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Abstract: This article is aimed to propose an alternative method to characterize
an air/water flow and new designs of rotating air distributors for membrane foul-
ing control in a side-stream membrane module for a membrane bioreactor. A new
optical sensor technique was experimentally demonstrated for the characteriza-
tion of slug flows in a tubular ultrafiltration membrane module. The experimental
results showed that the optical sensor system had high sensitivities for measure-
ments of slug velocities, lengths, and frequencies in each membrane tube. The
phenomena of slug coalescence/spilt were discussed. The rotating air distributor
significantly improved the air slug distributions and had the potential to reduce
the membrane fouling.
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INTRODUCTION

A two-phase flow using air bubbles or slugs can enhance the perfor-
mance of membrane processes and significantly reduce membrane
fouling (1). For flow inside a tube or hollow fiber air slugs are favored
over bubbles because of the higher shear stresses generated and
improved fouling control (2,3). An important application of the
two-phase flow is the side stream membrane bioreactor (4). In such a
system the membrane module comprises multiple parallel tubes, or large
bore hollow fibers mounted vertically. Homogeneous distribution of
slugs over the cross-section of the module is required to achieve an opti-
mum fouling control in the side-stream MBR. The hydrodynamic char-
acteristics of air slug flow have been investigated both computationally
and experimentally for a single tube and multi tubes in membrane mod-
ules. Methods such as the infrared (IR) beam-based technique (5,6) and
the electrical conductivity probe based technique (7) have been used to
study the hydrodynamics of slug flow in a single membrane hollow fiber
and in a transparent tube. These “direct” methods can provide real-time
data on the two-phase flow characteristics. The electrical conductivity
probe technique relies on the differences in electrical conductivities
between air and water. In the reported study (7) the conductivity probes
were connected in series and tested with a transparent PVC tube to
determine the void fraction, and bubble rise velocity. However, the
stainless steel ring electrodes for the conductivity probe technique
needed to be inserted inside the tube for conductivity measurement
and this can disturb the air slug flow since lengths and velocities of slugs
may be prolonged and increased when the cross-section area inside a
tube is reduced. The IR beam method (5,6) is based on the IR light
transmittance through the tubular membrane providing important
hydrodynamic characteristics such film thickness, bubble rise velocity,
and bubble shape inside a single hollow fiber. The differences in the
degrees of IR light transmittance between air and water were analyzed
to generate the analog signals for bubble flows. The shapes of bubbles
can be determined (indirect visualization). However, sizes of both emit-
ting and tracing IR photodiodes were relatively large which may require
a large space for installation. In addition, one pair of the photodiodes
can be used to monitor the bubble flow in only one membrane tube.
These cause a difficulty to monitor inner membrane tubes in the bundles
in an actual side-stream membrane module, and the IR technique has
not been used to date to study simultaneously the two-phase flow
characteristics in a multi-tube array. Therefore, the direct methods have
not been successfully applied for the two-phase flow characterizations in
the multi-tube membrane modules.
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Characterization and hydrodynamic studies of the air-water flow
for the multi-tube modules have also been performed by “indirect”
techniques in which only some average characteristics were measured.
The equipments and procedures of the indirect methods are conven-
tionally installed and externally performed to monitor the effluent of
air/water flow leaving from the modules. Water distribution and water
flow velocities were measured by gravimetric methods (8,9) in which
water from each tube was collected over a period of time. However,
this did not give a simultaneous measurement of all tubes or temporal
variations within an individual tube. The distribution factors of water
and the uniformity coefficients of water velocity over a cross section in
the membrane module were determined. In another work, a photo-
graphic method (10) was used to determine the air distribution and
to measure bubble sizes, and gas volume ratios in a membrane module
in order to compare different types of membrane aerators. Trans-
parent PVC tubes were horizontally positioned and connected to the
outlet of a vertical membrane module equipped with different acrators
and photographs of the flow in individual PVC tubes were taken and
analyzed. However, neither weighing nor photographic methods can
measure the bubble rising velocity or its distribution in the membrane
modules although these bubble characteristics play a most important
role in the control of membrane fouling. In addition, these indirect
methods are likely to have low sensitivity and are not suitable for a
real-time measurement.

