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A novel analytical approach for estimating the shear rate over the membrane surface and away from the mem-
brane surface as a result of the membrane oscillation has been presented. The model was developed and modified
according to our system using the Stokes boundary layer equation. Generation of the shear over the membrane
surface is an important phenomenon that not only mitigates the fouling but also enhances the separation effi-
ciency. It is investigated that membrane oscillating frequency, amplitude and viscosity of the souring fluid are
important parameters that influence the intensity of the shear on the membrane surface and away from the sur-
face. The model presented was tested with various set of frequencies, amplitudes and viscosities. While, keeping
the amplitude constant and changing the frequencies, ahigherintensity of shear over the membrane surface was
noticed. On the other hand, keeping the frequency constant and changing the amplitude, a lower shear on the
membrane surface was observed. Similarly, as expected, a lower shear over the membrane surface was noticed
when the viscosity of the surrounding fluid was increased. The model was supported with the experimental re-
sults where separation of oil drops from produced water was the focus of the experiments conducted. It was clear
from the experimental results that membrane oscillation enhanced the separation efficiency of the membrane
used and therefore, concentration of oil drops in the permeate decreased. Further, the application of the shear
was greatly influenced by the pore blocking; higher the shear rate; lower was the pore blocking and vice versa.

1. Introduction

Oily wastewater is a major environmental concern that adversely
impacts the sea water quality (Cheryan and Rajagopalan, 1998;
Fakhru’l-Razi et al., 2009; Faksness et al., 2004; Jiménez et al., 2018).
Oil and gas industry generate a large volume of oily wastewater
and the annual estimation worldwide is about 88 billion barrels
(Rezakazemi et al., 2018). Several separation techniques exist for
handling oily wastewater, such as gravitational processes, pH adjust-
ment, centrifuge, electrostatic de-emulsification (Dezhi et al., 1999;
Eow et al., 2001), bio-treatment (Partovinia & Naeimpoor, 2013, 2014)
and membrane filtration (Cheryan and Rajagopalan, 1998; Jepsen et al.,
2018; Widodo et al., 2018; Y. Zhu et al., 2014). Membrane separa-
tion technologies are gaining popularity for the following reasons
(Jepsen et al., 2018; Padaki et al., 2015):(i) no hazardous chemicals
are needed in the process (ii) the process is environmentally friendly
and (iii) produce highly quality of permeate.

Membrane technologyis more suitable for treating oily wastewater
then other techniques(Bilstad and Espedal, 1996; Patterson, 1985). De-
spite usefulness of such applications, the major drawback for membrane
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separation of oil-water emulsions is fouling which leads to reduction in
the volumes that can be treated (Huang et al., 2018; Jepsen et al., 2018).

In membrane processes, different techniques have been investi-
gated to effectively separate oil drops from produced water, which
is a byproduct during extraction of oil and gas. Microfiltration (MF)
(Cumming et al., 2000; Holdich et al., 1998; Nazzal and Wiesner, 1996;
Pope et al., 1996; Ullah et al., 2011, 2015; Ullah, Holdich, et al., 2012b)
and ultra-filtration (UF) (Chakrabarty et al., 2008; Falahati and Trem-
blay, 2011; Lee et al., 1984; Lipp et al., 1988; Lu et al., 2015; Nabi et al.,
2000)processes have been preferred for oil water separation over other
membrane separation processes. Microfiltration and ultrafiltration have-
filter pore size of 0.1 microns and 0.01 microns, respectively. The mem-
brane fouling in microfiltration and ultra-filtration is lower as compared
to the nano-filtration and reverse osmosis processes for treating oily
streams. MFgives high permeate flux and low trans-membrane pressure
and therefore could be economically beneficial on large scale as com-
pared to UF(Mohammadi et al., 2003; Peng et al., 2004; Ullah, Khan,
et al., 2013). Similarly, the effect of membrane pore geometry has been
studied by many researchers (Chandler and Zydney, 2006; S Kuiper
et al., 2002; Stein Kuiper et al., 2002; van Rijn et al., 1998). In recent
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Nomenclature

A Amplitude of Vibration (m)

F Frequency (Hz (s™1))

v Aw (ms~1)

X(z,t) Instantaneous displacement of an immersed body oscil-

lating along z-axis (m)

Time (s)

Velocity of the fluid in y direction (ms~1)
Velocity of the fluid in z direction (ms~1)
Lateral coordinates (m)

Directional Coordinate (m)

Shear rate (s™1)

7o) Shear rate at membrane surface (s~1)
Fluid Viscosity (kgm~'s~1)

Fluid kinematic Viscosity (m2s1)

Fluid density (kgm~3)

Angular Frequency (rads™1)

i Iota = \/—_1

Re Real part of the equation

S

N << <A

g > c=E

years, slotted pore membranes have been evaluated for the separation
of oil content from produced water and were found effective in com-
parison to the circular pore membranes (Ullah et al., 2011, 2014, 2019;
Ullah, Khan, et al., 2013; Ullah, Starov, et al., 2013).

