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a b s t r a c t
Experiments of microfiltration enhanced with air dispersion were carried out through a sub-
merged flat sheet membrane using commercial yeast suspension. In the experiments, the effect of 
hydrodynamic parameters like liquid flow velocity, air flow rate and aerator size were examined 
on flux control of fouling for different feed concentrations at constant transmembrane pressure. 
The classical heat and mass transfer analogy was applied to get an insight into the mechanism of 
fouling control in single and two-phase flow systems. The experimental results show that: (a) air 
dispersion reduced the particle fouling on membrane surface thus causing permeate flux enhance-
ment for any value of air flow rate and for any feed concentration. A maximum flux enhance-
ment factor of 270% was achieved for feed concentration of 25 g/L whereas as it was 60% for feed 
concentration of 1 g/L at an optimum air flow rate of 64 L/min. (b) Convective back transport of 
solids from membrane surface due to shear forces generated during two-phase flow was found 
to the be most significant phenomena of fouling control in submerged flat sheet microfiltration 
membranes. (c) The classical heat and mass transfer analogy successfully provided the explanation 
of phenomena of convective back transport of solids due to gas-liquid two-phase flow.

Keywords:  Submerged flat sheet membrane; Microfiltration; Heat and mass transfer analogy; 
Fouling control; Two phase flow; Convective back transport

1. Introduction

Microfiltration (MF) is a membrane separation process 
for physical separation of solids from the liquid. Its wide 
range of operation for very fine solids to very coarse par-
ticles has made MF more a subject of interest for almost 
all process industries involving solid–liquid separation. 
MF can be used in process industries like wastewater 
treatment, water purification, semiconductor, fruit juice, 
brewery, pharmaceutical industries. Its most recent appli-
cation is pretreatment of sea water for reverse osmosis 
operations. The major problem associated with MF sepa-
ration process is membrane fouling which can be external, 

internal or both. Fouling is undesired in membrane pro-
cesses as it not only hampers the membrane performance 
due to deposition of solids on the membrane surface but 
also decreases the membrane life due to chemical clean-
ing. Control of fouling is therefore always a matter of 
prime interest for reasons of process efficiency. In last 
four decades, different fouling control techniques have 
been suggested by various researchers. These techniques 
include: use of turbulence promoters [1]; dynamic filtra-
tion [2]; pulsating flows [3]; helical baffles [4], jet flows [5]; 
vortex waves [6]; baffles as well as electric and ultrasonic 
[7] and surface and feed treatments [8]. Although process 
efficiency can be improved by all aforesaid techniques, 
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but the industrial application of such techniques is lim-
ited by technological aspects. Another technique which 
has attracted the attention of researchers in recent years 
is continuous injection of gas/air in the feed stream. This 
technique was first used by Imasaka et al. [9]. In this tech-
nique, gas/air is dispersed in the liquid stream to gener-
ate two-phase flow which produces very high turbulences 
along the membrane surface. This high turbulence on the 
membrane surface reduces the deposition of solid parti-
cles on membrane surface and resultantly, the permeate 
flux increases. The advantages of significant flux enhance-
ment and reduced energy cost associated with this tech-
nique have encouraged further activity. The majority of 
the studies on gas dispersion have been conducted for 
the membrane applications in which the feed suspension 
flows inside the membrane module, that is, tubular and 
hollow fiber membrane modules. To date, more attention 
has been given to the application of gas–liquid two-phase 
flow in submerged hollow fiber systems. Limited data of a 
fundamental nature have been published for bubble inter-
action with submerged flat sheet membranes. This limited 
data has come from the commercial suppliers of mem-
brane systems and, as a result, much of the know-how 
is not published [10]. It is interesting to note that there 
is no published work regarding effectiveness of gas-liq-
uid two-phase in spiral wound modules except only one 
study by Qaisrani and Samhaber [11]. The probable reason 
is that spiral wound elements are considered to be good 
in generating high flow instabilities without application 
of two-phase flow. However, Qaisrani and Samhaber [11] 
have shown in their study that gas–liquid two-phase is 
also effective in enhancing the membrane performance 
for open-channel spiral wound membrane module.

