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ABSTRACT

Effect of gas-liquid flow pattern on the performance of air-sparged cross-flow microfiltration of yeast
suspension is studied. The pseudo-steady filtration flux and the cake properties under various operating
conditions are measured and discussed. The shear stress acting on the membrane surface and the critical
condition for particle deposition are analyzed theoretically based on hydrodynamic models. The cake
mass is markedly reduced by increasing the wall shear stress. However, the average specific cake filtration
resistance increases with increasing the wall shear stress due to more compact cake structure. The increase
in the average specific filtration resistance of cake due to air-sparging is more significant in bubbly flows.
Consequently, the filtration flux will be increased by air-sparging due to the cake reduction in slug flow
microfiltration. However, a contrary result is obtained for bubbly flows due to the drastic increase in
the average specific filtration resistance of cake. Therefore, a microfiltration operating under slug flow is
more effective to enhance the filtration flux by air-sparging. In addition, the proposed model provides
a method to quantitatively relate the filtration flux to operating parameters. The relationships are also
strongly dependent on the gas-liquid flow pattern.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cross-flow microfiltration is an efficient method for separating
microbial cells or bio-mixtures in biochemical processes. Although
it has been widely used, the flux decline due to membrane fouling
is still a major obstacle to keep on a high performance during oper-
ation. In order to improve filtration flux or membrane selectivity,
the effectiveness of sparging air-bubbles into the filter channel has
been studied [1-6]. The flux was correlated with operating vari-
ables in some empirical equations [5,6]; however, the coefficients
should be determined by routine experiments.

Since the shear stress acting on the membrane surface can
be increased by sparging air-bubbles into the filter channel, this
method may effectively reduce cake mass and enhance filtration
flux in most conditions [ 1-6]. However, the magnitude of wall shear
stress is not only dependent on the fluid velocities but also on the
gas-liquid flow pattern. A bubbly flow occurs under low gas volu-
metric fraction, and it changes to a slug flow when the gas faction
exceeds a critical value. For a bio-reaction process, the existence
of small bubbles in bubbly flow is appropriate for supplying more
gas-liquid interface area for improving oxygen transfer. However,
a slug flow generates higher tangential shear stress on the mem-
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brane surface in cross-flow filtration, which may be more effective
for limiting particle deposition or membrane fouling. Therefore, to
understand the filtration performances in cross-flow microfiltra-
tion under different gas-liquid flow patterns has benefits in the
development of future biotechnology.

Cui and Wright [1,2] studied the effectiveness of gas sparging
in up- and downward vertical filter tubes. They found that the
flux could be enhanced as high as 60- to 320-fold in air-sparging
ultrafiltration of dextran, blue dextran or BSA suspensions. Mercier-
Bonin and Fonade [4] carried out the cross-flow microfiltration of
enzyme/yeast mixtures. The filtration flux was improved 140% in a
gas-liquid slug flow; however, the enzyme transmission was dras-
tically decreased under the same flow condition. In contrast, they
also found that the flux and enzyme transmission were both slightly
enhanced with a bubbly flow pattern.

Air-sparging in another filtration module configuration, hol-
low fiber membranes, was also studied in the past 20 years. Lee
et al. [7] obtained a 100% flux enhancement in cross-flow ultra-
filtration of E. coli under slug flow pattern. Cabassud et al. [8]
analyzed the influence of hydrodynamic parameters of gas-liquid
flow on the cake characteristics in ultrafiltration hollow fibers.
They claimed that the flux enhancement was controlled by the
mixing or turbulence near the membrane surface, and the cake
structure seemed to be linked to mixing or the flow intermit-
tence. Fane and his co-workers [9-11] discussed the effects of
the arrangements of hollow fibers, bubble size, bubble frequency
and the ratio of liquid to gas flow rate on the performance of
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Nomenclature

A cross-sectional area of the filter channel [m?]

