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ABSTRACT

The influence of mechanically induced hydrodynamics on membrane fouling in a novel
rotating flat-sheet membrane bioreactor (RFMBR) with the comparison of a common mem-
brane bioreactor (CMBR) is analyzed here by the particle image velocimetry (PIV). Obtained
results suggest that the fluid velocity has a slight impact on membrane fouling. With the
increase in fluid velocity, the membrane fouling does not necessarily mitigate. In contrast,
the variations in turbulence intensity have a great negative correlation with the changes in
membrane fouling rate for both MBRs, which means that the turbulence induced by fluctuat-
ing velocities is helpful for the alleviation of membrane fouling. When comparing the mem-
brane fouling between RFMBR and CMBR, it can be concluded that the membrane fouling
rate for RFMBR is much slower compared to CMBR when consuming the same energy, indi-
cating a more outstanding filtration performance of RFMBR.

Keywords: Hydrodynamics; Membrane bioreactor (MBR); Membrane fouling; Particle image

velocimetry (PIV)

1. Introduction

Membrane bioreactors (MBRs) combine conven-
tional activated sludge (CAS) system and advanced
membrane separation, having been receiving consider-
able worldwide popularity and attention because of the
outstanding merits compared to CAS processes, such
as excellent effluent quality, less sludge production,
and smaller footprints [1-4]. Nonetheless, membrane
fouling, which reduces the effectiveness of reactor and
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efficiency of membrane material, is one of the toughest
challenges that hamper wide application of MBRs.

It is proven that enhancement of hydrodynamic
conditions is one of the effective ways to mitigate
membrane fouling [5,6]. In most previous studies,
enhancement of hydrodynamic conditions is achieved
by introduction of the gas phase, i.e. the turbulence is
generated by aeration. However, turbulence promo-
tion by aeration needs large bubbles [7], leading to a
low oxygen transfer efficiency. Intense aeration may
also damage flocs structure through releasing extracel-
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lular polymeric substances (EPS) as well as reducing
flocs size, resulting in the deterioration of membrane
fouling [8,9]. In addition, when using MBRs to operate
anaerobic processes such as anaerobic ammonium oxi-
dation (ANAMMOX), employing aeration to enhance
hydrodynamic conditions is unpractical.

Lately, shear-enhanced membrane filtration with a
moving membrane module to mitigate membrane foul-
ing has gained much attention [10-15]. In 2010, Zuo
et al. [16] proposed a new bioreactor called submerged
rotating membrane bioreactor (SRMBR), the membrane
module of which comprised several rotatable round
PVDF flat-sheets. The equilibrium permeate flux rose
from 42.5 to 47.5L/(m>h) as the rotary speed of mem-
brane plates increased from 15 to 25r/min, proving
that rotation of membrane module could enhance shear
forces on membrane surface and mitigate membrane
fouling. Nevertheless, it is a pity that details in relation-
ships between hydrodynamics and membrane fouling
were not clearly pointed out in previous studies.

In order to better understand the effect of mechanical-
ly induced hydrodynamics on membrane fouling, a new
rotating flat-sheet membrane bioreactor (RFMBR) was
made and investigated in this study. Compared to
SRMBR, the turbulence and shear forces created by the
membrane module of REMBR are more intense because
of its unique rotatable multi-flat-sheet structure (Sec-
tion 2.1.1). The particle image velocimetry (PIV) system
was employed to investigate the hydrodynamics in the
new reactor. The PIV is a technique that can provide
instantaneous velocity field and related properties in flu-
ids [17], and has been successfully applied to many areas
of fluid mechanics [18-21]. Moreover, the relationships
between hydrodynamics and membrane fouling in a
conventional membrane bioreactor (CMBR) were also
discussed in order to provide a comparison with RFMBR.