In order to obtain the information on individual slugs or bubbles in
individual tubes in a membrane module in real time, we have adapted the
IR beam technique of Cui and coworkers (5,6) used in their single tube
measurements since the utilization of the IR beam allows high sensitivity
in the measurement. In this investigation we have developed and demon-
strated a method incorporating highly sensitive IR optical sensors
(originally used for a water level control) for air-water flow characteriza-
tions in a side-stream membrane module. The IR optical sensors were
selected in this study because the sizes of the optical sensors were rela-
tively small to be installed in an external multi-tube array. The IR optical
sensors proposed in this study relied on the different principles from the
IR beam method (5,6). The effects of air and water flow rates on the
hydrodynamic characteristics of air slug flow and on the air slug distribu-
tion over the cross section in a membrane module have been investigated.
The distribution factors of the hydrodynamic characteristics such as
bubble rise velocity, bubbling frequency, slug length, and void fraction
have been determined and discussed. In addition, a novel rotating air
distributor has been evaluated for improved distribution and better
fouling control in side-stream membrane filtration.
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MATERIALS AND METHODS

The experimental setup for air-water flow characterization by the optical
sensor technique is shown in Fig. 1. An OMRON optical sensor system
was used, comprising the Omron photomicrosensors EE-SPX613, and
the programmable controller, Omron SYSMAC CJ1 M. The photomi-
crosensors (optical sensors) with infrared (IR) LEDs are designed to
detect water levels in transparent tubes or pipes and are already optically
calibrated by OMRON. The sensors have light emitters and receivers for
an infrared (IR) light to monitor the bubbles by detecting the difference
in refractive indexes between air and water. The emitted IR light is
reflected by the tube wall and reaches the light receiver if air is passing
the sensor. If water is passing the sensor, the emitted IR light must pass
through the water and will not reach the light receiver. Digital signals
from the optical sensor are ‘1’ if air passes the sensor and ‘0’ if water
passes the sensor. Details of the photomicrosensor are provided in
Table 1. The optical sensors have built-in amplifiers and sensitivity selec-
tors providing flexibility for operations. The aim was to monitor
bubbles/slugs from each membrane tube and to facilitate this, a short
section of transparent (acrylic) tube was connected to each membrane
tube. Two optical sensors connected in series were vertically mounted
in each acrylic tube with distance of 5cm, shown in Fig. 2(a). The

A 4

Optical sensor [~~7""""""7 £
programmable ‘: E
controller - .
: Testing Units
i Ethernet _
' connection See Flg.2 for
! details
Computer
Air flow Digital
meter peristaltic
pump
Air pump v

Water reservoir

Figure 1. Experimental setup for air-water flow characterization by optical sensor
system.
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Table 1. Details for photomicrosensor OMRON EE-SPX 613

Type and output Slot type, selectable dark-on or light-on
configuration
Operating ambient Temperature: —10 to +55 C
Humidity: 5% to 85%

Light source Infrared LED with a wavelength of 940 nm
Current 30mA
consumption
Overall dimensions 17 mm x 26 mm x 16 mm
(LxWxH)
Material for body  Polycarbonate
Air / water . Transparent Transparent Water
Alr tube tube

detection and
sensor signals

IR Emitter IR Receiver IR Emitter IR Receiver
Signal = “1” for air Signal = “0” for water

controller and computer were linked by an ethernet connection. Software
provided by OMRON for the SPU and EDMS consoles were used to
operate and control the optical sensor system.