G correction factor defined in Eq. (9)

G correction factor defined in Eq. (10)

Cs correction factor defined in Eq. (13)

C4-Cs  coefficients defined in Eq. (16)

Cs correction factor defined in Eq. (17)

Ca capillary number defined by Eq. (7)

dp diameter of particles [m]

F; net interparticle force [N]

F inertial lift force [N]

Fn drag force exerted on particles in the filtration direc-
tion [N]

F; drag force exerted on particles in the suspension
flow direction [N]

fe friction coefficient between particles

H the clearance of the filter channel [m]

P hydraulic pressure [N/m?]

AP filtration pressure [N/m?]

Q volumetric flow rate [m3/s]

qs pseudo-steady state filtration flux [m3/m?2 s]

R¢ resistance of the filter cake [m~1]

R; overall filtration resistance [m~!]

u superficial velocity [m/s]

Uy lift velocity [m/s]

v true velocity [m/s]

vp bubble velocity [m/s]

we mass of dry cake per unit area [kg/m?2]

b distance from the inlet of filter channel in suspen-
sion flow direction [m]

Greek letters

gy average specific filtration resistance of cake [m/kg]

B rate of intermittency

1) liquid film thickness [m]

y surface tension [N/m]

A void fraction in gas-liquid two-phase flow

% viscosity [kg/s m]

0 gas injection factor defined in Eq. (1)

0 density [kg/m3]

Tw shear stress acting on the membrane surface [N/m?]

Subscripts

G gas

L liquid

cross-flow filtration of yeast or of bentonite suspensions. They
indicated that increasing shear stress or generating vortices was
an efficient way to enhance filtration flux. The membrane foul-
ing could be reduced more effectively by sparging air-bubbles if
the fiber axis was parallel to the fluid flow direction in outside-in
ultrafiltration.

In this study, the shear stress acting on the membrane surface
and the critical condition for particle deposition in a horizontal
two-parallel-plate microfilter are analyzed theoretically based on
hydrodynamic models. Effects of operating conditions, such as the
flow rates of suspension and air-bubbles and the filtration pres-
sure, on the filtration flux and cake properties are measured and
discussed. The dependences of filtration flux or cake properties on
the wall shear stress under different gas-liquid flow patterns are
also derived.

2. Theory
2.1. Shear stress acting on the membrane surface

Fig. 1 is a schematic diagram of gas-liquid flow patterns in a
horizontal cross-flow microfilter. The suspension flows from the
left-hand side into the two-parallel-plate microfilter, the filtrate
permeates downward through the porous bottom plate, while the
concentrate flows out from the right-hand side. In general, the flow
pattern of a gas-liquid two-phase flow can be related to the injec-
tion factor defined as [8]:

Ug

= (1)

T ugtug

where ug and u; are the superficial velocities of gas and liquid,
respectively. The flow is bubbly when 0 <0.2, small air bubbles dis-
persein the liquid in such a condition. When 0.2 <6 < 0.9, the formed
large bubbles result in a slug flow. In the condition of high gas flow
rate, e.g. 6>0.9, an annular flow occurs. Air occupies most core
region in the channel, and liquid flows in the film near the channel
walls. Referring to the system shown in Fig. 1, some particles are
carried by the liquid to arrive at the membrane surface. A key factor
to affect the stability of particles on the membrane surface is the
shear stress produced by the tangential suspension flow. Therefore,
to understand how the wall shear stress affected by operating con-
ditions or gas-liquid flow pattern is the main gate to grasp filtration
performance.

The wall shear stress is strongly dependent on the gas-liquid
flow pattern. In recent year, Hwang and Wu [12] employed a
liquid-gas two-phase flow model to calculate the pressure drop in
the filter channel. The shear stress acting the membrane surface can
then be estimated by a momentum balance on the filter channel,
that is

w38

where H is the channel clearance. This model can be used for bubbly
flow in which the shear stress is increased by increasing both gas
and liquid velocities. The true velocities of gas and liquid flows can
be calculated, respectively, by the void fraction, A [13]:

Qc Q

= "Ta-naA ®

VG
where A is the cross-sectional area of the flow channel, and
Qz and Q; are the volumetric flow rates of gas and liquid,
respectively.

