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Abstract: Effects of aeration intensity on local fouling were investigated in submerged membrane modules. Higher lig-
uid velocities were observed at the section with the lower fiber packing density. The liquid velocity is increased with in-
creasing the gas-liquid injection factor. The high shear stress coincided with the high liquid velocity. The shear stress in-
creases with the increasing of gas-liquid injection factor and the liquid velocity improves with the increasing of gas-liquid
injection factor. Irreversible fouling resistance (Ri;) of the fiber position is significant in a local region of high suction pres-
sure near the suction point of the fiber (position 1). The ratio of Ri/Rn and Ri/R: of position 1 was highest compared to
the position 2 and 3. Irreversible fouling resistances results confirmed the preferential deposition of foulants near the suction
part of the fiber where the local suction pressure is the highest and correspondingly, more particles are accumulated to the
membrane surface. The effects of local fouling along the fiber length are significant factors to optimize the design of sub-
merged modules.
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1. Introduction below the membrane assembly and is supposed to be
ideally distributed to optimise the air scouring action

Air is injected at the bottom of a submerged mem- across the membrane surface. The optimum air flow
brane in order to reduce fouling of the membrane sur- and flow pattern for this purpose are subject to each
face or clogging of the pore. Air is often introduced module configuration. Membrane aeration contributes
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significantly to the overall energy demand. The design
and optimisation of the aeration requires knowledge on
the effective distribution of air in the whole membrane
module, which impacts on the membrane fouling
reduction. Improving hydrodynamics within the mem-
brane cassette could reduce the aeration requirement
and reduce the membrane fouling.

Recently some studies have shown of gas-liquid flow
techniques in concentrated solutions during ultra-
filtration (UF) in order to investigate the fouling mech-
anisms for different applications and for different
membrane geometries (hollow fiber[1], flat sheet[2],
tubular[3] and freely end hollow fiber[4]). Application
of gas-liquid flow for microfiltration (MF) is based on
change of hydrodynamic conditions inside the MF mod-
ule which positively increase the wall shear stress, pre-
venting the membrane fouling and enhancing the mass
transfer of separated compound (hollow fiber[5,6], tubu-
lar[7], flat sheet[8-10]. Vertical or horizontal types are
generally used in the large applications. Horizontal type
configuration showed good fouling reduction|[2].

Alleviating membrane fouling in the submerged
membrane is still an area of intense research interests.
The local fouling could be strongly dependent upon
characteristics of foulant materials and membrane mod-
ule configuration. The extent of the reduction in mem-
brane fouling produced by aeration may depend upon
fiber configuration although relatively little has been
reported in the literature. Particles accumulate faster in
a local region of high flux near the suction-end of the
fiber where the transmembrane pressure (TMP) is high-
est along the fiber. Morphological examinations have
confirmed the preferential deposition of particles near
the suction-end of the fiber where the local flux is the
highest[11]. The importance of fiber length in sub-
merged hollow module was investigated with the hy-
draulic model[12]. This model shows that the local
flux gradually increases along the fiber length such
that the flux is higher than length-averaged value near
the open end of the fiber. According to this model, the
extent to which flux varies along the fiber increases

with lower membrane resistance. At start up of filtra-
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tion, the TMP near the open end of the fiber exceeds
the length-averaged TMP and thus, particle deposition
can occur in this region whereas further down the fiber
the local TMP is lower and foulants do not depos-
it[13]. The result is a shift in location of particle depo-
sition with aeration efficiency. Deposition distribution,
in other words, fouling location should be determinants
of back transport velocity and the effectiveness of lig-
uid velocity caused by aeration. Since the local fouling
can determine the overall performance in submerged
membrane system.

The objective of this study was to characterize the
flow distribution inside a commercial submerged hol-
low fiber MF module. In previous studies, we have
measured superficial liquid velocity on the top of the
MF and UF membrane module[14]. The present study
shows how local measurements can help to improve
understanding of the two-phase hydrodynamics in a
submerged hollow fiber MF module. Furthermore, ef-
fects of the chemical cleaning on local fouling were

also investigated.

