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ABSTRACT

In this study, the characteristics of internal fléeld in a membrane bioreactor (MBR) under diffgraeration in-
tensities were investigated in membrane filtra8odeaning operation model by using the methodavhputational
fluid dynamics (CFD) three dimensional simulatiofise effects of different air/water ratios (10:5;1, 20:1) on the
membrane cleaning process were analyzed. The seshdived that the shear force on membrane suriaselbas
the circular velocity was the greatest and theexortas the most obvious when air/water ratio wag.18nd the
smaller interval of shear force on membrane surfeae helpful to control the aeration intensity aléviate the
asymmetrical fouling of membrane fiber. Furthermdtee characteristics of the internal flow field imembrane
filtration process were investigated at the optimetation intensity when the air/water ratio wasl1® demon-
strated that the position of water inlet affectee internal flow field of the MBR. In the middle gition of the MBR,
the vortex was bigger, the streamline was morengit® and the velocity was higher. Asymmetricallifay of
membrane fiber was caused by the asymmetrical floxerall, the MBR could be optimized by changing thay of
inlet water and the position of the membrane césset

Keywords Computational fluid dynamics (CFD); membrane fogjiaeration intensity; membrane module; surface
shear force

1. INTRODUCTION However, membrane fouling is a critical

_ o _ problem in membrane base liquid-solid
Membrane bioreactor (MBR) is increasinglygenaration processes, because it impairs the
used in wastewater treatment because of if§emprane performance such as the increase of
advantages including good solid-liquid sepagans membrane pressure (TMP) and decrease
ration performance, more microbial biomassys fjyx even the reduction of membrane life
good effluent quality and small covering arégga, et al., 2014). Therefore, how to control

etc. (Santos et al., 2011). MBRs' global markehemprane fouling has become the focus of
has been valued at about US$216.6 m'"'OPnembrane application researches. Gas

with the average annual growth rate of 10.9%,q,cing two-phase flow has proven to be an

(Atkinson, 2006). In China, this growth ratefte tive and reasonably economic strategy for

has reached nearly 100% in recent yeargyygen transfer, mass transfer enhancement
Nowadays ',VIBRS have aCC]l:III’I:Sd a widespreaghq touling mitigation in MBR systems (Judd,
appicain Zieng eons'2u0). 2008). At present, MBR optimization
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researches mostly stay in the experimentalate the characteristics of the MBR internal
stage, and the workload is very large. Due tflow field under different aeration intensities
the emergence of the computational fluidiuring cleaning process & membrane filtration
dynamics (CFD), MBR optimization is process by using CFD. The aeration intensity
promoted from the experimental stage to thand the way of inlet water of MBR were
computer simulation stage. CFD also make wptimized. And the tactic position of
possible to accurately simulate and reflect themembrane cassette was designed to alleviate
characteristics of internal flow field in MBR, membrane fouling, prolong membrane life and
and reduce the deficiencies of the experimentedduce energy consumption. This study
researches (Amini et al., 2013). CFD would berovided  quantitative  parameters  for
the direction of research in the future (Prieskengineering applications.

et al., 2008). CFD hydrodynamic models are

commonly used for design and optimization of

processes. These hydraulic models of thé MATERIALS AND METHODS

system in the micro-sgale are required t%.l Experimental conditions

understand the mechanisms and allow better

fouling control. Both micro-scale andThe processing capacity of the MBR was 350
macro-scale hydrodynamic investigation cam?®d. The hollow fiber membrane module
be performed using CFD (Fletcher et al., 200@pplied in CFD numerical simulation
Saalbach et al. (2008) calculated the flow qfechnology was FP-A Il 15 type membrane
hollow fiber MBR combined with Mixture module provided by TIANJIN MOTIMO
model and the porous media model, anflembrane Technology CO., LTD. To establish
verified by the experiment, the simulationa reactor model (L x B x H = 4760 x 1800 x
results were in good agreement with th&000 mm), in which the design water depth
experiment. Lee and Wu (2008) reported thgzas 2500 mm, membrane module size was 534
effect of shear force on the membrane surface 450 x 1523 mm, the area of a membrane
through the CFD study and found the relamodule was 20 frand the module spacing was
tionship between the cake formations and sheg0 mm. There were six membrane cassettes,
force on the membrane surface. In additiorgach of which consisted of 10 membrane
they demonstrated that the hydrodynamignodules. These membrane cassettes were
shear force analysis on the membrane surfag@/ided into two arrangements, and each
can be a useful tool to reduce the fouling in thgrrangement had three membrane cassettes.
cross-flow microfiltration. Ma and co-workers