2. Materials and methods
2.1. Experimental set-up
2.1.1. Rotating flat-sheet membrane bioreactor

A schematic diagram of the RFMBR is shown in
Fig. 1(A). The membrane module is composed of nine
identical flat-sheets and two isometric plates that are
placed top and bottom, which is installed in a cylindrical
reactor with an internal diameter of 240 mm and a total
effective volume of 13L. The reactor and membrane
module are made of acrylic glass. The diameter of each
plate is 160mm and the effective height and width of
each flat-sheet is 153 and 39 mm, respectively. The two
sides of the flat-sheet are covered with polypropylene
nonwoven fabric (NWF) with an average pore size of
3um (Tianjin TEDA Clean Material Co., Ltd., China).
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Several baffles are constructed on the inner wall of the
flat-sheets in order to prevent NWF being depressed
excessively under pressure. The total effective filtration
area is 0.09m” The flat-sheets are placed vertically on
the edge of the plates symmetrically and can be taken
out conveniently from the plates when replacing NWF is
necessary. The angle between plane of each flat-sheet
and its corresponded radius is alterable and is fixed at
30° in this study (Fig. 1(B)). The inside of the lower plate
is hollow, and is connected with an external outlet pipe.
The hub of the lower plate is connected with gears (gear
ratio is 2) that are driven by an adjustable speed electro-
motor. Hence, driven by the motor, the membrane mod-
ule could rotate at a designed speed. To control the
temperature inside, the reactor is also equipped with
three electric heaters at the bottom distributed evenly.

2.1.2. Conventional membrane bioreactor

The material, internal diameter, and total effective
volume of CMBR (Fig. 1(C)) are the same as those of
RFMBR. Two flat-sheet membrane modules made of
acrylic glass with baffles on the inner wall are verti-
cally and symmetrically placed in two sides of the
reactor. The membrane material is the same NWF as
that used in RFMBR, and the total effective filtration
area is also 0.09m” An outlet connected with external
outlet pipe is opened on the bottom of each module.
The reactor is equipped with a mechanical stirrer, dri-
ven by an electromotor, in the middle in order to mix
uniformly. The stirrer is about 5cm above the bottom
of the reactor. The electromotor is placed on the cover
of the reactor, and is the same as that in RFMBR.

2.1.3. Energy consumption of the MBRs

The process involved in energy consumption in
the microfiltration is the rotation of membrane module
and stirrer for RFMBR and CMBR, respectively. The
module and stirrer were driven by the electromotor,
the real power of which can be determined based on
the following expression:

_Fo
n

p (1)

where, P is the real power of electromotor (W), F is
resistance (N), v is velocity (m/s), and » is the
efficiency of electromotor.

The membrane module of RFMBR is driven by a
driven gear and a drive gear connected to the
electromotor with the gear ratio of 2, while the stirrer
of CMBR is directly driven by a same electromotor.
Accordingly, at the same rotary speed, the consumed
energy of membrane module in RFMBR is twice as
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Fig. 1. Schematic diagram of (A) rotating flat-sheet membrane reactor, (B) the arrangement of flat-sheets viewing from the

top, and (C) conventional membrane reactor.

much as that of stirrer in CMBR. For example, the
energy consumed by CMBR at a stirrer rotary speed
of 10r/min is the same as that by RFMBR at a mem-
brane module rotary speed of 5r/min. On the basis of
above expression, the real power of electromotor is
regarded as being proportional to actual rotary speed,
while rated power is corresponded to maximal speed.
The rated power and maximal speed of the electromo-
tor is 45W and 90r/min, respectively. So, the real
power of electromotor for RFMBR at the module
rotary speed of 5r/min and CMBR at the stirrer
rotary speed of 10r/m is 5W, and the energy con-
sumption per m> product water at the flux of 105L/
(m*h) can be calculated to 0.53kWh/m® product
water. The energy consumption of the MBRs at other
speeds can be determined by the ratio of the speed.