The experiments to evaluate the slug flow distributions using the
optical sensor-based technique and the effect of the rotating air distribu-
tor consisted of 3 parts:

(i) hydrodynamic experiments for a single transparent tube,
(i1) hydrodynamic experiments for multiple membrane tubes with and
without rotating air distributors, and
(iii) a preliminary evaluation of membrane fouling control by the rotat-
ing air distributors in cross-flow filtration.

A transparent acrylic tube with an inner diameter of 5.1 mm was
employed for the single tube experiments to evaluate the performance
of the optical sensors, shown in Fig. 2(a). The single tube experiments
were used to determine the average hydrodynamic characteristics (see
section 2.1 for detail) of bubble rise velocities, bubbling frequencies, void
fractions, and slug lengths which were subsequently used for the calcula-
tion of the distribution factors (Eq. (1)). The second set of experiments
was to determine the distributions of air-water flow over a cross section
of the membrane module with and without the rotating air distributors
for a range of air and water flow rates. The bubble velocities and number
of bubbles/slugs in each membrane tube in the module were measured.
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Figure 2. Installations of optical sensors and rotating disc for two-phase flow
characterization. (a) Single transparent PMMA tube; (b) Multiple membrane
tube; (¢) Rotating air distributor.

The third set of experiments involved a cross-flow filtration of mixed
liquor suspended solid (MLSS) to determine the fouling control efficiency
achieved by the rotating air distributors.

Nineteen X-flow tubular UF membranes (F 4385, hydrophilic
PVDF, 5.2mm inner diameter) were mounted and potted in the acrylic
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Center tube: No. 1 (1 tube)
Second layer: No.: 2 — 7 (6 tubes)
Outer layer: No.: 8 to 19 (12 tubes)

Blocked
area

Opening
area

Figure 3. Layout of tubular membranes in the side-stream membrane module.

module with the layout shown in Fig. 3. The module had an effective
module length of 17.5cm and effective membrane area of 543.2cm’.
The membrane tubes were numbered 1 to 19. The optical sensor system
was located above the membrane module and consisted of nineteen trans-
parent acrylic tubes (5.1 mm ID) which were precisely connected to the
module and membrane tubes as shown in Fig. 2b. The slight difference
in inner diameters between the transparent tube (5.1 mm) and membrane
tube (5.2mm) was assumed to give negligible disturbance to the
two-phase flow.

The rotating air distributors were developed to improve the air-water
flow distribution in the module, depicted in Fig. 2(c). The concept allows
the flows of water and air to be directed to a small sector of the module
cross section. The slow rotation exposes all of the membrane openings to
an intensified flow with the aim reducing slug maldistribution. The rotat-
ing distributors tested had a sector-shape opening area equal to 16% of
the total area. High grade acrylic sheets and rods were used to make
the rotating disc sets. A magnetic bar was connected to the disc, and
an external magnetic stirrer was used to control the rotation speeds for
the distributors. The efficiency of the new distributors for the slug flow
distributions may depend on

(1) shape and size of open area,
(ii) the angle of the rotating disc, and
(iii) the speed of rotation

Disc angles of 15 and 45° (see Fig. 2(c)) and rotation speeds of 4, 8,
and 15 rpm were used in the experiments.

Sensitivity of the optical sensors was maintained at 2 millisecond (ms)
for all experiments (signals taken and sent every 2 ms). The multi-sensor
unit allowed the hydrodynamic characteristics of air bubbles/slugs in all
tubes to be measured simultancously. The optical sensor system was
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preliminarily tested under relative low water velocities in this paper and
the experiments under higher water velocities will be reported in the
future. Superficial velocities ranged from 1.07 to 8.59 cm/s for water flows
(flowrates: 250-2000 ml/min) and 2.15 to 6.44cm/s for air flows (flow-
rates: 500-2000 ml/min) with air-to-water flowrate ratios of 0.33-6. A
single-orifice aerator (3 mm diameter) located in the central position of
the cross section was used for aeration. At each experimental condition,
data were collected over 15 seconds, and this was repeated 3 to 4 times
at each condition.