(2006) developed a finite element model t®.2 Model geometry and boundary

study concentration polarization in conditions

spacer-filled channel flow. In their study, the

alleviation of the concentration polarization Schematic of the mesh is illustrated in Fig. 1.
and the enhancement of permeate flux in vaf-ne membrane bioreactor was discretized with
ious spacer configurations were investigated@pPproximately 1,400,000 cooper cells. The
They suggested the zigzag configuration as tietual activated sludge was simulated in the
most effective one to alleviate concentratio€XPeriment. The properties of the activated

polarization and to enhance the permeate flijludge were as follows, the viscosity was
(Ma and Song, 2006). 0.00703 kg/m-s, the density was 1010 kg/m

d the sludge concentration was 4000 mg/L.

Based on the research of a single membraﬁ% : .
The pressure and velocity coupling used PISO

element, this study was conducted to investi-
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algorithm, steady state 3 D separation explicitnembrane cassette inside the reactor, two
solver, and convection item selected first-ordesections (X = 0.45 and Z = 0.2) are selected as
windward discrete format. The inlet boundaryshown in Fig. 3 to analyze the characteristics of
conditions of the model were gas velocity inlethe whole flow field. The gas volume fractions
boundary conditions. Three kinds of air/wateat sections of X = 0.45 and Z = 0.2 are shown in
ratio (10:1, 15:1, 20:1) during membrand~ig. 4 and Fig. 5, respectively. The color
cleaning process were translated into gas flogradient represents the distribution of gas
rate of 0.289, 0.435 and 0.577 m/s, respectivelplume fraction. The deeper color represents
In the membrane cleaning process, the outléte higher gas volume fraction (Buetehorn et
boundary of the model was pressure outletl., 2012). It can be seen from Fig. 4 and Fig. 5
boundary  conditions.  Meanwhile thethat the gas-liquid mixed uniformly and
membrane surface and the surface of theydraulic dead zone was rarely existent in the
reactor were regarded as no slip wall boundargactor under different air/water ratios. As
conditions. Membrane surface was regarded aeown in Fig. 4(a) and Fig. 5(a), when the gas
outflow boundary conditions in membranearrived at the top of the reactor, gas above the
filtration process. The pore size of the aeratioposition of exposure port rose intensively and
pipe was 4 mm. The simplified model is showrmyradually dispersed to form the varying
in Fig. 2. It was assumed that: (1) the reactategrees of vortex upside and at the bottom of
lateral was mixed uniformly; (2) the curtainthe reactor. With the increasing of the air/water
membrane was simplified to flat membrane; (8atio, gas volume fraction in the reactor
the water outflow from membrane surface irgradually increased (Fig. 4(b), Fig. 4(c), Fig.
the membrane filtration process was uniform5(b), and Fig. 4(c)). The average gas volume
because the appearance and structure offractions were 0.196, 0.199 and 0.204 at the
curtain membrane module were similar withair/water ratios 10:1, 15:1 and 20:1,
that of a flat membrane. respectively. However, large gas volume
fraction would lead to a waste of energy
consumption in the MBR (Mannina et al.,
2011). Therefore, the selection of appropriate

In order to analyze the characteristics oReration intensity is very important (Jie et al.,
MBR’s internal flow field under different aer- 2012).

ation intensities and inlet ways, the effects of

the distribution of the gas volume fraction3-1.2 The velocity vector analysis

flow field in turbulent flow condition and |, e velocity vector diagram, the velocity was
membrane surface shear force in the reacty{ ine range from -0.15 m/s to 0.15m/s. The
were investigated. Thus it could provide theogqor represents the direction of the gas flow.

retical basis for the optimization of membrangrye piack lines were the equivalent lines. Two
module, aeration intensity and the position ofations (X = 0.75 and Z = 0.735) were

inlet. selected to analyze the characteristics of the
_ o _ whole flow field as shown in Fig. 6. It can be