In the slug flow regime, large flattened air bubbles flows across
the filter channel as a plug-flow manner. The shear stress is
therefore not uniform as the simple model described previously.
In other words, the flow becomes intermittent and the wall shear
stress can be calculated by summing the stresses produced in the
liquid film around the gas bubbles, 7,,¢, and in the liquid slugs, Ty,
as below [14]:

Tw = BTuc + (1 - ﬁ) TwL (4)

where B is the rate of intermittency which is directly linked
to the lengths of the long bubble and liquid slug. Since only
a single-phase exists in the liquid slug, the shear stress of T,
can be estimated by the two-phase flow model proposed in the
authors’ previous study [12] once the true velocity of liquid is
calculated using Eq. (3). On the other hand, the shear stress of
Twe is mainly due to the velocity gradient in the liquid film exists
between air-bubbles and the channel wall (or the membrane
surface). Bricefio and Joseph [15] derived a relation between the
wall shear stress and the liquid film thickness in a horizontal
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Fig. 1. The gas-liquid flow patterns in a cross-flow microfilter.

conduit as
u
TwG = ULy (5)

where p; is the liquid viscosity and é is the film thickness.

In the past, Bretherton [16] studied on the motion of a long gas
bubble in a circular capillary filled with a liquid. Assuming that the
gravity is negligible and no tangential stress acts at the gas-liquid
interface, he claimed that the liquid film thickness is dependent
on the tube radius, the liquid viscosity, the surface tension and the
bubble velocity. According to his analysis, the film thickness can be
estimated as follows [16]:

5=1.337 (g) Ca?/3 (6)

where Ca is the Capillary number and is defined as

MULVp
Ca= 7
” (7)

in which vy is the bubble velocity and y is the surface tension. The
predictions of Eq. (6) have well agreement with the measurement
in the conditions of Ca between 10~5 and 10-2 [16]. Therefore, the
wall shear stress in a gas-liquid slug flow can be evaluated by Eq.

(4).

2.2. Force balance model for particle deposition

According to the authors’ previous studies, whether a particle
staying on the membrane surface can deposit stably or not is deter-
mined by the external forces exerted on it [12,17,18]. Since the net
gravity is negligible small compared to the other forces in most
microfiltration, the force balance model at the pseudo-steady con-
dition can be expressed as [17,18]:

F =fo(Fn+F +F) (8)

where f. is the friction coefficient between particles, and F; and
F, are the drag forces in the tangential (the suspension flow) and
filtration directions, respectively, F; is the inertial lift force and F;
is the net interparticle force. According to Eq. (8), the particle can
deposit stably if the tangential force, the term on the left-hand side,
is smaller than the net friction force, the term on the right-hand
side. Otherwise, the particle will be swept away from the membrane
surface.

The tangential drag force was analyzed by Hwang and Lin [18]
and can be estimated by the modified Stokes law:

Fo = G2t (9)

where dp, is the particle diameter, and C; is a correction factor for
the existences of the filter cake and the membrane. It is evidence
that the tangential force is proportional to the shear stress acting
on the membrane surface for a given particle size.

Similar to the derivation in the tangential direction, the drag
force in the filtration direction can be calculated by the following
equation [18]:

Fp = 37TMLdpQSC2 (10)

where g; is the pseudo-steady filtration flux. The correction factor,
C,, can be given from the results of Goren [19]:

1/2
Rid
Gy = (;"+1.o72> (11)
where R; is the overall filtration resistance including the resistances
due to filter cake and membrane. However, the filtration resistance

due to cake formation is much higher than that due to clean mem-
brane in most conditions. Thus,

Rt 2 RC = Wclagy (12)

in which w, and «,, are the mass and average specific filtration
resistance of cake, respectively. Since the value of R; x dj, in Eq. (11)
is always much larger than 1.072, Eq. (10) can be simplified as

Fp= C3NLd;17'SQSR2'S (13)

In the region near the membrane surface, the velocity profile
of liquid in the tangential direction can be simplified as linear.
Therefore, the inertial lift velocity of a particle can be expressed
as [20]:
0.036p.d3 75