2.2. The PIV measurement system and instrumentation

The PIV system (TSI, USA) is composed of a charge
coupled device (CCD) camera with 1600 x 1200 pixel

resolution, a high power double-pulsed Nd: yttrium
aluminium gamet (YAG) laser, a synchronizer, and a
signal processing system. The commercial software
(TSI INSIGHT 3G) was used to perform image process-
ing. A standard fast Fourier transform (FFT) cross-cor-
relation algorithm was applied and the Gaussian peak
detection algorithm was employed to identify the
velocity vectors. The interrogation spots had a size of
32 x 32 pixels with a 50% overlap. Pine pollen (mean
particle diameter=30pum, specific density=1.05g/m")
were utilized as tracer particles and clean water was
adopted as experimental liquid. The particle relaxation
time is in the order of 10~%s, which is much shorter
than the time interval between successive exposures.

In the experiments, the flat-sheets of RFMBR and
membrane modules of CMBR were replaced with
one-piece glass in order to simulate practical
conditions and allow laser to pass through. For
RFEMBR, the laser light sheet was parallel to the rotary
plates and located at the middle of the flat-sheets. The
images were acquired by the CCD camera placed
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above the reactor. For CMBR, the light sheet was
parallel to inside of one membrane module. The
CCD camera acquired images from side of the reactor
(Fig. 2(A) and (B)). The sizes of images captured
by camera in RFMBR and CMBR were
192.0mm x 143.0 mm, and 112.0 mm x 83.4 mm,
respectively. Two images captured in RFMBR and
CMBR were shown in Fig. 2(C) and d, respectively.
Both of the rotating directions of membrane module
and stirrer are anticlockwise viewing from the top.

2.3. Microfiltration experiments

Hydrodynamic conditions in the two reactors were
changed through altering rotary speed of membrane
module and stirrer, respectively. Ten membrane filtra-
tion tests were carried out, and each test lasted for
4h. For the four filtration tests performed with
RFMBR, the rotary speed of membrane module was 5,
10, 15, and 25r/min, respectively; while, for the six

CCD camera

Laser light sheet

2853

tests with CMBR, the rotary speed of stirrer was 10,
20, 30, 50, 70, and 80r/min, respectively. The flux was
controlled at around 105L/(m?h) for each test. The
reactor was operated at the temperature of 25°C by
electric heaters. The NWF was renewed after each test
to make sure the condition and performance of
membrane modules remained the same in all tests.
The mixed liquor suspended solids (MLSS) was
measured according to standard methods for the
examination of water and wastewater described in
detail by American Public Health Association (APHA)
[22]. The flocs size of suspended solids distribution
was determined using a laser granulometer (Master-
sizer 2000, Malvern Instruments, UK).

2.3.1. Yeast suspensions

Experiments were conducted with suspensions of
active dry baker’s yeast (Guangdong Danbaoli Yeast
Co., Ltd.,, China) resuspended in distilled water

Laser

- W

Laser light sheet

’JJ CCD camera

CMBR

Fig. 2. The position of laser generator and CCD camera in PIV measurement: (A) RFMBR and (B) CMBR; and images

captured in (C) RFMBR and (D) CMBR.
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and prepared freshly before use. Baker yeast suspen-
sions are commonly used as a “model” biological
suspension [6,23]. Indeed, this kind of suspension is
used since it contains biomass and colloids with rela-
tively reproducible characteristics. The steps were
detailed by Ni Mhurchi and Foley [24]. The mean
particle size of used suspensions is 5.779 um and the
MLSS is 4.882¢g/L.

2.3.2. Characterization of membrane fouling

Membrane fouling is characterized by trans-mem-
brane pressure (TMP), which is measured with pres-
sure sensors (AOB 131, Shanghai Aobo Automation
Equipment Co., Ltd., China). The pressure sensors are
connected to a 32-channel data acquisition system
(PISO-813, ICP-DAS) linked with a personal computer
via a PCI interface.
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3. Results and discussion
3.1. Analysis of velocity field
3.1.1. Instantaneous and time-averaged velocity field