Lee et al. [12] first conducted experiments with gas bub-
bling in a flat sheet module to enhance the ultrafiltration of 
bacteria suspension. They used flat sheet membranes with 
different pore sizes and they were able to improve the per-
meate flux by up to 100% using a 300 kDa PS ultrafiltra-
tion membrane and 30% by using a 0.2 µm microfiltration 
membrane. Mercier-Bonin et al. [13] used flat sheet ceramic 
membranes for microfiltration of yeast suspension with air 
bubbling. They used a test cell of 85 mm × 85 mm × 0.6 mm. 
A flux increase of 4 times was reported for the applied pro-
cess conditions with two-phase flow. Recently Ndinisa [10] 
used air bubbling in submerged flat sheet MF membranes 
for investigating the influence of hydrodynamic parameters 
and finding out the flux enhancement mechanism in these 
membranes. He used commercial yeast as model suspen-
sion. He showed that average wall shear stress increased 
with air flow rate and this increase in wall shear stress 
caused a reduction in fouling on the membrane surface and an 
enhancement in the permeate flux. He linked the wall shear 
stresses with bubble size with the help of computational 
fluid dynamics (CFD) simulations. Most recently, Sriprasert 
[14] studied the influence of two-phase flow on fouling of 
submerged flat sheet anaerobic bioreactors for dairy waste 
water treatment. He used non-adsorbent particles coupled 
with conventional gas sparged AnMBR (GSAnMBR) func-
tioning as a three-phase (solid/gas/liquid) flow for fouling 
mitigation and flux enhancement purposes. He showed 
reduction in membrane resistance of 40%–88% due to 

scouring of particles. In the latest review on the behavior 
of suspensions and macromolecular solutions in cross-flow 
microfiltration by Chew et al. [15], the authors are of the 
view that the use of molecular dynamics simulations to 
model transport and fouling represents a major advance, 
providing insights not possible through experiments.

It is established that the internal fouling or pore block-
ing can only be removed by chemical treatment or back 
flushing. However, the hydrodynamic parameters like 
cross flow velocity, air flow rate, nozzle size and feed con-
centration are considered to have a great influence on the 
external fouling properties. There is a number of mech-
anisms reported in the literature for the enhancement of 
the permeate flux and mitigation of external fouling with 
air dispersion in flat sheet membrane modules. A number 
of mathematical models and empirical relations have been 
proposed for understanding the phenomena of external 
fouling in flat sheet microfiltration membranes. However, 
there is no clear agreement among the researcher on exact-
ness of any mechanism. Most of the authors consider wall 
shear stress to be the primary factor for minimizing the 
fouling on the membrane surface while others think that it 
is flow reversal which is causing this effect. Furthermore, 
there has been no published work on application of heat 
and mass transfer analogy for explaining the mechanism of 
back transport of solids from the membrane surface towards 
the bulk. Therefore, the aim of this study is to investigate 
the effects of different hydrodynamic parameters on mem-
brane fouling and to apply heat and mass transfer anal-
ogy in order to get into an insight of the fouling control 
mechanism in a submerged MF flat sheet membrane.

1.1. Heat and mass transfer analogy

If two or more processes are governed by dimension-
less equations of the same form, the processes are said to 
be analogous. It is an established fact that heat and mass 
transfer processes are analogous for same geometric condi-
tions. Heat transfer is governed by dimensionless Nusselt 
number (Nu) whereas the mass transfer is governed by 
dimensionless Sherwood number (Sh). The general forms 
of these numbers are given in Eqs. (1) and (2) respectively.

Nu =
hL
k f

 (1)

Sh =
h L
D
m  (2)

where h is convective heat transfer coefficient, hm is mass 
transfer coefficient, L is characteristic length, kf is thermal 
conductivity of the fluid and D is diffusion coefficient. 
Nusselt number is function of Reynolds number and 
Prandtl number whereas Sherwood number is dependent 
upon Reynolds number and Schmidt number according to 
Eqs. (3) and (4):

Nu =C m nRe Pr  (3)

Sh Sc=C m nRe  (4)
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where C, m and n are constants which are dependent upon 
the operating conditions irrespective of fluid properties.

The heat and mass transfer analogy has been success-
fully applied to many other processes. Steeman et al. [16] 
studied the applicability of the heat and mass transfer 
analogy in indoor air flows. They applied CFD simula-
tions to confirm the results of heat and mass transfer anal-
ogy. In this study they found that heat and mass transfer 
analogy can give accurate results provided the boundary 
conditions do not change. Miller and Atchley [17] applied 
this analogy to a low slope roof for estimation of heat 
transfer through the roof. They developed a mathemati-
cal correlation in order to take into account the conden-
sation and evaporation effects of the moisture present on 
the roof surface. They found that heat and mass transfer 
analogy along with their developed correlation gave only 
5% error as compared to the experiment data. Farinu [18] 
applied this analogy in deep frying of sweet potatoes. He 
applied computer simulations for calculating mass trans-
fer coefficient whereas he calculated heat transfer coeffi-
cient experimentally from frying of potatoes. He found 
the same trend of increasing and heat and mass transfer 
with increase in temperature and decreasing trend for both 
with increasing the size of the potato chips.