K
Hence, the inertial lift force is significant only for large particles or

under high wall shear stress. The drag force and inertial lift force in
the filtration direction can then be summed up and expressed as

Fu + Fy = C3pupd)>(qs — up)R2 (15)

upl = (14)

The negative sign in Eq. (15) is due to the opposite directions of
these forces.
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The interparticle forces caused by van der Waals force and elec-
trostatic force for micron particles (yeast cells used in this study) are
relatively small; therefore, the net interparticle force is assumed to
be constant under a fixed suspension property in this model for sim-
plicity. Substituting Egs. (9) and (15) into Eq. (8), the force balance
equation for a uniform particle size distribution can be rewritten as

Tw = Cajtr(gs — Up )R> + Cs (16)
or be rearranged to the form:
Tw—Cs
qs = Co——= + Uy (17)
’ RS P

Therefore, the relationship among the pseudo-steady filtration flux,
the wall shear stress and the overall filtration resistance can be
explained by Eq. (16) or (17).

3. Materials and methods

Yeast cells (Saccharomyces cerevisiae) purchased by ICN Biomed-
icals Inc. in Germany were suspended in de-ionized water for
de-activity at 80°C for 20 min. Yeast cells were then added into a
10 mM buffer solution mixed by sodium phosphate (Na;HPO4) and
sodium hypophosphite (NaH,POg4) to prepare 0.2 wt% suspensions
used in experiments. The density of yeast cells was measured as
1140 kg/m? after previous pretreatment, while the size of yeast cells
ranged from 0.7 to 18 wm with a mean diameter of 4.7 wm. The fil-
ter membrane, made of mixed cellulose ester, was manufactured by
ADVANTEC Co. in Japan. Its mean pore size and zeta potential were
0.1 pm and —24 mV, respectively. The clean membrane resistance
under 100 kPa was measured as 2.97 x 1011 m~1.

A schematic diagram of the cross-flow microfiltration system
is shown in Fig. 2. The two-parallel-plate microfilter has a clear-
ance of 2.0x1073m, a width of 2.0x10~2m, and a length of
5.5 x 10~2 m. Cross-flow microfiltration experiments were carried
out under various bulk suspension velocities, air volumetric flow
rates and filtration pressures. The temperature of suspension was
kept at 20°C by a thermostat, while the suspension pH was kept
at 7.0 during filtration. The suspension was pumped into the filter
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Table 1

The values of injection factor and void fraction under various conditions.

u; (m/s) ug (m/s) 6 A
0.02 0.167 0.087

0.1 0.04 0.286 0.153
0.08 0.444 0.245
0.02 0.063 0.031

03 0.04 0.118 0.062
0.08 0.211 0.116
0.02 0.039 0.017

0.5 0.04 0.074 0.037
0.08 0.138 0.073

by a peristaltic pump (Watson-Marlow-Bredel Pumps, 500 Series,
made in England). The flow rates of suspension and sparged-air
were adjusted and measured by rotameters A and B, respectively.
The filtration pressure was adjusted to setting value by the nee-
dle valve and indicated by the pressure gauges. The filtrate was
collected into a receiver and was weighed by a load cell. The data
were transferred to a personal computer for further calculation. The
same amount of make-up water as the filtrate was duly added into
the suspension tank to keep a constant suspension concentration
during filtration. The flow pattern of the air-bubbles in the filter
channel was observed and recorded by a video camera. The values
of injection factor and void fraction within the conditions of this
study are summarized in Table 1. Since the flow pattern is bubbly
when 0<0.2 while is slug when 0.2 <6<0.9, it can be known that
the gas-liquid flow patterns included both bubbly and slug flows.
When the experiment was terminated, the cake formed on the filter
membrane was sent to analyze its dry mass by an ORION moisture
titrator [21] or observe its packing structure by SEM after quenching
using liquid nitrogen.