Fig. 3 shows an example of comparisons between
the instantaneous velocity profiles derived from a sin-
gle image pair (three images have been selected at
random from a string of 50 and shown as Fig. 3(a—c))
and the averaged velocity field (Fig. 3(d)) for CMBR
at stirrer rotary speed of 10r/min. The time-averaged
flow exhibits a uniform and clear state; in contrast,
instantaneous flow shows random and unsteady vari-
ation. Most likely, the random vectors in the instanta-
neous flow field are caused by a correlation between
the two consecutive frames that is too weak, and aver-
aging these flow fields over time will eliminate these
random and deviations. Also, as will be discussed
below, the velocity profiles shown here are average of
50 instantaneous velocity profiles.
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Fig. 3. Instantaneous and time-averaged velocity field in conventional membrane bioreactor (at stirrer rotary speed of
10r/min). (a), (b), and (c) instantaneous velocity fields and (d) time-averaged velocity field. The unit of velocity legend is

m/s.
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3.1.2. Velocity field in rotating plate membrane
bioreactor

The flow fields in rotating plate membrane biore-
actor were shown in Fig. 4 as membrane module
rotated. It can be observed from Fig. 4 that the fluid
velocity in reactor increases with the increase in
membrane module rotary speed. At membrane mod-
ule rotary speed of 5r/min, the maximal fluid veloc-
ity is around 0.04m/s; as membrane module rotary
speed raises to 10r/min, the maximal fluid velocity
increases to about 0.08m/s; and while, membrane
module rotary speed increases to 15 and 25r/min,
the maximal fluid velocity reaches to about 0.12 and
0.20m/s, respectively.

Analyzing experimental data, typical flow patterns
can be observed at the four different membrane mod-
ule rotary speeds. Take 15r/min for example, the
maximal fluid velocity appears near the rotating
plates, and with shifting to the inner part, the fluid
velocity decreases gradually. The decrease in the fluid
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velocity from rotating plates to inner part shows a
clear gradient.

3.1.3. Velocity field in conventional membrane
bioreactor

Fig. 5 shows the changes in velocity field in con-
ventional membrane bioreactor as stirrer rotary speed
increases. Similar to RFMBR, as the stirrer rotates fas-
ter, the velocity of fluid in CMBR becomes larger. The
maximal fluid velocity, appearing near the stirrer,
changes from 0.03 to 0.1m/s approximately. The
direction of the flow at the bottom in pictures cap-
tured is from left to right because of the anticlockwise
rotation of the stirrer viewing from the top. As shown
in Fig. 5, when moving to the upper part, the flow
changes to two distinct parts due to the lift force
induced by the mechanical stirrer. For the left part,
the direction of the flow is upper right; while for the
right part, the direction is downward. Thus, a weak
recirculation flow zone is formed.
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Fig. 4. Time-averaged velocity field in rotating plate membrane bioreactor at membrane module rotary speed of: (a) 5r/
min, (b) 10r/min, (c¢) 15r/min, and (d) 25r/min. The unit of velocity legend is m/s.
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3.1.4. Comparison of velocity field between the two
bioreactors

Since the energy consumed by membrane module
in RFMBR is twice as much as that by stirrer in CMBR
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at the same rotary speed, it is reasonable to compare
velocity field between the two bioreactors when the
rotary speed of stirrer in CMBR is twice as much as
that of membrane module in RFMBR. Comparing
Fig. 4(a) with Fig. 5(a), one can observe that when
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Fig. 5. Time-averaged velocity field in conventional membrane bioreactor at stirrer rotary speed of: (a) 10r/min, (b) 201/
min, (¢) 30r/min, (d) 50r/min, (e) 70r/min, and (f) 80r/min. The unit of velocity legend is m/s.
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Fig. 6. Turbulence intensity in rotating plate membrane bioreactor at membrane module rotary speed of: (a) 5r/min, (b)
10r/min, (c) 15r/min, and (d) 25r/min. The turbulence intensity legend is dimensionless.

consuming the same energy, the magnitudes of the
fluid velocity in the two bioreactors differ from each
other slightly. However, as shown in Figs. 4b and 5b,
when rotary speed reaches to 10 and 20r/min, respec-
tively, the magnitude of the fluid velocity in RFMBR
is significantly larger than that in CMBR. While the
rotary speed becomes larger, the difference in fluid
velocity magnitude between the two reactors becomes
more significant. Therefore, it can be concluded that
the fluid velocity in RFMBR increases more rapidly
than that in CMBR as the rotary speed increases. In
other word, the fluid velocity in RFMBR is influenced
by rotary speed more significantly than CMBR.
Accordingly, the energy used in RFMBR is more effi-
cient than that in CMBR. From Figs. 4 and 5, it can
also be seen that the gradient of the velocity is much
more obvious for RFMBR than CMBR. So, the shear
stress which is related to velocity gradient in RFMBR
may be larger than that in CMBR.