The digital signals of slugs in each tube were recorded chronologi-
cally by the optical sensor system. Microsoft Visual Basic in Excel was
used to analyze the signal records of the air slugs and then bubble rise
velocities, bubble/slug lengths, bubbling frequencies and their distribu-
tion were calculated, and phenomena of bubble coalescence and split-
ting in the slug flows were assessed. The timing signal diagram
shown in Fig. 4 is an example of the chronological digital signal
records. Bubble rise velocities were determined from the digital signals
of two optical sensors located 5cm apart. The time delay for bubbles/
slugs moving from the bottom sensor to the top sensor (t) can be used
to calculate the bubble rise velocities as v, (cm/s)=5/t. Slug lengths
were determined by taking the average time intervals of slugs detected
by the optical sensors (t) multiplied by the calculated average bubble
rise velocity (See Fig. 4). Since air and water were distinguished by
the optical sensors, void fractions were calculated by the ratio of total
time occupied by air with signal “1” to total time of experiment
(15 seconds).

Digital signal
A

-

Top 1

sensor

[ ] UL
T

Bubble
coalesence Bubble split

K —
s L UL L
sensor 0

» Time

Figure 4. Timing signal diagram obtained from the optical sensor system for
air-water flow characterization.
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Characteristics of Two-Phase Flow Distribution

The distributions of air slug flow over a cross section in the membrane
module can be described by several parameters such as the percentage
of the membrane tubes having slugs and the distribution factors (y.)
(8,10) which conventionally refers to a uniformity of hydrodynamic
characteristics of two-phase flow, expressed in Eq. (1).

W

Overall uniformity (w,) is calculated from a local uniformity coefficient
(wc;) for each membrane tube in the membrane module, expressed in
Eqgs. (2) and (3). The uniformity is defined as a relative difference between
the measured hydrodynamic characteristic (c;) and the average hydrody-
namic characteristic (¢)

I:Zf:wc,i
v, ==L e)
_|e—a)
Wej =" (3)

The average hydrodynamic characteristics are defined as the hydrody-
namic properties that are supposed to be the same in all membrane tubes
under a perfectly even two-phase flow distribution. Some average charac-
teristics such as void fraction or air injection ratio (¢) for homogenecous
two-phase flow condition, calculated by Eq. (4),

Ug

£ = (4)

Ug + uj

Where u, and u; are superficial air velocity and superficial water velocity,
respectively. Average characteristics of bubble rise velocities, average
bubbling frequencies, and slug lengths can be determined from the
two-phase flow experiments with a single tube (see section 3.1) at the
same superficial air and water velocities.

Filtration with Rotating Air Distributor

The potential efficacy of the rotating air distributor for the membrane
fouling control in a side-stream MBR module was examined in cross-flow
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filtration experiments using mixed liquor suspended solid (MLSS) from a
laboratory MBR with a solid concentration of approximately 6 g/L. The
experimental setup for the side-stream filtration experiments was similar
to Fig. 2, except MLSS was used. Trans-membrane pressures (TMP) were
monitored and compared between the filtration experiments with and
without the 45° angle rotating air distributor. In these preliminary experi-
ments the rotation speed of the air distributor was kept at 4 rpm, and the
superficial velocities of air and MLSS flow were controlled at 2.15 and
6.44cm/s, respectively. Digital pressure transducer (KH-68075, Cole-
Parmer) with accuracy of 40.25% was used to monitor the trans-
membrane pressures during the filtrations which had 3 hours duration.
NI DAQ (6210) card and Labview 7 were used for data collections.