Recently, shear enhanced MF for oil water emulsion has come to
the attention of researchers globally. Different shear enhancement tech-
niques, i.e., aeration and high cross-flow system, can reduce mem-
brane fouling." Alleviate is better than reduce. In aeration system, bub-
bles are produced, that generate vortices and commotion to disperse
the layer of concentration polarization and reduce fouling (Cui et al.,
2003). But the major drawback of this technique is high power con-
sumption. In cross-flow filtration, the fluid needs to be pump again
and again into the process for the shear generation and utilize an ex-
tensive energy (Postlethwaite et al., 2004; Sarrade et al., 2001). To
overcome the high-power consumption for the cross-flow filtration to
create shear rate on membrane surface, another approach was stud-
ied called dynamic microfiltration, in which high shear rate is pro-
duced by relative movement between filtration module and bulk fluid.
This relative motion is either achieved by vibrating or rotating the
membrane module. It has been studied that concentration polariza-
tion and membrane fouling has been mitigated using membrane oscil-
lation (Beier and Jonsson, 2007; Bellhouse et al., 1994; Genkin et al.,
2006; Gomaa et al., 2004; Gomaa and Al Taweel, 2004, 2005; Gomaa
& Taweel, 2007; Herman and Kang, 2001a, 2001b; Mackley and Ston-
estreet, 1995; Ni et al., 2003). Besides this, it also reduces the trans-
membrane pressure four times and also gives high rejection of oil drops.
Moreover, membrane oscillation also results lower concentrations of oil
in permeate. Oscillation of the membrane was therefore found to be
useful at the small scale (Ullah et al., 2020).

The objective of the study was to evaluate the effect of membrane
oscillation on the shear rate generation on the surface and away from
the surface. For that purpose, a new analytical model has been devel-
oped that simultaneously counts the effect of oscillation frequency and
amplitude on shear rate over membrane surface and in the fluid away
from membrane surface. The model was developed based on the Stokes
boundary layer equation. The model has been simulated computation-
ally to investigate shear rate at the membrane surface with different
sets of oscillation amplitudes and frequencies. The shear rate was found
to be a function of oscillating frequencies, amplitudes as well as fluid
kinematic viscosity. The developed model for membrane oscillation has
been simulated through MATLAB and validated with experimental data.
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Fig. 1. Fluid distribution and foulants movement in submerged vibrating mem-
brane.

2. Model formulation

Fig. 1 represents the submerge membrane vibrating along vertical z
—axis. A velocity gradient was produced due to the oscillation/vibration
of membrane along y direction that is referred asthe shear rate. Mem-
brane vibration helps to push away fouling material from the membrane
surface and commotion has produced in the bulk fluid and a conse-
quence reduces fouling and concentration polarization. A mathemati-
cal model has been developed to represent the shear rate generating at
membrane surface due to oscillation of membrane. The membrane is as-
sumed as a plate surface to make the system for Cartesian co-ordinate
analysis. As presented in Eq. (1), the Navier stoke equation was modified
according to the system as (Salon et al., 2007):

v, _u [V )
a  p\ 92
To develop boundary conditions, the instantaneous displacement of
an immersed body oscillating along z-axis from its rest position is given
by;
Xz = Asin(ot)

Then

BCl:aty=0
BC2:aty—> o

V, = Ancos(wt)
V,=0

2.1. Derivation of shear rate

The method of “Separation of variables” has used to solve
Eq. (1) with periodic variation in time i.e.,

V, (v, 1) = Re{ef,, } )
av, i

T Re{ive ‘f(y)} 3)
And

V. i

o Re{e (')} “
2V, .

0 Re{e ("))} ®

Putting Eq. (3) and (5) in Eq. (1)

in

Sl ="e ©)
With Boundary Conditions

BCl:aty=0
BC2:aty = o

fy=V
fg) =0
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Fig. 2. SEMimage of the slit pore structured membrane.