3.2. Analysis of turbulence intensity

3.2.1. Turbulence intensity in rotating plate membrane
bioreactor

In order to investigate the velocity fluctuation and
its possible relationship with membrane fouling,
turbulence intensity was calculated for the two reac-
tors. Turbulence intensity (TI) is a scale characterizing
turbulence expressed as a ratio. The TI is defined in
the following equation [25]:

TIL = (2)

I

where, 1" is the root-mean-square (RMS), or standard
deviation, of the turbulent velocity fluctuations at a
particular location over a specified period of time and
U is the average of the velocity at the same location
over same time period.
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Fig. 6 shows the changes in turbulence intensity in and at rotary speed of 5r/min, the TI is approxi-
RFMBR as membrane module rotary speed increases. mately 0, indicating that the velocity fluctuation is
From Fig. 6, it can be observed that, not like fluid very weak at 5r/min. The average TI at rotary speed
velocity, TI does not necessarily increase with the of 15r/min is slightly larger than that at rotary speed
increase in membrane module rotary speed. The maxi- of 25r/min, which means a bit more intense turbu-
mal average TI appears at rotary speed of 15r/min, lence at 15r/min when compared to turbulence at
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Fig. 7. Turbulence intensity in conventional membrane bioreactor at stirrer rotary speed of: (a) 10r/min, (b) 20r/min, (c)
30r/min, (d) 50r/min, (e) 70r/min, and (f) 80 r/min. The turbulence intensity legend is dimensionless.
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25r/min. From Fig. 6, we can also see that for a spe-
cific rotary speed, the maximal TI appears near the
rotating plates, i.e. the membrane surface, indicating
near the membrane surface, the turbulence is most
intense for a specific rotary speed.

3.2.2. Turbulence intensity in conventional membrane
bioreactor

The turbulence intensity in CMBR is shown in
Fig. 7. The changing trends in TI in CMBR as stirrer
rotary speed increases is similar to that in RFMBR.
The maximal average TI appears at rotary speed of
50r/min, indicating the most intense velocity fluctua-
tion at 50r/min. As shown in Fig. 7, as stirrer rotary
speed raises from 10 to 50r/min, the average TI
increases gradually. However, when stirrer rotary
speed ascends from 50 to 70 and to 80r/min, the
average TI decreases. Moreover, like the REFMBR, the
maximal TI appears near the stirrer for a specific
rotary speed.
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3.3. Analysis of vortex

The vortex is the motion of the fluid swirling rap-
idly around a center [26]. Fig. 8 shows vortex varia-
tions in the RFMBR, from which we can see that the
vorticity increases with the increase in membrane
module rotary speed. At the membrane module rotary
speed of 5r/min, the vortex is relatively unapparent,
and as the rotary speed is elevated, vortex becomes
complete and obvious. Furthermore, it can be seen
that vortex shedding, which indicates an unsteady
flow, takes place in the reactor. The vortex in the
CMBR is very weak (data not shown), which may be
due to the very weak recirculation flow formed near
the membrane surface.