4. Results and discussion

Fig. 3 shows the effects of suspension and air velocities on the
pseudo-steady filtration flux. The experiments are repeated at least

@
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o \---{ O
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Fig. 2. A schematic diagram of cross-flow microfiltration system.
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¢ -=- u=05ms 71
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Fig. 3. The pseudo-steady filtration fluxes under various operating conditions.

three times for each condition. The error bars shown in this fig-
ure indicate that the largest deviation on filtration flux is ca 15%.
In the conditions of no air-sparging, the flux increases regularly
with increasing suspension velocity. It is because the higher wall
shear stress reduces the cake formation. This trend is the same
as those presented in previous studies [17]. However, irregular
trends occur in those air-sparging conditions. In the cases of low-
est suspension velocity, says u; =0.1 m/s, the flux is increased by
increasing air velocity, but this effect becomes trivial when ug
exceeds 0.04m/s. For the suspension velocity of 0.3 m/s, the flux
varies irregularly with gas velocity; the flux may be increased or
decreased by increasing gas velocity. For a higher suspension veloc-
ity, u; =0.5m/s, on the contrary, the air-sparging causes the flux to
be drastically decreased, but the decrease becomes moderate as ug
exceeds 0.02m/s. Although most previous studies indicated that
air-sparging will effectively enhance filtration flux, the experimen-
tal data of Cabassud et al. [8] showed that a maximum flux occurred
at a specific air velocity. This fact implies that the cake proper-
ties may be markedly affected by air-sparging and more than one
factor should be taken into consideration for the actual filtration
mechanism.

Fig. 4 shows the cake masses under various flow conditions.
An increase in suspension or gas velocity leads to a decrease in
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AP =50 kPa
A u,=01mis
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~ — T
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Fig. 4. Effects of operating conditions on the cake mass.
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Fig. 5. Effects of operating conditions on the average specific filtration resistance of
cake.

cake mass. Over 40% of cake mass can be reduced by air-sparging
within the operating conditions of this study. The monotonic trend
shownin this figure implies that the shear stress acting on the mem-
brane surface plays the most important role on the cake formation.
In other words, the decrease in cake mass is major attributed to
the increase in the wall shear stress. Fewer particles can deposit
stably on the membrane surface under higher wall shear stress.
Comparing the curves shown in Fig. 4, in the case of low suspen-
sionvelocity, e.g.,u; =0.1 m/s, the cake mass decreases continuously
with increasing gas velocity. However, for a higher suspension
velocity, the decrease in cake mass may reach an ultimate value,
and this limited cake mass occurs at lower gas velocity under a
higher suspension velocity. This reveals that the reduction of cake
mass by air-sparging has a limit. No further effectiveness can be
done by increasing air velocity when the limiting conditions attain.
Therefore, on the economic point of view, to understand how the
cake mass or filtration flux affected by operating conditions is very
important.

Another important cake property is the average specific filtra-
tion resistance of cake, agy. The values of ag, under various flow
conditions are shown in Fig. 5. Those values are calculated by substi-
tuting measured data of overall filtration resistance and cake mass
into Eq. (12). In the conditions of no air-sparging, no obvious differ-
ence among the results of three different suspension velocities can
be seen. However, when air bubbles are sparged into the filter chan-
nel, the packed structure of particles becomes more compact, and
the specific filtration resistance of cake increases [12]. The increase
in agy becomes more significant as suspension velocity increases.
However, the same as cake mass, «qy approaches an ultimate value
when air velocity exceeds a certain value. An increase in suspen-
sion velocity leads to a higher ultimate o, and to a lower critical
air velocity reaching the ultimate ogy. It can be found that the value
of agy may be increased as high as five-fold due to air-sparging.