Heat and mass transfer analogy is used in different 
systems to convert heat transfer coefficients into mass 
transfer coefficients in order to evaluate the transfer of 
mass from a surface. This analogy is used mostly in those 
systems where mass transfer cannot be measured or cal-
culated. Mass transfer from the membrane surface to the 
bulk of the suspension in a flat sheet membrane module 
is similar to the classical problem of forced convection 
flow over a flat plate. In both heat and mass transfer, the 
hydrodynamic factors like cross flow velocity, air flow rate, 
bubbling frequency and size of the nozzle play a signif-
icant role in controlling the heat and mass transfer from 

the surface. The use of heat and mass transfer analogy in 
membrane processes for quantification of convective back 
transport has not been reported so far. This work can be 
considered to be first of its kind in this regard. It is not 
possible to measure the back transport of the solids from 
the membrane surface to the bulk of the suspension in 
any microfiltration membrane module. The heat and 
mass transfer analogy can help to estimate accurately the 
phenomena of back transport of the solids and thus can 
explain the mechanism of the flux enhancement due to 
gas-liquid two-phase flow.

2. Experimental

2.1. Materials

Fig. 1a shows the schematic diagram of the experi-
mental set-up used for filtration experiments whereas the 
experimental setup for heat transfer experiment is shown 
in Fig. 1b. The permeate was collected from the mem-
brane by applying a suction pressure whereas the process 
tank was kept open to the atmosphere. The system was 
operated at a constant pressure whereas permeate flux 
decreased with time.

A PES microfiltration flat sheet membrane by Microdyn-
Nadir, Germany was used with a nominal pore size of 
0.2 µm. The new membrane is stabilized with glycerin 
which is washed away when membrane comes into contact 
with water. The membrane was fixed on a PVC flat sheet 
with epoxy glue in such a way that its top end opened in 
a pipe from where the permeate was to be collected. The 
membrane was suspended 100 mm above the bottom of the 
cell. The process feed cell was a rectangular in shape with 
total liquid capacity of 2 L. The feed suspension was filled 
up to 70 mm above the top of membrane unit. The total sur-
face area of the membrane was 0.016 m2. The channel gap, 
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Fig. 1. Schematic diagram of experimental set-up: (a) filtration experiments and (b) heat transfer experiments.
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that is, the gap between the membrane and the cell wall was 
20 mm. Air inlet nozzles were fabricated by drilling holes in 
a 16 mm diameter PVC pipe.

Cylindrical nozzles were made by drilling 5 holes of 
same size on each tube. The holes were 10 mm apart. The 
PVC tube with nozzles was placed into the tank at a point 
which was 100 mm below the bottom of the membrane. 
The cylindrical nozzles were 0.5, 1.0, 1.5 and 2 mm diam-
eter. The schematic diagram of the nozzle arrangement is 
shown in Fig. 2. The suspension for experimentation was 
made from commercially available bakers’ yeast. Yeast of 
single commercial brand was used for all experiments of 
this study. Yeast was chosen as model suspension due to 
the reasons that it is easily available and also because it has 
properties which simulate those of mixed liquor, cell debris 
and extracellular materials (Ndinisa [10]). Atomic force 
microscopy (AFM) was used to determine the particle size 
and particle size distribution of the yeast cells. The average 
particle size of yeast was found to be 4.5 µm. A turbidity 
meter WTW-Turb 550 was used to measure the turbidity 
of the feed suspension and for determining the perme-
ate quality. The concentration of solids was calibrated as 
function of turbidity for purpose of analysis of the data.

2.2. Experimental procedure

The permeate flux for pure water was measured by 
using Milli-Q pure water for the new membrane as a 
standard pure water flux. The yeast suspension was pre-
pared by mixing the yeast into water with the help of a 
mechanical stirrer for half an hour. The yeast was not 
washed before preparation of the suspension. The feed 
concentration ranged from 1 to 25 g/L depending upon 
the experiment. The membrane module was inserted into 
the cell after transferring the suspension and air disper-
sion was started immediately after the transfer of the 
suspension. A vacuum pump by Vacuubrand, Germany 
with a suction capacity of 2.4 m3/h was used for collect-
ing the permeate into a glass vessel placed on the balance. 
A variable flow positive displacement pump was used for 
liquid feed circulation. The duration of all experiments 

ranges from 90 to 120 min. All the experiments were car-
ried out under room temperature. Air was dispersed into 
both stagnant feed suspension and into circulating feed 
suspension in order to compare the effect of air disper-
sion in both systems. In order to keep the concentration of 
solids in the system constant, the same amount of water 
as that of permeate collected was added into the sys-
tem by a level-controlled solenoid valve.