RESULTS AND DISCUSSION

Hydrodynamic Experiments for Bubbling Characteristics
in a Single Tube

The experimental results for the single tube tests are summarized in
Table 2. Lengths of bubbles detected by the optical sensors were much
larger than the tube diameter (5.1 mm), referring that slug flow occurred
in the system. Bubble rise velocities substantially increased with increas-
ing superficial water velocities and slightly increased with increasing
superficial air velocities. The slug lengths increased with increasing super-
ficial air velocities but decreased with increasing superficial water veloci-
ties. The bubbling frequencies increased with increasing both water and
superficial air velocities. The standard deviations of bubble rise velocities
and slug lengths provided some information of uniformity of the bubble
rise velocities and the slug sizes of two-phase flow in the single tube. It
should be noted that the standard deviations reflect temporal variations
in the respective characteristic. Table 2 shows that better uniformities of
the bubble rise velocities and the slug sizes were obtained at higher super-
ficial velocities of water with low air-to-water flowrate ratios. Even a
two-phase flow in a single tube was observed at the 4th run with air/
water ratio of 0.33, and standard deviations of the bubble rise velocity
and slug length were approximately 2 and 4% of the average respectively.
The void fractions measured by the optical sensor system were close to
the theoretical value calculated by Eq. (4) with an average deviation of
only 6%. The bubble coalescence and bubble split were also detected
by the optical sensors. These phenomena are likely to occur in real
situation in a multiple-tube membrane module and may be important
because they can affect the slug sizes and shear stress. The optical sensor



(ponurjuo))

0 0S°0 60'Y LT°6 €8°LI [N vl 001 LES L1
90 £€9°0 ¥9°¢ Y6°S1 £v'81 61’1 LS 01 L9T we 91
LLO €80 w1 veee 89°L¢E 0L°0 96°L 00°¢ LO'T LES SI
Seo €€°0 oI’y 19°9 YLY1 0T'1 ITLY 0$°0 6578 14!
£v'o 0¥°0 10v 0s9 96°¢l Lo 8Tyl L9°0 9 €l
¢so 0S°0 Ire (/! €L°0C 650 L9T1 00°1 6CY Cl
99°0 L9°0 €6'C 66°CC eV 1C 00°¢ €56 00C SI'e Il
8L°0 08°0 991 L6CC 99°Ce [4Y) 00°L 00t LO'T 6C'Y 01l
LEO €e0 €ee ov'S vLv1 €80 ccl 0$°0 w9 6
Iv'0 8¢°0 €Ce L9 ILvl S oy’ 11 09°0 LES 8
(40 0S°0 LTE '8 9LVl 6C'1 16'8 00°T we L
89°0 99°0 I1°C YS'LI vI'1C SI'1 6£9 L6'1 €91 9
0L°0 SLO SS'1 99°LI1 LE6C 9¢'1 9 00°¢ LO'T e S
0€°0 §To LTE 8r°0 o' 1T o 0L 11 €e0 9 14
0¥°0 €e0 €6'C (4% 9Ccl 9¢0 088 0$°0 6CY €
o 0S°0 LTC LT'L LE01 90 'S 001 SI¢C [4
90 L9°0 or'1 9891 8L°61 €80 1204 00C LO'T SIc !
pamsea]N  (§) 'bg  (s/91qqnq) uoneiaop oSeioay uoneiadp oferoay (=) onel  (s/uw) mo[j (s/wo) molj  siuwradxyg
‘parenore) Aouanbaiy piepuelg pIrepuelg Io)em 0) IIY  I9)BM JO IR JO A1I00[oA
Surqqng K3100[0A eoyradng
(=) uonoeyy prop (wu) Y3usy 3njg (s/wo) Ky100[oA [eoIodng

asu ajqqng

synsa1 rejuswLIadxyg

SMIO0[AA Joyem PUE Ik [errjradns snowrea e sjuawiadxe aqn) 9[3urs jo synsar reyudwradxyg g diqe],