3.1 Flow field characteristic analysis seen from Fig. 6 that the gas leads to a cycle

under different aeration intensities in - ¢5rmed among the membrane cassettes. When
membrane cleaning process the air/water ratio was 10:1, the low velocity

area was relatively large and the vortex was not
obvious (Fig. 6(a), Fig. 6(d)). When air/water
Due to the symmetrical arrangement of theatio increased to 15:1, the high velocity area

3. RESULTS AND DISCUSSIONS

3.1.1 Gas volume fraction analysis
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increased, the membrane surface shear velocity 15:1, average membrane surface shear force
and circulation flow velocity were larger, andwas 0.4276 Pa, and the average membrane
the vortex was more obvious (Fig. 6(b), Figsurface shear force interval was in the range
6(e)). Generally the formation of the vortexrom 0.3051 Pa to 0.5572 Pa. When the
was beneficial to active sludge to be fullyair/water ratio further increased to 20:1, the
mixed in the whole reactor. And highaverage membrane surface shear force
membrane surface shear velocity wasicreased to 0.4964 Pa, and the average
beneficial to membrane fouling reduction. Aanembrane surface shear force interval was in
shown in Fig. 6(c) and Fig. 6(f), when thethe range from 0.2625 Pa to 0.6788 Pa. By
air/water ratio further increased to 20:1, theomparison with the average membrane
distribution of high velocity area was wide,surface shear force under the three air/water
whereas the vortexes were not obvious. Thatios, the larger air/water ratio was, the greater
reason was that the larger gas flow ratthe average membrane surface shear force
shortens the gas and sludge mixture contastould be. The membrane surface shear force
time and cycle flow (Taha et al., 2006). At thantervals at the air/water ratio of 10:1 and 15:1
same time, large aeration intensity wouldvere less than that at the air/water ratio of 20:1.
increase the energy consumption and the costowever, membrane surface shear force
Based on the results above, the optimunmtervals at the air/water ratio 10:1 and 15:1
air/water ratio was 15:1. were almost equal. The small membrane
surface shear force interval is useful for control
3.1.3 Membrane surface shear force analysisf aeration intensity and uniform blowing, so
that the asymmetrical fouling of membrane

Five lines with a distance to the membrantﬁber can be restrained (Wang et al., 2010). At

surface of about 1 mm were selected to analy%ﬁe same time, the average membrane surface

membrane surface shear force as shown gﬂ]ear force at the air/water ratio of 15:1 was

Table .1' It can be seen from Table 1 that wh n|gger than that at the air/water ratio of 10:1.
the air/water ratio was 10:1, the averag

ased on the discussion above, the air/water

membrane surface shear force was 0.3300 rgtio 15:1 could satisfy oxygen demand and

and the average membrane surface shear forccg:ntrol membrane fouling well
interval was in the range from 0.2245 Pa to '

0.4625 Pa. When the air/water ratio increased /Jj\
X

Figure 1 Mesh divided in MBR model
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Figure 2 Detail of the MBR module
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Figure 4 Comparison of gas volume fraction under three kinds of air/water ratio at X = 0.45

section
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(a) Air/water ratio 10:1 (b) Air/water ratic:1

(c) Air/water ratio 20:1

Figure 5 Comparison of gas volume fraction under three kioidair/water ratio at Z = 0.2
section

(a) Air/water ratio 10:1 (X = 0.75) (b) Aivater ratio 15:1 (X = 0.75)

Figure 6 (to be continued)
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(c) Air/water ratio 20:1 (X = 0.75)

(d) Air/water ratio 10:1 (Z = 0.735) (e) Air/vea ratio 15:1 (Z = 0.735)

(f) Air/water ratio 20:1 (Z = 0.735)

Figure 6 Comparison of velocity vector under three kindsiofwater ratio at X = 0.75
and Z = 0.735 section
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3.2 Flow field characteristic analysis in intermediate position of reactor was about 0.2,

membrane filtration process which was higher than that near the position of
reactor wall. And the gas volume fraction was
lowest (0.025) near the position of water inlet.

