedbasedvia the followingEq. (5).

P (5)
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Turbulence effect induced by tiheibbling process was simulated throughlizable kU

model R3] . I n this model, k 1 s twaethe tdissipdtioniraen c e ki

Therefore, two additional transport equationskfandUshould be solved, shown here asH6)

and(7), respectively:
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In theseequdions, "O represerdgdthe generation of turbulence kinetic energy due to the

mean velocity gradient3) wasthe generation of turbulence kinetic energy duduoyancy.

0 was a function of themean strain, rotation and turbulence fields represerdgd the

contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation

rate., and, werethe turbulent Prandtl numbeiar k and(J respectively’Y and"Y wereuser

defined source termé.,6 andd wereconstant§24, 25].
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Surface tension effects along the interface were calculated via the continuum surface force
(CSF) model 26]. The surface tension of twyghases can be expressed in terms of the pressure

jump across the surface as following

n n ., Q (8)

R 9

Wherea wasthe surface curvature defined in termshafdivergence of the unit normai;

I €
. € -
€ $—$ ke
2.2.3Numericalmethodsand boundary conditions

The simulatios were carried out on a pressubased solveusingcommercialsoftware
ANSYSFLUENT 17.0. A second order upwind scheme was chosen for momeftlleguations
discretizationPISO (pressure implicit splitting of operators) veaoptedfor pressurévelocity
coupling PRESTO! (pressure staggering option) scheme used for the pressure term
discretizationAccording to the air flow rate in experiment, air velocitymazzleswascalculated
to bel2m/s, and liquid velocityrom the nozzlesvas set to zerdutflow condition was chosen
at air outlet of the tankFig. 1). The boundariedor the other wallsvere all stationary and there

was a no fluidslip condition at the membrarsirface.The maximum simulation timéor the

processvasset to be3.0 s.
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3. Resultsand Discussion
3.1Bubbling Process and Model Validation

At the heart of theonceptuaframework of this novel bubbling approachlargesized
bubble production anteir subsequerdistribuion into different channelsT'he first fundamental
step is the formation ofa large coalescent bubbléen which sideby-side bubblescoalesce
simultaneouly after coming outfrom adjacentnozzles.This is shownin Fig. 4 by both
experimentaimagesandthe corresponding CFD gdictions,in whichthe coalescent bubbieses
rapidly upwards and develspnto a largesized bubbleA quanttative comparison plot of bubble
size in three dimensiongasprovided in Fig. 5Thesemeasurements were plottedthsfunction
of thebubble position height (frorthe bubble tothe nozzles) The typical standard deviation of
the experimentdata wassmall (<5%) indicating that the results were highly reproducible.
Significant agreement nébe observed between the experimental and computational relsiclts
validated thathe CFDmodeling approacleould give appropriate values of the hydrodynamic
features of the bubhle

A preliminary study of grid independence was performed, an inciedise number of
nodes was found to have essentially no effect. Also, it was found that the results of simulations
based on the mesh shown in this work was in accordance with experimental results. Moreover,

Figs. 45 indicated this mesh method was somewblatist approach for simulation.
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(b)

Fig. 4Bubble coalescence and largiged bubble development fro@+D simulationand

experiment resultga) front view; (b) side view.

As shown in Fig. 4 and5 of both CFD and experiment resulsinglebubblesgrewin

an essentially uniform manner from the differaotzzles and rapidly merged together into one

15



large coalescent bubbleThe coalescent bubble continued its growth on thetaemntil an
imbalance in forces led to its detachmérghould be noted th#tebubble sizes in three directions
weresimilar (aroundl10mm) when thebubblewas at deightof 200mm from the aeratdduring

its subsequent movemetot 350mm heightt remainedntactandthe bubblesize wasstable. By

0 s t a brefarédtothe facthattheydid not fragmentnat to the fact that the shape is invariant.