1102 Alenuer Gz ¥5:80 @IV Papeo |uwog

3803



Iv'0 £v'0 0€9 ¢c9 ! 891 vsol SLO 6578 14

60 0$°0 IS IL'8 8rel 1T¢ LL'GT 001 9 €C

09°0 L9°0 08°¢ ccel 0¢8I L6'1 16°T1 00¢ e [44

6L°0 08°0 w1 86°6¢ 8L°8Y 06C 001 S6'¢ €9l Ic

6L°0 98°0 691 ey 8IS ¥0'1 1S°6 009 LO'T 148 0¢

6£°0 8¢°0 8I°¢ 66°S 8yl 611 L881 €9°0 6578 61

90 Sv'o 1444 L9L S091 8L°0 ev el €80 9 81
pamsed]N  (§) ‘b (s/91qqnq) uoneiadp aFeIroAy uoneiadp a5eroAy  (—) oner  (s/wd) molj (s/wo) mopy  syudwRdxg

‘parernoje) Aouenborj pirepuelg pIepuels Iojem 0} Iy  Iojem Jo  Ire Jo KJ100[oa
3urniqqng Kyo0[0A reoyradng
(—) uonoely prop (wu) y3uay 3n|g (s/wo) K190[0A reoyadng

asu ajqqng

synsal1 rejuswiLIadxyg

panunuo) °z AqelL

1102 Alenuer Gz ¥5:80 @IV Papeo |uwog

3804



08: 54 25 January 2011

Downl oaded At:

Studies of Air Slug Distributions 3805

technique revealed that the bubble coalescence occurred more often than
the bubble split by approximately 2 times. Both phenomena were found
more often at high air flow rate or high air-to-water ratio.

Hydrodynamic Experiments of Bubbling Characteristics for Multiple
Tubes in Membrane Module with and Without the Rotating
Air Distributors

During the experiments, direct observations revealed the hydrodynamic
disturbance and instability of the slug flow in the module. The hydro-
dynamic disturbance was found at the place when air bubbles collided
with the blocked area (epoxy filled) of the membrane tube potting at
the bottom (entrance) of the membrane module, leading to bubble
coalescence before the bubbles flowed into the membrane tubes. These
collisions would tend to make the slug size uneven and would be less
likely at high packing density where the blocked area is reduced. The
hydrodynamic instability was noticed during the experiments because
of an unsteady state hydrodynamic condition in the two-phase flow dis-
tribution. The positions of membrane tubes having the slugs changed,
approximately every 15-20 minutes and in this study, the new positions
of the tubes having the bubbling were often found near the original
positions in the same tube bundle layer in the array (see Fig. 3) as
the tubes in the 2nd layer (numbers 2-7) for example. This can confirm
that air-water flow characteristics should be measured in all tubes
simultaneously.

The characterizations of the air-water flow distribution in the mem-
brane module investigated by the optical sensor system can be expressed
by 5 factors

(i) the percentage of membrane tubes having slugs,
(i1) the distribution factor of void fractions,
(iii) the distribution factor of bubbling frequencies,
(iv) the distribution factor of bubble rise velocities, and
(v) the distribution factor of slug lengths.

Figure 5 shows the effect of air/water ratio on the percentage of the
membrane tubes having slugs. Numbers of membrane tubes having slugs
tend to decrease with increasing air/water ratios for superficial air
velocities of 2.15 and 6.44 cm/s. More uneven air/water flow distribution
seemed to occur at higher air/water ratios. This phenomenon may result
from higher pressure variation/fluctuation inside the module when
higher air/water flow ratios were used. A slight increase in the numbers
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Figure 5. Percentage of membrane tubes having slugs at various air/water ratios
for experiments with multiple membrane tubes.

of the membrane tubes was found at superficial air velocity of 4.29 cm/s
in the range of air/water ratios of 0.67 tol before the decreasing trend
was obtained. When air/water ratio was higher than 1, the percentage
of the membrane tubes remained constant at approximately 40%.
Maximum percentage of membrane tubes having bubbling was found
at 55% at air/water ratio of 0.33. It is worth noting that if this distri-
bution is prevalent in an operating module then only 40 to 50% of the
membranes will see the benefits of the two-phase flow.
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Figure 6. Distribution factor of void fraction various air/water ratios for
experiments with multiple membrane tubes.
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Figure 7. Distribution factor of slug length various air/water ratios for
experiments with multiple membrane tubes.