2. Materials and Method

2.1. Liquid velocity

The experimental setup consists of a MF reactor
tank with the dimension z =3 m, y = 1.79 m and x =
1.79 m. The tank is equipped with Cleanfil-S10
(Kolon, South Korea) cassette made of 30 MF
elements. Each element consists of a bundle of hollow
fiber membranes and the total membrane surface area
of the cassette is equal to 600 . Sparging air flow
along the membrane surface is created by coarse bub-
ble aeration at the bottom of the membranes (Fig. 1).
The air is introduced through three perforated pipes
with holes of 5 mm of diameter connected to a blower
which allows an air flow rate up to 120 Nm’/hr. The
distance between the reactor wall and the module is
approximately 13.5 cm. The so-called airlift reactor is
divided into two vertical zones connected at the top
and the bottom. The experimental setup used to meas-

ure the liquid velocity is shown in Fig. 1 (a). For this
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Fig. 1. Schematic diagram for MF plant (% indicates ve-
locity measuring and fibers sampling positions).

test, an open channel flow meter (BFM002, Valeport),
signal transmitter and personal computer for the data
acquisition were used. The flow meter was tightly held
in order to stabilize the measuring impeller of flow
meter. Liquid velocity measurements were performed
along the top side of the modules (Fig. 1 (a)) for MF
reactor tank. The gas flow rates were varied between
60 to 130 Nm’/hr, which corresponds to an aeration
intensity 0.1 to 0.22 m/s with MF reactor tank.

This study was run with tap water and air without
filtration because the main objective was to character-
ize the flow induced by the aeration. The two phase
flow pattern depends on the air-injection factor (¢)
defined as[15] :

u
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Table 1. Configuration and Experimental Conditions of the
Membrane Plant

Items MF module
Material PVDF
Configuration Horizontal type
Area (m’) 600
Air flow rate (m’/hr) 60 - 130
*Aeration intensity (m/hr) 0.1 - 0.22

“Air flow (m3/min)/membrane area (mz)

—__ g

Us =75 ®)
_u

Un=7g 3)

where, Uy and Ujs are the superficial gas and liquid
velocity (m/sec), respectively. U, and U; are the gas
and liquid flow rate, respectively, and S is the cross
section area (m°) with microfiltration plant. The flow
pattern, as classified according to the value of ¢ is
defined as[15] :

- bubble flow, ¢ < 0.2
- slug flow, 0.2 < ¢ <09

- annular flow, 0.9 > ¢

The dimensional parameters for the MF membrane

module cassette used in this study are shown in Table 1.

2.2. Resistance investigations with chemical
cleaning
Membrane resistances were estimated to investigate

membrane fouling at the end of operation (after six
month) of the coagulant-submerged membrane system.
The membrane samples at the same positions were also
taken from upper membrane stack (shown in Fig. 1).
The fiber samples were taken along the fiber length
every 0.5 m from the open end of the fiber, which
was designated as positions 1 (0.1 m), 2 (0.3 m) and 3
(0.5 m). Membrane permeability after chemical clean-

ing for each segment of hollow fiber membrane was
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Fig. 2. The liquid velocity on aeration intensity along the
fiber positions.

measured to determine irreversible fouling resistance

by using resistance-in-series model.

T™MP TMP
MR, uR, +R, +R;) “4)

J=

Where, J is the permeate water flux (LMH), TMP is
the transmembrane pressure (Pa), p is the water vis-
cosity (Pa -s). R; is the total filtration resistance (m™),
R is the intrinsic membrane filtration resistance (m'l),
R: is the chemically reversible resistance (m"), and R;
is the chemically irreversible filtration resistance (m'l).
Reversible filtration resistance, denoted in this paper by

R: can only be eliminated by use of chemical reagents.
3. Results and Discussion

3.1. Liquid velocity and gas-liquid injection
factor at different positions

The liquid velocity and gas-liquid injection factor are
presented in Fig. 2 and 3 for the three positions. When
comparing the evolution of liquid velocity with aera-
tion intensity in Fig. 2 and evolution of gas-liquid in-
jection factor with liquid velocity in Fig. 3. The in-
crease of aeration intensity implies a larger liquid
movement. When increasing the aeration intensity from
0.1 to 0.22 m/hr, the liquid velocity increase from 0.12
to 0.28 m/s at position 1, from 0.21 to 0.3 m/s at posi-
tion 2 and from 0.08 to 0.24 m/s at position 3,

0.15
A Position 1 O Position2 & Position 3
C)
g 0.1
E ’ %
S Bon
% a S & an
£
2 oo0s | 00 O
g L ©
; *
(o]
o] 0.1 0.2 0.3 0.4