Fig. 6 depicts the structures of cakes constructed from yeast
cells measured by SEM under u; =0.1 m/s and AP=50kPa. Fig. 6(a)
and (b) shows the side views of the cakes formed under ug =0 and
0.02 m/s, respectively. It is evident that the cake will be compressed
to a more compact structure due to air-sparging. The yeast cells
almost keep their original shape, i.e. spheroid, in the cake formed
under the condition of no air-sparging, while those in the cake
under the air-sparging condition may deform their shape and be
packed into more compact structure. This is because the flowing
bubbles through the narrow filter channel exert extra compres-
sion forces on the deposited yeast cells. Consequently, those cakes
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EHT = 200KV WD= &mm

fal? Mag= 500KX

St Mag= 10.00KX EHT = 200%V WD= 5mm
Fig. 6. The side views of particle packing structure under u;=0.1m/s and
AP=50KkPa: (a) ug =0 (SEM 5000x); (b) ug =0.02 m/s (SEM 10,000 ).
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formed under air-sparging conditions will exhibit higher average
specific filtration resistances, as shown in Fig. 5.

The flows of gas and liquid phases are both laminar within the
operating conditions of this study since the Reynolds numbers are
smaller than 1000. The void fraction, A, of the multiphase flow
under various conditions are calculated by the two-phase flow
model [12] and listed in Table 1. The values of A are all set to be
smaller than 0.3 in this study. Since the flow pattern of air bubbles is
one of the key factors affecting the filtration flux as well as the cake
properties. The images of flowing air bubbles under various condi-
tions were captured by a video camera and are re-plotted in Fig. 7
for comparison. Fig. 7(a), on the left-hand side, shows the gas-liquid
flow patterns under u; =0.1 m/s. In the case of u; = 0.02 m/s, the flow
patternis bubbly/slug flow, and it becomes slug flows as u is higher
than 0.04 m/s. This is in fit with the results of Cabassud et al. [8], the
flow pattern changes from bubbly to slug flow when the injection
factor, 6, exceeds 0.2. On the other hand, Fig. 7(b) shows the flow
patterns under u; =0.5m/s. From the data shown in Table 1, the
values of 6 in those conditions are all smaller than 0.2 and results
in bubbly flows. Based on the analyses previously, the shear stress
can be calculated by the gas-liquid two-phase flow model, Eq. (2),
for a bubbly flow, while calculated by Eq. (4) for a slug flow. It can
be expected that the wall shear stress increases with increasing
both suspension and air velocities due to the increase in size and
frequency of injecting bubbles, as shown in Fig. 7. However, the
increase of wall shear stress by increasing air velocity for slug flows
will be more significant than that for bubbly flows based on the
proposed theories.

Fig. 8 illustrates the relationship between cake mass and the
shear stress acting on the membrane surface under various oper-
ating conditions. The shear stress is calculated by Eq. (2) or (4)
depending on the flow patterns, while the cake mass is measured at
the end of filtration. Each kind of symbols in the figure represents
the results obtained under a fixed suspension velocity. Although
most filtration pressures are set at 50kPa, a set of data obtained
under different filtration pressure, AP=75KkPa, are also shown as

ug= 0.02 m/s

P € o o ° o
0 3=

flow direction < °
—_—

ug= 0.04 m/s

O
ao?b 00 Q) eos

ug= 0.08 m/s

CO
O Do

°s O :
(o]

0000

(b) u=0.5 m/s

Fig. 7. The gas-liquid flow patterns under various air superficial velocities: (a) u; =0.1 m/s; (b) u; =0.5m/s.
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Fig. 8. Effect of wall shear stress on the cake mass.

hollow circles for comparison. It can be seen that the cake mass
almost linearly decreases with the increase of wall shear stress.
This can be expected since an increase in wall shear stress causes
yeast cells to be harder to deposit on the membrane surface, as
those discussions for Fig. 4. The results shown in Fig. 8 also demon-
strate that the wall shear stress is the key factor affecting cake
formation.

Since the filtration flux shows an irregular trend with operating
conditions in Fig. 3, the cake mass should not be the sole factor in
determining the overall filtration resistance. Fig. 9 depicts the aver-
age specific filtration resistance of cake under various wall shear
stresses. The increase of o, with t,, implies that the cake structure
is more compact under a higher tangential shear stress. The data
shown in this figure can be concluded into two groups depending
on the gas-liquid flow pattern, i.e., the values of ogy can be regressed
as exponential functions as following:

oay = 1.85 x 10%exp(0.471y) .. .slugflow (18)

gy = 1.85 x 10%exp(1.041y,) .. .bubbly flow (19)

Extrapolating these functions to 7, = 0, they give the same inter-
cept at which oy =1.85 x 1013 m/kg. This value agrees with the
experimental data obtained in a “dead-end” cake filtration under
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Fig. 9. Effect of wall shear stress on the average specific filtration resistance of cake.
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Fig. 10. A plot of /(g5 — up)R:%S versus Ty.