The distribution factors of void fractions, bubbling frequencies, and
slug lengths are shown in Figs. 6-8. It should be noted that a distribution
factor of 1 signifies even distribution (property is similar to a single tube)
and a factor approaching zero signifies very few tubes behaving similarly
to a single tube. The trends in Figs. 6-8 are similar to those in Fig. 5. The
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Figure 8. Distribution factor of bubbling frequency at various air/water ratios
for experiments with multiple membrane tubes.
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average void fractions for each air/water ratio were calculated by Eq. (4),
and the average bubbling frequencies, average bubbling frequencies,
average bubble rise velocities, and average slug lengths were determined
experimentally by the experiments with a single tube. Figure 6 shows that
the distribution factors of void fractions were found in a narrow range of
0.5-0.6 and tended to slightly decrease with increasing air/water ratio.
Similar results were obtained for the distribution factors of the slug
lengths, shown in Fig. 7. The slug lengths were found in the range of
6-30 mm and increased with the air flowrates. The variations of the slug
lengths in the same tube were relatively small but high among the tubes.
The distribution factors of the slug lengths ranged from 0.59 to 0.67
which were slightly higher than the distribution factors of void fractions.
The distribution factors of the bubbling frequencies depicted in Fig. 8
show that poor distribution of bubbling frequencies was obtained at high
air/water ratio for all superficial air velocities. The distribution factors of
bubbling frequencies were lower than 0.35 when air/water ratios were
higher than 2.

Bubble rise velocities measured from the multi-tube experiments
ranged from 16-106 cm/s which were significantly higher than the aver-
age bubble rise velocities obtained from the single tube experiments. If
the air/water ratios were lower than 0.5, the distribution factors of
bubble rise velocities were in a small range of 0.34-0.41. The bubble rise
velocities in the central tube were substantially higher than other tubes in
the membrane module. The results shown in Figs. 6-8 suggest that good
air-water flow distribution can be obtained when air/water ratio is lower
than 0.5, and that the use of high air-water ratios is detrimental.
Although the distribution factors of void fractions, bubbling frequencies,
and slug lengths were in acceptable ranges, the distribution factors of
bubble rise velocity were relatively poor. This can imply that the distribu-
tion factor based on only single hydrodynamic characteristic may not
adequately describe the homogeneity of the slug distribution in the mem-
brane module. Additionally, bubble coalescence and bubble split were
still found, where bubble coalescence more often occurred. These effects
were location-dependent where bubble coalescence was likely to take
place in the inner tubes and the bubble split was likely to take place in
the outer tubes on the membrane tube bundle.

Improvement of the air-water flow distribution in the side-stream
membrane module was obtained by using the rotating air distributor
(see Fig. 2). The basic concept of this air distributor was to distribute
the air slugs from the center of the module to the outer tubes.
Figure 9 shows the comparison of the percentages of membrane tubes
having slugs for the experiments without the distributor and with the
distributors including 15° and 45° rotating discs at various air/water
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Figure 9. Comparisons of percentage of membrane tubes having slugs between
experiments with and without the rotating discs.

ratios (superficial air velocity at 2.15cm/s). The maximum percentage
of the membrane tubes having slugs was 79%, provided by 45° rotating
disc at air/water ratio of 0.33 with the rotating speed of 4 rpm. The 45°
rotating air distributor provided higher percentages of the membrane
tubes having slugs than those of the 15° rotating distributor. Both rotating
air distributors significantly enhanced the percentages of the membrane
tubes having slugs. Both rotating discs slightly raised the distribution fac-
tors of slug length from approximately 0.63 to 0.76, but the effect was lost
at higher air/water ratios, shown in Fig. 10. The distribution factors of
void fractions and bubbling frequencies were also slightly improved by
the rotating air distributors. The effect of rotating speeds on the percen-
tages of the membrane tubes having slugs is shown in Fig. 11 at air/water
ratio of 0.33. Low rotating speed at 4 rpm provided higher percentages of
membrane tubes having slugs. The calculation results by Egs. (1)—(3)
revealed that the rotating speeds were likely to have no effect on the
distribution factors of void fraction and bubbling frequency.