After each experiment, the membrane was washed 
with de-ionized water so that all the cake layer washed 
away with water and then was dipped into a 2% solution 
of enzymatic membrane cleaning detergent Ultraperm 
53 by Henkel, Germany for 1 h. The temperature of this 
solution was raised to 50oC before the membrane was 
dipped into it. After 1 h, the membrane was rinsed with 
de-ionized water and then placed in 3% HCl solution for 
conditioning purpose for half an hour. The membrane 
was then rinsed with de-ionized water. This procedure 
restored the membrane permeability to almost 100% and 
membrane was found to be in similar conditions at the 
initiation of each experiment.

It is necessary to be mentioned here that experiments 
in this study were carried out at various concentrations 
of feed, that is from 1 to 25 g/L whereas for understand-
ing the phenomena of fouling and its control, the data of 
feed concentration of 5 g/L was selected being the medium 
level of fouling. Therefore, results with feed concentration 
of 5 g/L are mostly presented and discussed in this study.

3. Results and discussion

3.1. Effect of cross-flow velocity on flux enhancement

It is important to investigate the effect of cross flow 
velocity on membrane performance as this is a commonly 
used technique to enhance the membrane performance 
in the industry. However, the feed concentration of 5 g/L 
was randomly selected for study of effect of cross flow 
velocity.

The flux enhancement factor φ is the factor which is 
considered as the measure of effectiveness of any flux 
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Fig. 2. Schematic diagram of the membrane cell and aerator.
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enhancement technique. Flux enhancement factor for the 
method of increased cross flow velocity is defined as under:

φ =
Flux at any cross-flow velocity

Flux at lowest cross-flow  velocity






−












×1 100  (5)

Fig. 3 shows the variation of steady state flux and flux 
enhancement with cross flow velocity for a feed concen-
tration of 5 g/L. A maximum flux enhancement of 65% and 
maximum steady state flux of 54 L/m2 h-bar was achieved 
at feed-flow rate of 4.2 L/m beyond which both started to 
decrease.

3.1.1. Mechanism of flux enhancement with 
increased cross-flow velocity

It has been reported in many studies that increased 
cross flow velocity causes an increase in the wall shear 
force which hinders the deposition of solids on the mem-
brane surface due to which permeate flux increases with 
increasing cross flow velocity. Hence increase in wall 
shear forces is attributed as the flux enhancement mecha-
nism. Hwang et al. [19] showed with the help of a math-
ematical model, that wall shear forces are direct function 
of cross flow velocity and flux increased as cross flow 

velocity was increased. This implies that wall shear forces 
will keep increasing as cross flow velocity is increased and 
resultantly the permeate flux should also keep increasing. 
However, in contrary to these results, this study shows 
that there is a limiting value of cross flow velocity beyond 
which there is no further increase in the permeate flux.

For finding out the flux enhancement mechanism, two 
approaches have been used. The first approach is based 
on analysis of bulk feed concentration data. The data for 
bulk feed concentrations at the end of each experiment 
was collected and analyzed carefully for observing the 
effect of cross flow velocity on convective back transport 
of solids from the membrane towards the bulk feed sus-
pension. Fig. 4 shows the effect of cross flow velocity on 
final bulk feed concentration at the end of each experi-
ment. It can be seen from this figure that the number 
of particles kept increasing in the bulk feed with feed-
flow rate due to convective back transport of the solids 
up to a feed-flow rate of 3 L/min and when feed-flow 
rate was further increased, the back transport of solids 
started to decrease sharply.

The second approach is based on study of heat and 
mass transfer analogy. The heat and mass transfer anal-
ogy was used to get an insight into this phenomenon of 
convective back transport of solids from the membrane 
towards the bulk of suspension. Heat transfer experiments 
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were conducted in the similar operating conditions as that 
of filtration experiments. Fig. 5 shows the variation of heat 
transfer with liquid flow rate.