—

.

o
I

—a— CFD
—e—EXP

—

N

o
T

—

o

o
T

Qo
o
T

(o]
o
T

o
o
I

N
o
T

50 100 150 200 250 300 350 400
Height (mm)

Bubble size in X-direction (mm)

o
o

16



—

N

o
1

—s— CFD
—e— EXP

-

N

o
T

100

T

(0]
o
T

(o)]
o
T

D
o
T

N
o
T

Bubble size in Y-direction (mm)

50 100 150 200 250 300 350 400
Height (mm)

o
o

)
-
B
o

1

—=—CFD
—e—EXP

-

N

o
T

100

@
o
T

[0)]
o
T

1N
o
T

N
o
T

Bubble size in Z-direction (mm

1 | 1 1 1 1 ]
50 100 150 200 250 300 350 400
Height (mm)

o
o

Fig. 5 3 Coalescent bubble size development: a comparison of CFD results with experimental
data
As the stable bubble contadtwith the membrane basémoved upwardsapidly and
distributedinto channelssplitting itself into slug bubbles which rodeetween every pair of
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membranes. This gave slug bubbling between the membranes which could potentially induce an
i mportant Ahydr ody rate the fouling.These slugoubbleswowddmeolei o r
upwardsthrough the channels between every pair of membi@sisown in Fig. 6 (alt indicated

that the largesized bubble split into several bubbles upleacontact with the membrar@ates.

The CFD simulation results were also compared with experimiemaglesas describedh Fig. 6

(b). It was verified by the experimental image which was taken for a channel between a membrane
and a sheet of transpargiexiglass.The experimental imagehowed a slug bubble that has a

large spherical cap shape followed by several small bubbles wiatkeeand thiswassimilar to

the CFD simulation.

Channels

Slug bubbles ||||||

Aerator

(a) (b)

Fig. 6 Views ofslug bubbldistributedinto channed: (a)Side view of CFD resuligb) Front

view of experiment image takepetweera membrane and a sheet of transparent plexiglass

Overall it indicated that slug bubbles covering all the channels can be produced from
one largesizedcoalescenbubblefrom CFD numerical modeling results which were validated
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experimentally.This novel bubbling approach could give potentially beneficial hydrodynamic
effects to ameliorate fouling [10} could be optimized bthe designof aeratormembrane plate
and chanel configurations.
3.2 Variation of aerator position

This was studied for the two configurations shown in Figit#2 CFD predictions for
theslug bubbledistribution in 6 channels fotwo differentconfigurationsof aeratoris shown in
Fig. 7. For configuration 1, e slug bubbles fronthe aeratorbrokeinto two bubblegollowing by
alarge numbersf fine bubblesn channel 1, 2, 4 and Bor configuration 2, in which the nozzle
is below the centrahembrane,slug bubbles of larger sizemovedthroughall channelsBubbles
in channel 6 wremuch smallewith configurationl compared to that aonfiguration2. This is
essentiallypbecause the larggzed bubbldrom the aerator below the central chantistribute
more gasnto the central channel&or the lateral channels, thevasless gas left than that from
configuration2, which indica¢s less uniformity of bubble distributiowith configuration 1.
Additionally, excessiveyas into one channel mathebubbles unstabé causing thento fragment
this is seemn the central region witbonfigurationl and itresuls in asmaller size of slug bubbles.
The relativelylarge sized slug bubbkein the system witttonfiguration 2resulted in improved

shear stresss asshownin Fig. 8.
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Fig. 7 CFD simuldion of bubble distribution in 6hannelsrom two configurationsof aerator

The shear stress of thplit bubbles was characterizedis they directly influence the
fouling propensity Wall shear stregsinduced byslugbubblesareshown in Fig8, in which all
of the membrane plates healativelyhigh shear stressom this novel slug bubbling proce3he
shearstress valugwerehigh andcould bemore tharb.0 Pain channel 1 in both cases$-orthe
other channelssomepart of the membrane wadxperienced transieshear stregsof between
3-5 Pawith configuration 2 Detailed informationis shownin Fig. 8 (b) where the averagehear
stress wasround3.1 Pa forwalls in channel 43, and the others were all abo2ePa from

configuration2. Whilethe stresslecreased from 4Pa to 06 Pa from channel 1 to channeiM@h