Performance Evaluation of Rotating Air Distributor for
Fouling Control

The potential benefit of the rotating air distributor was tested for the
cross-flow membrane filtration with and without the rotating air distribu-
tor. The permeate fluxes were fixed and membrane fouling characterized
by the increasing rates of the trans-membrane pressures (TMP), d(TMP)/
dt, for the permeate fluxes of 6.7 and 10L/ m?-h. The average d(TMP)/dt
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Figure 10. Comparisons of distribution factor of slug length between experiments
with and without the rotating discs.

with and without the rotating air distributor were experimentally
obtained and shown in Table 3. The trans-membrane pressure rises were
significantly lower when the rotating air distributor was used during the
filtrations, which implied that the fouling rate was reduced. These find-
ings are preliminary and further optimization of the distributor and its
application should be possible. The designs and operating methods of
the rotating air distributor should be improved to get more homogeneous
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Figure 11. Effect of the rotating speed on the percentage of membrane tubes
having bubbling.
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Table 3. Fouling rates in term of d(TMP)/dt without and with rotating air
distributor

Permeate d(TMP)/dt without d(TMP)/dt with

flux (L/m?-h) rotation (bar/hour) rotation (bar/hour)
6.7 0.039 0.015

10.0 0.071 0.019

air slug distribution and a maximum flux enhancement for real cross-flow
membrane filtration.

CONCLUSIONS

The experimental demonstrations of the optical sensor system were
performed to characterize air slug flow distributions in a multi-tube
membrane module for a side-stream membrane bioreactor. The optical
sensor system was designed to have both high sensitivity and flexibility
for operations. The photomicrosensors provided the digital signals for
analysis of the hydrodynamic characteristics of the two-phase flow.
New designs of the air distributors as the rotating discs were developed
and preliminarily evaluated for the membrane fouling control in the
side-stream MBR module. The average bubble rise velocities, average
bubbling frequencies, and average slug lengths were determined from
the single tube experiments and used for calculations of the distribution
factors for the multi-tube module experiments. The effect of air/water
ratio on air-water flow hydrodynamics was investigated and expressed
by the percentage of membrane tubes having slugs, the distribution factors
of void fractions, bubbling frequencies, bubbles rise velocities, and slug
lengths. High percentages of membrane tubes having slugs were obtained
at the air/water ratio lower than 0.5. The distributions of bubble-rise
velocities were likely to be poorest among the tested hydrodynamic char-
acteristics. The phenomena of bubble coalescence and bubble split were
found in which bubble coalescence occurred more often than bubble spilt.
Investigations on the rotating air distributors to improve air-water flow
distribution were performed, and the rotating air distributor with 45° disc
angle provided better air-water flow distribution than the rotating distri-
butor with 15° disc angle at rotating speed of 4rpm. The optical
sensor-based technique was proved to be one of highly sensitive indirect
method to study air-water flow in the MBR module. More investigations
and improvement are required for both optical sensor system and the
rotating air distributor to obtain an optimum fouling control.
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NOMENCLATURE

¢;  measured hydrodynamic characteristic
¢ average hydrodynamic characteristic
€ void fraction or air injection ratio

n numbers of tubes

ye  distribution factor

w. overall uniformity

c; local uniformity coefficient

u, superficial air velocity

u;  superficial water velocity

vg  bubble rise velocity

t time
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