It can be seen from Fig. 5 that heat transfer coefficient 
increased with liquid flow velocity. The curve reveals that 
heat transfer will keep increasing till reaching the steady 
state value beyond which there will be no further increase 
in heat transfer. If we further increase the value of liquid 
flow rate beyond steady state, there would not be any 
increase in the value of heat transfer. The extrapolation of 
the curve also shows that there will be no further increase 
in the heat transfer if liquid flow rate is further increased 
which is logically true also as there will be no transfer of 
heat at steady state conditions. This is also evident from 
Eq. (6) where it can be seen that if temperature becomes 
constant (steady state) then heat transfer coefficient will 
remain constant even if liquid flow rate is increased. 
On the basis of this heat transfer relationship with liq-
uid flow rate, mass transfer coefficient was calculated by 
using the following set of equations:

Q hA T� �  (6)

Nu =
hL
k

 (7)

Re Nu= ( )/ . Pr /0 664 1 3 2
 (8)

Sh Sc= 0 023 7 8 1 4. Re / /  (9)

Sh � �d
D

 (10)

Fig. 6 shows the relationship between liquid flow rate 
and mass transfer coefficient calculated based on heat-
mass-transfer analogy. It becomes clear from this figure 
that the mechanism of fouling control and flux enhance-
ment due to liquid flow velocity is convective back trans-
port of the solids from the membrane surface towards the 
bulk suspension. When the liquid flow velocity is increased, 
it increases the convective back transport of the solids 
resultantly an increase in the permeate flux is obtained.

However, it is also important to note that after reach-
ing a maximum at feed-flow rate of 3 L/min, the flux 
increase started to decline when feed-flow rate was further 
increased. This is due to the reason that increased turbu-
lence due to increased feed flow velocity hindered the 
back transport of the solids and caused the compaction 
of the cake layer on the membrane surface. Thus the flux 
enhancement started to decline when feed-flow rate was 
increased beyond 3 L/min for this submerged flat sheet 
membrane module. This is analogous to the behaviour of 
convective heat transfer with liquid flow rate as transfer 
of heat also reaches its maximum at certain liquid flow 
rate beyond which there can be no further transfer of heat. 
The results of both approaches applied gives clear evi-
dence that cross flow velocity increases the back transport 
up to a ceiling and this is the major mechanism of flux 
enhancement in single phase flow system.

3.2. Effect of air flow rate and nozzle size on cake 
layer and flux enhancement

The effects of air flow rate and nozzle size were stud-
ied by investigating a range of air flow rates on nozzles 
of different sizes. Experiments were carried out in the 
absence of liquid feed flow. For these investigations, air 
flow rates ranging from 4 L/min/m2 of membrane area 
to 72 L/min/m2 of membrane area while nozzle sizes of 
0.5, 1.0, 1.5 and 2.0 mm were used. As the pore size of 
the membrane was less than the particle size, it was obvi-
ous that fouling of membrane with cake layer build-up 
would result and the effect of air flow rate and nozzle 
size would be more clearly identified. The rate of increase 
of the permeate flux was the main indicator of the effec-
tiveness of air dispersion or nozzle size. If the fouling 
on the membrane surface is less, the permeate flux will 
increase and vice versa. Fig. 7 shows the typical results 
of steady-state permeate flux and flux enhancement vs. 
air flow rate for concentration of 5 g/L with nozzle sizes 
of 0.5, 1.0, 1.5 and 2 mm.

It can be seen in the figure that the steady state flux 
reached its peak at an air flow rate of 40–60 L/h and then 
started to decline when air flow rate was increased fur-
ther. It can be seen from the figure that flux increased to 
a maximum at an air flow rate of 40 L/h beyond which it 
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started to decline. This can be attributed to the reason that 
increased turbulence due to increased air flow velocity hin-
dered the back transport of the solids and caused the com-
paction of the cake layer on the membrane surface. Thus 
the flux enhancement started to decline when air flow rate 
was increased beyond 40 L/h for this submerged flat sheet 
membrane module

Also it is evident from this figure that as the size of noz-
zle increases, the permeate flux also increases. Maximum 
flux enhancement was found to be with nozzle size of 
2 mm. therefore, this nozzle size was used in other experi-
ments too.

The flux enhancement factor φ is redefined here for an 
air-dispersed system as under:

φ % Flux with air dispersion
Flux without air dispersion

( ) =






−












×1 100  (11)

The extent of reduction of fouling was evaluated using 
flux enhancement factor for different feed concentrations 
and nozzle sizes. Fig. 8 shows how flux enhancement factor 
increased with air flow rate for nozzle of size 2 mm at differ-
ent feed concentrations.