3.4. Membrane fouling rate

The membrane fouling is characterized by TMP
collected by pressure sensors every 30s in the filtra-
tion experiments. Due to the tremendous volume of
the raw data, which makes the presentation unclear,
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Fig. 8. Changes in vortex in the RFMBR. Membrane module rotary speed of: (a) 5r/min, (b) 10r/min, (c) 15r/min, and

(d) 25r/min. The unit of vorticity legend is s .
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the data were treated with the 10-period simple mov-
ing average (SMA) method. Fig. 9 shows TMP evolu-
tions in the 4h membrane filtration tests for RFMBR
and CMBR. Due to the high flux (105L/(m*h)) and
high hydrophobicity of polypropylene NWF, the TMP
ascends from 0 to around 25kPa rapidly within initial
20min for the 10 filtration tests, and then goes up rel-
atively gently [27]. From Fig. 9, we can see that the
rate of TMP rise varies with different rotary speeds,
indicating that mechanically induced hydrodynamics
indeed has an impact on membrane fouling. However,
the rate of TMP rise does not correspond to the
increase in rotary speed for both RFMBR and CMBR.
In other words, the rate of TMP rise does not neces-
sarily decrease as the rotary speed is elevated. For
RFMBR, as membrane module rotary speed increases
from 5 to 15r/min, the rate of TMP rise decreases
gradually. Nonetheless, when rotary speed continues
to go up to 25r/min, the rate of TMP rise becomes a
bit higher. Similarly, for CMBR, the rate of TMP rise
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Fig. 9. The TMP rise in the 4h membrane filtration tests
for RFMBR and CMBR. (A) RFMBR and (B) CMBR.
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decreases as stirrer rotary speed increases from 10 to
50r/min, and with the continuous increase in rotary
speed, the rate of TMP rise begins to go up. Compar-
ing the TMP rise between RFMBR and CMBR, we can
see that when consuming the same energy, the rate of
TMP rise for RFMBR is much slower than that for
CMBR, indicating a much more effective way to
ameliorate membrane fouling for RFMBR.

3.5. Relationships between hydrodynamics and membrane
fouling rate

Comparing Figs. 4, 5 and 9, it can be concluded
that the increase in fluid velocity is not consequen-
tially helpful for the membrane fouling mitigation.
This is somewhat in agreement with results of Zuo
et al. [16] indicating that there was a critical rotation
speed beyond which a further increase in rotation
speed could not further enhance the equilibrium flux
for SRMBR. As we know, in MBRs, the mitigation of
membrane fouling is mainly dependent on the detach-
ment of foulants from membrane surface attributed
mainly to shear forces [5]. The increase in fluid veloc-
ity can enhance the velocity of foulants in mixed
liquor;, however, this has two-sided effect on
membrane fouling. On the one hand, the enhancement
of foulants velocity is helpful for the detachment of
foulants from membrane surface and on the other
hand, it can also be benefit for the attachment of fou-
lants to the membrane surface, since the foulants
move randomly in the mixed liquor.

Interestingly, it can been observed from Figs. 6, 7
and 9 that the variations in turbulence intensity match
very well with the changes in TMP rise for the 10 fil-
tration tests, indicating that TI of the fluid may have
the most significant influence on membrane fouling.
Yeo et al. [28] investigated hydrodynamic factors
affecting the performance of a submerged hollow fiber
bundle. They found that there was no any clear rela-
tionship between the average velocity and the final
TMP measured; however, the increasing standard
deviation of velocity improved the performance of the
hollow fiber bundle in terms of the final suction pres-
sure. Here, the standard deviation of velocity is simi-
lar to turbulence intensity. The reason why TI has a
significant influence on membrane fouling may be
due to that the fluid velocity fluctuation near the
membrane surface becomes more intense with the
increase in TI, and this strong fluctuation could make
the vibration of foulants on the membrane surface
more frequent, and thus are helpful for the detach-
ment of foulants from membrane surface, leading to
the amelioration of membrane fouling.
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4. Conclusions

¢ The fluid velocity has a slight impact on membrane
fouling. With the increase in fluid velocity, the foul-
ing does not necessarily mitigate.

* Membrane fouling is strongly affected by turbu-
lence intensity. In detail, the variations in turbu-
lence intensity have a great negative correlation
with the changes in fouling rate, which means the
turbulence induced by fluctuating velocities is help-
ful for alleviating fouling.

e When comparing the membrane fouling between
RFMBR and CMBR, it can be concluded that the
fouling rate for RFMBR is much slower than that
for CMBR when consuming the same energy, indi-
cating a more outstanding filtration performance of
RFMBR.
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