The internal flow field characteristics wereThrough the analysis of the gas volume
investigated during membrane filtrationfraction of the longitudinal sections in Fig. 8(d),
process at the optimum air/water ratio of 15:1Fig. 8(e) and Fig. 8(f), it can be seen that the
Six sections of X = - 0.75, X = 0, X = 0.75, Z =9as volume fraction near the inlet position was
- 2.205, Z = 0.735, Z = 2.205 are chosen d§wer than that away from the inlet position.
shown in Fig. 7 to analyze the whole flow fieldThe gas volume fraction was opposite in the
characteristics. It can be seen that the wholgtérmediate position of reactor, and the gas
reactor gas-liquid mixing was heterogeneou¥olume fraction was large in this region. The
from the gas volume fraction of lateral sectiongsymmetrical distribution of Gas-liquid mixing
in Fig. 8(a), Fig. 8(b) and Fig. 8(c). Thewould lead to the asymmetrical distribution of
hydraulic dead zone was small in the bottom dhe membrane fouling. Therefore, the mem-
reactor. The gas volume fraction in thérane fouling near the water inlet is serious.

3.2.1 Gas volume fraction analysis

Table 1 The membrane surface shear force under differefater ratios

Gas-water Average membrane Average membrane Average membrane
ratio surface shear force surface shear interval surface shear interval
(Pa) (Pa) size (Pa)

10:1 0.3300 0.2245 - 0.4625 0.2380
15:1 0.4276 0.3051 - 0.5572 0.2521
20:1 0.4964 0.2625 - 0.6788 0.4163
7=2.
7=2. 205 //
\ 7=0. 735 X=0 X=0. 75

Figure 7 Each section in the reactor in the position
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(@) X =-0.75 () X =0

(€)X =0.75

(d) Z = - 2.205 (€) Z=0.735 f) 4 = 2.205

Figure 8 The diagram of gas volume faction at different poss

3.2.2 The velocity vector analysis diffused in the reactor and formed in
. Circulation, but the circular flow presented

In the velocity vector diagram, the velocity )
non-homogeneous flows. By comparing the
changed from -0.15 m/s to 0.15 m/s and the , . . .
o velocity vector graphs at different positions, as
color represented the direction of the gas flow. L -
. : . shown in Fig. 9(b), position was between
The black lines were the equivalent lines
. . : fwo rows of the membrane cassette and away

According to the velocity vector diagram a

.S Srom the inlet position. Position 3 was
shown in Fig. 9, the gas flowed from exposur%etween the reactor wall in front of the

port to the top of membrane cassette, then
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membrane cassette and far from inlet positiohhe membrane cassette near the reactor wall
in Fig. 9(a). Position® was between the wall $ basically had no obvious vortex formation,
at the back of the membrane cassette reac@mnd the streamlines were sparse. At position
and far from inlet in Fig. 9(c), the formation of % , the formation of streamline was more
vortex was not apparent. At positioss , sparse than that at positiog . To sum up,
circular flow was very weak. At positior3 , these results obtained demonstrated that at the
the vortexes were large and circular flow wastermediate position of MBR, there were
very good. At position% , the vortexes were bigger vortexes, denser streamlines and larger
small and the circular flow was strong, whichhigh velocity area. Closed to the reactor wall
could promote Gas-liquid mixing. By com-position, the velocity was lower and the
parison between Position3 and 8 , the streamlines were sparse. Whereas closed to the
vortexes away from the inlet position werdnlet position, there were no obvious vortexes,
more intensive, and the vortexes close to thend the circular flow was weak. Generally, the
inlet position were smaller and sparser. Fromon-uniformity flow would cause membrane
the longitudinal velocity vector diagram asfouling unequally. Consequently, the
shown in Fig. 9(d), Fig. 9(e) and Fig. 9(f), theuniformity of water and the inlet position
vortex formation could be seen at positigh  should be considered in the membrane
among the reactor membrane cassette, and filgration process.

formation of streamline was more intensive.

(8) X = 0.75 (b) X =0

(c) X=-0.75
Figure 9 (to be continued)
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(d) Z=2.205 (e) 2=0.735 () z=-2.205
Figure 9 The velocity vector diagram at different positions
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