It can be observed from Fig. 8 that the flux enhancement 
is relatively lower for lower feed concentrations of 1 and 

5 g/L but it is very profound for higher concentrations of 
15 and 25 g/L. This shows that air dispersion is more effec-
tive for severe fouling conditions. Thus the increased air 
flow rate increased the effectiveness of bubbling for higher 
feed concentrations. These results are in contrast with the 
results of Ndinisa [10] as he observed less decrease in flux 
enhancement with air dispersion at higher feed concentra-
tions as compared to lower feed concentrations. Ndinisa 
[10] used nozzle size of 0.5 mm and an air flow rate of 2 L/
min with. Whereas in our study, a bigger nozzle of 2 mm 
diameter was applied with half the flow rate of Ndinisa 
[10]. Now it is a proven fact that larger the size of nozzle, 
bigger would be the size of bubbles. It is also established 
that bubble size and bubble size distribution are strongly 
dependent upon the air flow rate and the nozzle size. 
Resultantly, the bubble size plays a very significant role 
in determining the bubble rise velocity and the trajectory 
along which a bubble travels in the liquid. This implies that 
with increase in air flow rate and nozzle size, the size of 
the bubble will increase which in turn will increase the bub-
ble rise velocity and sideways oscillations. These sideways 
oscillations of the bubbles are very high for larger diameter 
bubbles and cause a high degree of flow instabilities and 
turbulence in the liquid. Hence strong instabilities mean 
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lesser deposition of solids on the membrane surface and 
hence improvement in the permeate flux. As Ndinisa [10] 
applied a nozzle of 0.5 mm (4 times lesser than our set of 
experiments), therefore he obtained bubbles of very small 
diameter which in turn generated a lesser shear force. 
Hence he obtained results in contrast to this study.

In Fig. 8 the results presented are for maximum flux 
enhancement as it was seen in Fig. 7 that further increase 
in air flow rate will reduce the flux increase. Before reach-
ing any conclusion for this effect, it is important to know 
the effect of air bubbling on bulk feed concentration. 
Fig. 9 shows the effect of air bubbling upon the final bulk 
feed concentration after 2 h of operation, that is, on steady-
state conditions. From this figure, it is clear that as air flow 
rate increased, the concentration of solids in the bulk feed 
suspension also increased. This implies that there should 
be very less deposition of solids on the membrane surface. 
In order to verify this assumption, the membrane surface 
was analyzed physically at air flow rates of 16, 40 and 

64 L/h. It can be seen in Fig. 10 that cake layer is apparently 
reduced to minimum for an air flow rate of 64 L/h (Fig. 10c) 
whereas membrane surface is fully covered with cake at 
lowest air flow rate of 16 L/h (Fig. 10a).

This implies that if there is no cake layer then there 
should not be any decrease in flux for higher air flow rates. 
However, this was not the case as seen in Fig. 7. The per-
meate flux started to decrease after reaching a maximum 
at air flow rate of about 40 L/h. this can be explained with 
the concept of bubble size increase with increase in air flow 
rate in two-phase flow. It is an established fact that when 
air flow rate increases, the bubble size also increases; which 
means that after the optimum air flow rate of 64 L/h, the 
size of the bubbles becomes so big that it starts to hinder 
the liquid to reach the membrane surface, that is, the bub-
bles act as cushion along the membrane surface so that per-
meation is decreased and the permeate flux decreases with 
increase in air flow rate beyond an optimum value of air  
flow rate.
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Fig. 9. Effect of air flow rate on bulk feed concentration after 2 h of operation for nozzle size = 2 mm; C = g/L; ΔP = 0.4 bar.

                                         
           (a)     (b)    (c) 

Fig. 10. Membrane surface at: a = 16 L/h; b = 40 L/h; c = 64 L/h for initial feed concentration = g/L.
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3.2.1. Mechanism of fouling control and flux enhancement 
with air dispersion

The main objective of this study was to find out the 
mechanism for control of fouling with air dispersion 
in submerged flat sheet membrane system. Most of the 
studies on fouling control have been carried out in tubu-
lar and hollow fibre membrane modules. There is almost 
consensus of membrane researchers on the fouling con-
trol mechanism which says that air bubbling increases the 
wall shear stresses which helps to control the deposition 
of solids on the membrane surface. According to Cui et al. 
[20], the Taylor bubble in tubular membrane (which is of 
same diameter as that of the tube and is depicted in Fig. 11 
is axis-symmetric, with a round nose and a relatively flat 
tail, and occupies most of the cross sectional area of the 
tube, while a thin liquid falling film flows around it adja-
cent to the tube wall. The liquid film accelerates as it moves 
downward, and then is injected into the liquid behind the 
bubble as a circular wall jet producing a highly agitated 
mixing zone in the bubble wake.

Another mechanism reported for tubular membranes 
is increased superficial velocity due to air bubbling in the 
membrane module. Bubbles of the size as that of tube diam-
eter reduce the surface area of the membrane for the liquid 
thus increasing the superficial velocity of the liquid. In sub-
merged flat sheet membrane modules, this mechanism also 
does not apply due to bubbles with sizes lower than the 
channel width.