AP=50kPa. These results reveal that the cake structure is signif-
icantly affected by gas-liquid flow pattern. For example, the cake
formed in a bubbly flow is more compact than that formed in a slug
flow even under the same shear stress because of the smaller bubble
size and higher bubble frequency. Therefore, for the curves shown
in Fig. 5, one knows that the sudden increase in o, at a certain air
velocity is due to the flow pattern change. According to Eq. (12), the
filtration resistance can be expressed as the product of cake mass
and average specific filtration resistance of cake. The results shown
in Figs. 8 and 9 indicate that cake mass monotonically decreases
while average specific filtration resistance of cake increases with
the wall shear stress. These two contrary effects result in the irreg-
ular trends of overall filtration resistance and filtration flux under
different flow conditions, as shown in Fig. 3. Thus, how filtration
flux affected by operating conditions can be well understood only
when these two cake properties are taken into consideration simul-
taneously. Concluding the results obtained in the conditions of this
study, the flux may be enhanced by air-sparging due to the cake
reduction in slug flow microfiltration. However, contrary result may
be obtained for bubbly flow due to the increase of average specific
filtration resistance of cake.

Based on the proposed force balance model for particle depo-
sition, the relationship among the pseudo-steady filtration flux,
the wall shear stress and the overall filtration resistance can be
correlated by Eq. (16). This equation reveals a linear relationship
between w;(qs — up,)Rc‘l5 and 7y, if the membrane resistance can
be neglected compared to the cake resistance. Fig. 10 shows a
plot of w;(gs— up,)RC°~5 versus T, under a constant filtration pres-
sure of 50 kPa. The data obtained under different conditions can
be regressed to two line segments. The value of w;(qs — up,)RCO'5
increases linearly with the wall shear stress for slug flows; however,
it decreases with t,, for bubbly flows. This difference is attributed
to the effect of flow pattern on the cake properties. Since the parti-
cle packing structure or the average specific filtration resistance
of cake is strongly affected by the gas-liquid flow pattern even
under the same wall shear stress, no wonder the regression lines
for bubbly and slug flows shown in Fig. 10 are different. The results
shown in Figs. 3 and 10 also indicates that increasing shear stress
is more effective for flux enhancement in slug flows, but contrary
effect occurs in bubbly flows. However, the plot in Fig. 10 can
be regressed to straight lines according to the flow patterns. This
demonstrates the reliability and practicability of the proposed force
balance model. In other words, the filtration flux can be predicted
by solving Eq. (16) once the properties of particles and cake are
known.
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5. Conclusion

The influence of air-sparging on the performance of cross-flow
microfiltration of yeast suspension has been studied. The filtration
performance is affected by the gas-liquid flow pattern (or the wall
shear stress) rather than fluid velocities. The shear stress acting on
the membrane surface was analyzed based on hydrodynamic mod-
els. The cake mass was significantly reduced by increasing the wall
shear stress, while the average specific cake filtration resistance
increased with increasing the wall shear stress due to more com-
pact cake structure. The increase in specific filtration resistance of
cake due to air-sparging was more significant in bubbly flows. Con-
sequently, the filtration flux was increased by air-sparging due to
cake reduction for slug flow microfiltration under the conditions
of this study. However, a contrary result was obtained for bubbly
flows due to the drastic increase in the average specific filtration
resistance of cake. To operate the filtration in slug flow pattern was
more effective on the viewpoint of flux enhancement. Furthermore,
the filtration flux was related to operating parameters based on the
proposed force balance model. The relationships were also strongly
dependent on the gas-liquid flow pattern.
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