Liquid velocity (m/s)
Fig. 3. Gas-liquid injection factor on liquid velocity along
the fiber positions.

respectively. This liquid velocity is however, not uni-
form at the vertically positions. Between position 1
and 3, there is sharp increase of liquid velocity with
aeration intensity. But, position 2 shows slow increase
of liquid velocity with aeration intensity. However, the
liquid velocity of position 2 is higher than position 1
and 3. The lower liquid velocity in position 1 and 3
can be explained by the fact that the path of the gas
was not rectilinear. Therefore, the liquid velocities by
aeration have not only vertical motion but also a later-
al motion and they may flow towards the central zone.
At point of air injection in Fig. 1 (b), from position 3
to 1, there is long length of the air injection point
(Fig. 1 (b)). Position 3 is the entrance part of aeration
pipe and position 1 is the rear part of aeration pipe.
Position 3 may create a recirculation in the liquid
above the rear part zone (position 2 and 1), leading to
a lateral motion of the gas bubbles. This phenomenon
has been described by various authors[16-18]. In other
words, the kinetic energy at the input is much higher
than the frictional pressure drop along the aeration
pipe, the holes at the rear discharge more than the en-
trance holes. The liquid velocity of position 1 is sim-
ilar to that of position 3 up to 0.18 m/hr of aeration
intensity. The dependence of liquid velocity on aera
tion intensity has no obstruction object. The fiber
packing density of position 1 is higher than position 2
and 3. Consequently, this position leads to the spread

and break-up of the gas bubble resulting in a decrease
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Fig. 4. Shear stress on gas-liquid injection factor along the
fiber positions.

of the liquid velocity. However, the liquid velocity of
position 1 is similar to that of position 2 from 0.18
m/hr of aeration intensity. At above 0.18 m/hr of aera-
tion intensity, the higher liquid velocity measured at
position 1 might be due to the coalescence phenom-
ena[18-20]. In our case, coalescence and break-up are
in position 1.

The gas-liquid injection factor is presented in Fig. 3
for the three positions. The distribution of the air is less
uniform between position 1 and 3 versus position 2 of
the gas-liquid injection factor. The gas-liquid injection
factor decreased with increasing the liquid velocity of
position 1 and 3. But, the gas-liquid injection factor of
position 2 increased with increasing the liquid velocity.
The gas-liquid injection factor of position 1 is similar to
that of position 3. In the position 2, the gas-liquid in-
jection factor is proportional to the increase due to the
production of higher bubbles by increasing of the
aeration. Moreover, the gas bubbles were profitable rec-
tilinear, therefore, the liquid velocity is increased with

increasing the gas-liquid injection factor[18].

3.2. Links between shear stress and gas-liquid
injection factor
The shear stress (7) is given in Egs. (5)[21].

6v
T=p—

b )
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Where, 7 is the shear stress (Pa), v is the liquid
velocity (m/s), pn is the dynamic viscosity (Pa *s), b is
the membrane height (m).

Fig. 4 shows the shear stress distribution on the
gas-liquid injection factor at three different positions.
The maximum shear stress of position 1 and 3 is al-
most the same. The maximum shear stress of position
2 is higher than those of position 1 and 3. In this re-
sult that the regions of high shear stress coincide with
the position where there is high liquid velocity (Fig. 2)
with high gas-liquid injection factor (Fig. 3). The re-
gions of high shear stress coincide with the presence
of bubble. This phenomenon has been observed ex-
perimentally[22-24], where the shear stress was higher
in the presence of bubbles. Even though, the super-
ficial liquid velocity was similar in both cases. Thus,
a high
shear stress. The shear stress increases with the in-

position of higher liquid velocity is exposed to

creasing of gas-liquid injection factor and the liquid
velocity improves with the increasing of gas-liquid in-
jection factor. The shear stress is higher position where
the degree of fouling was very low. As the aeration in-
tensity is increased, the system becomes more unstable.
The majority of gas bubbles start to migrate to the top
of the membrane module and move vigorously in ran-
dom manner. There is the strong rising of liquid inside
the membrane fibers. There is little migration of gas
bubbles towards the different regions. Thus, with high-
er shear stress, there is a straight liquid and uniform
path at the position which helps to alleviate fouling.