As far as flat sheet membrane modules are concerned, 
there are only few countable studies. Mercier-Bonin et al. 
[13] with channel gap of 0.6 mm, Cabassud and Ducom [21] 
with channel gap of 5 mm and most recently Ndinisa [10] 
with channel gaps of 7 and 14 mm showed with the help of 
CFD simulations that wall shear stress was the main fac-
tor responsible for fouling reduction due to air bubbling 
in submerged flat sheet membranes. Ndinisa [10] was 
also of the view that apart from wall shear stress, liquid 
recirculation was another major factor responsible for the 
reduction of fouling on the membrane surface. For chan-
nel gap up to 10 mm, the bubbling flow pattern resembles 
with that of a tubular membrane as bubble diameter could 
become equal to that of channel gap and/or tube diameter. 

Therefore, the fouling control mechanism as reported by 
these authors is same as reported for tubular membranes.

The hydrodynamics change when the channel gap is 
such that bubble cannot attain the diameter equivalent to 
the channel gap. This fact has been reported by Ndinisa 
[10] as he used two channel gaps of 7 and 14 mm for his 
studies. He concluded with the remarks that it was impos-
sible to differentiate between liquid recirculation and wall 
shear stress as fouling control mechanism for submerged 
flat sheet membrane module.

Another mechanism which has been given less impor-
tance is convective back transport of solids due to tur-
bulences generated by air bubbling in the submerged 
flat sheet membrane modules. This study focuses on 
this fouling control mechanism. In order to validate this 
mechanism, heat and mass transfer analogy was used. 
Furthermore, the analysis of cake characteristics and mem-
brane physical conditions were used to explain the convec-
tive back transport of solids from the membrane surface 
to the bulk suspension. The equations related to convec-
tive heat and mass transfer were utilized in order to find 

 
Fig. 11. Velocity field around a Taylor bubble with tube 
diameter of 10 mm in a stationary liquid. (Source: Cui et al. [20]).
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Fig. 12. Corresponding flow velocity vs. air flow rate in a submerged flat sheet module geometry.
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out the ‘corresponding’ liquid velocity generated by air 
bubbling in the stagnant liquid. For calculating the value 
of Nusselt number and corresponding Reynolds num-
ber, Eqs. (6)–(8) were applied whereas the corresponding 
velocity was calculated from Eq. (11).

V
Lcor �

Re�
�

 (12)

Fig. 12 shows the corresponding flow velocities for 
different air flow rates. These velocities were in a very 
high turbulent range. Eqs. (9) and (10) were used for cal-
culating Sherwood number and mass transfer coefficient 
respectively.

Corresponding flow velocities increased with air flow 
rate up to a certain value and reached a plateau value. On 
the basis of these values of heat transfer and correspond-
ing flow velocities, the values of mass transfer coefficient 
were calculated. Fig. 13 shows the relationship of air flow 
rate and mass transfer coefficient.

It becomes clear from Figs. 12 and 13 that as air flow 
rate increases, the corresponding flow velocity increases 
which in turn increases the mass transfer coefficient. This 
implies that convective back transport of solids increases 
with increasing the air flow rate and hence there is depo-
sition of lesser cake mass. Resultantly, the permeate flux 
increases with air flow rate. It is also evident from these 
figures that air flow rate has a limiting value beyond 
which both corresponding flow velocity and mass trans-
fer coefficient cannot increase. This implies that there 
should be an optimal value of air flow rate beyond which 
the permeate flux would not increase. This optimal value 
from heat and mass transfer analogy experiment comes 
out to be 70 L/h where the experimental results in Fig. 13 
show a limiting air flow rate of between around 64 L/min 
which is quite close to that of calculated from heat and 
mass transfer analogy. The difference in the limiting value 
of air flow rate for experimental result and theoretical 
values can be due to difference in fluid properties used 
in these methods. For heat transfer experiments, pure 
water was used whereas in filtration experiments, yeast 
suspension was used which obviously changes the fluid 
properties of water. This can be explained as following.

As the air flow rate increases, the size of the bubbles 
will increase to such an extent that these larger diameter 
bubbles will start to offer a resistance to the permeation 
process by covering the membrane surface. However, the 
heat and mass transfer analogy gives an excellent insight 
for convective back transport of the solids from the mem-
brane surface to the bulk of the feed suspension. The trends 
shown in experimental results of Figs. 13 and 14 are in good 
agreement to those attained from convective heat transfer 
experiments.

The back transport of solids was further proved when 
the data regarding the bulk feed concentrations was ana-
lyzed for higher feed concentrations. The values of feed con-
centrations were measured at the end of each experiment. 
Fig. 14 shows the variation of bulk feed concentration of sus-
pension at steady-state flux value at different air flow rates 
for a nozzle of 2 mm size.