20



configurationl, which indicated less effectiveness on fouling conttd], [for this configuration.
the slug bubling from configuration2 could provide higher shear stressweeplargerareaof

the membrane surface. Thigh values of shear stresisownon all membranesndicaesthat the
system would provide excellent amelioration of fouling and thus high performb2jc#preover,
in configuration 2 there was a mareiform bubble distributiomnd consequently more uniform
average shear stress among all channé@lsis wouldgive more uniformfouling control, an

importantconsideration foindustry Based on thetructure of configuratio, two additional

design variablewere studied in following sections.
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Fig. 8 (a) Shearstress distribution on membrane walls of each chafmeAverageshearstress

on the wall surfacgin each channel

3.3 Variation of ChanneGap

For comparativegpurpose,the slug bubbles were characterizad a function othe
channelgap(spacebetween membrangas shownn Fig. 9. Bubbleshatsqueezed intchannels
with asmallgap, i.e. 4mm, tend to fragmeahdform fine bubbles. As the chanmggpincreased
from 4mm to 6mm, the bubblsize increased andistributionbecomeuniform among dferent
channels. Especially for the last three channels, the bubbles size watargechn caséM5C6
with gapof 6mmcompared tohatwith M5C4andM5C5. As the channajapcontinued increasing

from 6 mm to 8 mm, the bubble distribution uniformity decreased. Bubbles in the last two channels

22



in the caseof M5C8 with its gapof 8 mm werevery smallandthusignored. Shear streésr all

casesrepresented in Fig. 10.

(1) M5C4 Channel thickness 4 mm

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6
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(IV) M5C6.5 Channel thickness 6.5 mm

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6

AL
|".|', Y.‘ d‘b
vitg 3

Fig. 9 Bubbledistributioncomparisorfor the variationof channel widtifrom 4 mm to 8 mm.

A comparison of theesultantshearstresgswasshown in Fig.10 @) for 6 channelsat

different channegaps. For the first two channeis all casesshear stress was more than 3.5 Pa
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for mostpartsof the membrane surfacend was more than 5 Pa for the wake regions. For the
channels 3 to 6, the shear stress distributaored as the channghpincreased.

At channelgapof 4mmand 5mm(M5C4 and M5C3, the shear stres$ channes 3 to
6 wassmall andonly afew tiny areas werever 2 Paand typicallyaround 0.5 Pa for the last two
channelsBy contrast a higher value of 2.5 Pa and largerl a@zeagefor channel 3 to Gvas
found withM5CB6. This gave the optimahydrodynamic effect. Fahe conditionof M5C6.5 and
M5C7, the shear stress was more th&afor most regions of channel 3 tolf®wevert decreased
to 1 Pa in some parts of liquid region. While at conditairiV5C8, the shear stress svanuch
smaller for the last threghannels, which was less than 0.5 Pa for most of regions.

The average shear stress was shown in Fig. 10 (b) for 6 channels at all conditions. The
difference okhear stress vallmetween all conditionsasless than 1 Pfr the first two channels,
which were all over 2.9 Pa. For the other chanfrelm 3 to § alarger differenceavas observed
The maximum difference was more than 1.6 Pa in the last channelndicisted that the shear
stress dramatically decreased away from the central channel to the lateral channel as the channel
gapincreased. The most uniform shear stress and highest value wasvittuactchannelgap of
6 mm (M5C6), which was also observed in Fig.(dD The shear stress was more than 2 Pa for
the 6 channels (1/4 system), which impliedeffectiveperformance on fouling control for all the
12 channelgboth sides of cent) in the entire system frowne aerator. By comparisonn M5C5
and M5C6.5although shear stress was less than that of M&t@Gyovel bubbling approach still
yielded good spatial distribution of values in excesk ®Pa, which indicated it could also provide
effective fouling control for all 12 channels. As for M5C4, M5C7 BMELC8, the shear stress was

less than 1.5 Pa for some channg&lserefore, the channghpin the range of 5 mm to 6.5 mm

25



would bea better choice to have higher hydrodynamic effect and uniform shear stress for 12
channels.