3.3. Fractionation of the fouling layer
Coagulation-submerged microfiltration system was
applied at ‘K’ Drinking Water Treatment Plant (Seoul,
South Korea). Raw water flow rate in the system
ranged from 520-580 m’/day. The recovery rate was
set at 99%. Submerged membrane plant was operated
at constant flux mode of 40 LMH. Air flow rate was
constant at 120 Nm’/hr, which corresponds to an aera-
tion intensity 0.2 m/hr. Backwashing using permeate
was conducted for 30-s every 15-min of backwashing

frequency.
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Fig. 5 displays the hydraulic resistances of the dif-
ferent fractions in the different position of the fibers
after 6 months of operation and shows the contribution
of the different fouling fractions to the total fouling.
The position 2 produces the highest total fouling re-
sistances (R;) and the position 3 the lowest. The higher
R; of position 2 are caused by the reversible cake lay-
ers (R;) attached on the membranes, which can be re-
moved by rinsing the membrane. Consequently, R of
the position 2 is highest comparing to the other
position. Irreversible fouling resistance (R;;) of the fiber
position is significant in a local region of high suction
pressure near the suction point of the fiber (position 1)
than elsewhere along the fiber (position 2 and 3). As
the local suction pressure increases, a more compressed
fouling layer is formed, resulting in an irreversible
fouling layer[25]. Moreover, R;; was found to be big
compared to the position 2 and 3, corresponding to the
advantage of fiber looseness with low packing density.

The ratio of Ri/Rn and Ry/R: at the suction part
along the fiber position provides a degree of contribu-
tion to irreversible fouling resistance of R;. The ratio
of Ri/Rm and Ri/R: are shown in Fig. 6. The ratio of
Ri/Rm and R;/R. of position 1 was highest comparing
to the position 2 and 3. The ratio between Ri/Rn and
Ri/R; were almost the same. That is, the irreversible
foulants accumulate to a far extent by higher suction
pressure. At position 2 and 3 of low fiber density,
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Fig. 6. The ratio of hydraulic resistances on irreversible
fouling.

those positions are sufficiently effective in removing
foulant. Especially, Ri/R. value of the position 1 was
magnitude higher than other position. This value in-
dicates that the most irreversible fouling layer of the
membrane is formed due to internal pore fouling and
adsorption on the membrane surface[26].

Liquid velocity induced by aeration tends to reduce
the magnitude of readily removable resistance (R;) and
the irreversible resistance (Ri)[12]. The reduced fouling
resistance must be due to the result of the increased
back transport induced by aeration. Liquid velocities
among position 1, 2, and 3 follow the order of : 2 > 1
> 3 (Fig. 2). There are not in agreement of R; and R;
in relation to liquid velocity in Fig. 5. Therefore, con-
trol of the reversible and the irreversible fouling re-
sistances is needs both higher liquid velocity and lower
packing density. Additionally, lower suction pressure
part can be more alleviated in spite of lower liquid ve-
locity at position 3 (Figs. 5, 6).

4. Conclusions
In present study characteristics of liquid velocity and
local fouling of pilot-scale submerge membrane mod-

ules was studied. The investigation the following con-
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clusions can be made :

The liquid velocity behavior of submerged mem-
brane modules depends on the imposed aeration in-
tensity, and the local position. When increasing the
aeration intensity from 0.1 to 0.22 m/hr, the liquid ve-
locity increased from 0.12 to 0.28 m/s at position 1,
from 0.21 to 0.3 m/s at position 2 and from 0.08 to
0.24 m/s at position 3, respectively. The gas-liquid in-
jection factor decreased with increasing the liquid ve-
locity at position 1 and 3. The shear stress increases
with the increasing of gas-liquid injection factor and
the liquid velocity improves with the increasing of
gas-liquid injection factor. The middle location between
the entrance and the rear points of air input showed
efficient liquid velocity which might be due to the
profitable rectilinear and lower fiber packing density.

The relationship between the local fouling along the
fiber position and liquid velocity are important.
Irreversible fouling resistance (Ri;) of the fiber position
is significant in a local region of high suction pressure
near the suction point of the fiber (position 1). The ra-
tio of Ri/Rm and Ri/R; of position 1 was highest com-
pared to the position 2 and 3. Irreversible fouling re-
sistances results confirmed the preferential deposition
of foulants near the suction part of the fiber where the
local suction pressure is the highest and correspond-
ingly, more particles are accumulated to the membrane

surface.
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