Fig. 14 shows that for suspensions of any initial feed 
concentration, the back transport of solids increases with air 
flow rate and reaches a maximum value for the range of air 
flow rates applied in this study.

3.2.2. Effect of feed-flow rate on flux enhancement 
in two-phase flow conditions

Experiments were also carried out for investigating 
the effect of liquid flow rate in presence of air dispersion 
on fouling control. The values of air flow rates were var-
ied for two different liquid flow rates of 1.1 L/min and 
2 L/min with Re equivalent to 3,300 and 6,000, respec-
tively. It implies that the flow is already in turbulent state 
for both the liquid flow rates. Fig. 15 shows the variation 
of flux with air flow rate for at different liquid flow rates. 
The percent flux enhancement was highest at lower air 
flow rates and further increase in air dispersion caused the 
flux to reduce. It can be deduced that as flow regimes were 
already in turbulent state, the air bubbling at higher air 
flow rates did not help to increase the flux significantly. 
Rather lower air flow rates improved the permeate flux. 
There was a limiting value of air flow rate for both con-
ditions beyond which the permeate flux enhancement 
decreased very sharply. The air bubbling was found to be 
effective for laminar flow conditions.
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Fig. 13. Relation between air flow rate and mass transfer coefficient calculated from heat-mass transfer analogy equations.
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The analysis of the bulk feed concentration at steady-
state flux show that the bulk feed concentration contin-
ued to increase with air flow rate. Thus air bubbles in fact 
caused to cover the membrane surface and hindered the 
permeation process. Resultantly, the flux enhancement 
decreased with air flow rate after reaching the ceiling at 
lower air flow rates. This is similar to the case of filtra-
tion without liquid flow at higher air flow rates as shown 
in section 3.1.1 and Figs. 7 and 9. Similar results were 
obtained for higher bulk feed concentrations.

4. Conclusions

The main objective of this study was to find out the 
fouling control mechanism in single phase and two phase 
in a submerged flat sheet microfiltration membrane and 
explain the mechanism of fouling control with heat and 
mass transfer analogy. The key factors investigated are 
liquid flow rate, air flow rate, nozzle size and feed con-
centration. The performance of the process was evaluated 
in terms of change in steady-state flux, flux enhancement 
factor and reduction in cake layer on membrane surface. 

The important conclusions of the research presented in 
this study are summarized as following:

• Flux enhancement factor increased both with air and liq-
uid flow rate and reaches a maximum for both the cases. 
A max flux enhancement factor of 250%, 220%, 150% 
and 70% was achieved for feed concentration of 25, 15, 5, 
and 1 g/L at an air flow rate of 64 L/m with 2 mm diam-
eter air nozzle; whereas this factor was found to be 65% 
at a liquid flow rate of 4.2 L/m for feed concentration of 
5 g/L.

• Flux enhancement factor is significantly higher, that is, 
almost 2 times higher for air-liquid two-phase system 
as compared to that of single phase flow at same feed 
concentration of 5 g/L.

• The convective back transport of solids was found to be 
the most significant phenomena induced by shear force 
air bubbles at membrane surface for control of fouling on 
surface of submerged flat sheet microfiltration membrane.

• The heat and mass transfer analogy successfully 
explained the phenomena of convective back transport of 
the solids from the membrane surface to the bulk which 
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in turn is one of the mechanisms of fouling control on 
membrane surface.

• The combination of single phase flow and two-phase 
flow was found to be least effective method for fouling 
control as only 50% of maximum flux enhancement factor 
was observed by this method.

5. Recommendations

From the outcome of the present work, some recommen-
dations for the future work are proposed:

5.1. Characterization of gas-liquid two-phase flow

The results of this study showed that the permeate 
flux increased with air flow rate and nozzle size. In order 
to fully understand the mechanism of flux enhancement 
associated with air bubbling, it is necessary to characterize 
the two-phase flow for finding out the influence of two-
phase flow on bubble characteristics like bubble size and 
shape, bubble size distribution, bubble rise velocity and 
bubble trajectory along the membrane surface. A CFD sim-
ulation study can help to understand the effect of bubble 
trajectory on hydrodynamics of the system and its possible 
effects on fouling control.

5.2. Optimization of membrane cleaning

The results of this study also show that air bubbling 
can physically displace the fouling layer. This implies that 
two-phase flow can be helpful in improving the mem-
brane cleaning efficiency. The research work regarding 
membrane cleaning is underway and will be presented in 
some other paper.
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