(I) M5C4  Channel thickness 4 mm

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6
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(IV) M5C6.5 Channel thickness 6.5 mm
Channel 1 Channel 2 Channel 3

Channel 4
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Fig. 10 Shear stress comparison at different chagapfrom 4 mm to 8 mm(a) shear stress

distribution(b) averagewall shear stress.

3.4 Variation of Membran®lateThickness

For industry membrane plate thickness is also an important variable in FSMBR design.
And therefore its influence was evaluated. foubifferent membrane platdicknesgsfrom 3mm
to 8mm wereevaluated fothe samédixed conditiors of 12m/snozzle velocity andmm channel
gap Slug bubbles produceat different membrane plate thicknessessi@wvn in Fig. 11which
also illustrateshe bubble distribution in each chanrfébr the small thicknessf 3mm and 4mm,
bubbles in first three channels werea large siz which could cover almost 68% area in the X
direction; while in the last three channels, the bubble size decreasetieaache almost

insignificantin the last two channeld-or small thicknesses the results foonfiguration 2were
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close tathose forconfigurationl in Fig. 7 Indeedthe bubble distribution in the last few channels
wereinferior tothose inconfigurationl.

In Fig. 11, itis seen thathe slug bubbles &re more unifornty distributedamong
different channelgiith the membrane platditkness of 5mm (M5C6As the thickness increased
to 6mm and 7mm, the distribution uniformity was slightly weakened. However, for the case of
8mm thickness, the bublsidistributed into last few channeleeremuch smaller and bubble tend
to fragmentesulting in an increased numbertfiole bubblesThe $ear stressxduced by bubbles

is plotted inFig. 12
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(I) M3C6 Membrane plate thickness 3 mm
Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6
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(IV) M6C6  Membrane plate thickness 6 mm

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6

(V)M7C6 Membrane plate thickness 7 mm

Fig. 11 Bubble distribution comparison for the variatiommoémbrane thicknegsom 3 mm to 8

mm.
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Shear stress from the slug bubbles in each chanraie shown in Fig. 12 (a) and
compared for different cases of membrane plate thickness. Atafag&C6 andM4C6, it could
be over5 Pa for most of the wake regions in the first two channels, whileHas<0.5 Pdor the
last two channels. As predicted from Fig. 11, compared to the first three channels, the shear in last
three channels was dramatically decreased. The shear stress was much stronger in the last few
channeldor the cass of M5C6, M6C6 and/7C6, due to thdarger slug bubbles shown in Fig.

11. For the case of M8C6, although the bubble distribution was less uniform among channels, the
membrane surface shear was larger tiah of M3C6 and M4C60verall the resultendicated
that the sheartieess could be weakenbg small membrane platdicknesses.

From Figs. 9 to 1At can be seen that the shear stress induced from slug bubbles for the
first three channels was always large and over 3.5 Pa, which was independent of the channel or
membrane plate thickness. Therefore, more attention should be taken on what hapgetieein th
last few channels since the difference of shear stress on these channels was quit@éuarge.
average shear streissshown in Fig. 2 (b) for all casesFor the first two channels, although the
average shear stress was around 5 Pa for thetB&2C6 and M4C6, ihas ahigh value of over
3.5 Pa for all the other cases, indicatithgitlarge turbulence induced and the membrane fouling
could be effective controlled for these two channels at all membrane thicknéssebtference
of shear stresvalueincreased for the last three chanredsthethicknesses of membrane plate
varied It was much lower for the cases of M3C6 and M4€kB5Pa for the last channgiyhile it
was higher and could be over 1 Pa for all the chamm@&tC6 to M8C6 Theoptimal case would
be the one that indudénigh value of shear stregsall channels includinghe last few channels
Thusa relative thick membrane platethe range obmm to 8mnmshould be used in conjunction

with ournovel bubbling process.

32



33