The general solution of (6) with 2nd Boundary Condition is:

fy) = Cexp(—ﬂ % y> (@)

Applying 1st Boundary Condition:

C=V

i0
fy) = Vexp<—‘ / " y> )
As

V, (v, 1) = Re{efy, }

V,(y,t) = me{ei“"Vexp(—\ / % y)} ©)

(7]

Differentiate equation 9 w.r.t. “y”,

(y,0) i i® d i®
Yo = dzyy = me{e““‘Vexp<— Vv y>*@<_ v y)} 1o
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Inserting 4/ % =) in Equation (10); the final mathematical equation

obtained represented by (11) as:
Yy = Re{e“ Vexp(—A y).(-1) } (11

Eq. (11) represents the final expression for the present model of sub-
merged membrane. Shear rate on membrane surface can be found by
setting boundary condition of “y” i.e., at y=0, represent the shear rate
at membrane surface. It can be also observed from Eq. (11), that shear
rate is the function of frequency and amplitude of vibration as well as

the fluid kinematic viscosity i.e., y, = f(amp, F,v)
3. Experimental section
3.1. Oscillating membrane filtration

A food blender that was operated at its highest speed 12 minutes
was used to generate oil drops. Size distribution of the oil drops in wa-
ter was analyesed by Coulter Mullisizier II. The size of the oil drops
was found ranging from 1 to 15um was generated. A 4 um slit pore
structured membrane was used for the filtration of oil from water. The
membrane was manufactured from Nickel and its surface was modified
with PTFE. The slit pore structure membrane used was provided by Mi-
cropore Technologies, UK. A scanning electron microscope (SEM) image
of the membrane used is provided in Fig. 2.

Through an oscillating arm the membrane is attached, that is ac-
tivated by an electrochemical oscillator for the purpose of generating
shear rate on surface of the membrane. The schematic diagram of os-
cillating microfiltration of oil water emulsion separation using oscillat-
ing system is presented in Fig. 3. The oscillating system was controlled
through a voltage controller purchased from Detla Elektronika with the
model no 1464. The frequency that could be generated by oscillating
the membrane was in the range of 0-100 Hz while, amplitude could
be fixed between0-10 mm. by oscillating membrane in vertical direc-
tion the shear rate was created on the outer surface of membrane. The
distribution of the shear rate was constant at every point on the mem-
brane surface that was the consequence of the rigid nature of the slit
pore membrane. A constant flux of the permeate was obtained using a
positive displacement pump.

Filtration tests of crude and vegetable oil drops were evaluated us-
ing the oscillating slit pore membrane system at various intensities.
Shear rate varied with the oscillation frequency;therefore, filtration ex-
periments were carried out with a vast range of frequency. Further,

Vibration head Fig. 3. Schematic diagram of oscillat-
Permeate Frequency ing/vibrating microfiltration unit.
‘ Controller
Amplitude
Controller

ladnpsuel) ainssald

mc

Scale

QO

Stirrer
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Set initial values:
Viscosity of Water used =1 cp

Viscosity of produced water used in range of = 0.7 to 1 cp

Distance away from the membrane surface was set in range of 0 to 2 mm

Fig. 4. MATLAB codingfor the shear rate gen-
eration as a result of membrane oscillation.

v

Membrane oscillation Frequency (F)

was studied in range of (1 to 18 Hz)

Membrane Oscillation Amplitude (A)

was studied in range of (1 to 3 mm)

I

W=2*pi*F
W = angular
v
V=A*W

A 4

7 ) = Re{e'®Vexp(— 1 y). (— 1)}

Shear rate at membrane was find by Setting Y =0

Validation

Aduanbauy uoie||19S0 sueIqUIBW JO 13448 3yl Apnis o]

To study the effect of membrane oscillation amplitude

A

Simulation runs to study the process
condition

!

variation in the oscillation amplitude and viscosity was also considered
as an important part of the study.

4. Results and discussions
4.1. Computational simulation of the model

All the mathematical/analytical correlations in the form of Egs. (1) to
(11) were integrated into a single model. The analytical model was de-
veloped and scripted in MATLAB®. Three parameters: oscillation fre-
quency, amplitude and surrounding fluid viscosity were taken into ac-
count in the proposed model. A wide range of frequency values (1 to
18 Hz) were feed into the model, keeping the amplitude constant. Three
different values of amplitude (1, 2 and 3 mm) were tested in the model

keeping frequency constant. It was found that in the literature that vis-
cosity of produced water ranges from 0.7 to 1 cp at room temperature,
therefore, both highest and lowest viscosity values were used in the
study. The simulation was run as per the algorithm described in the
Fig. 4:

4.2. Oscillation frequency and shear rate

The influence of the oscillation frequency over the shear rate has
been investigated keeping the amplitude constant and changing the
frequency. In the first set of data (Fig. 5a-c), the amplitude was kept
constant and frequency had been changed one increment: 1 Hz, 2 Hz,
3 Hz...couu.... 6 Hz. The aim was to evaluate the influence of incremen-
tally increasing the frequency on the shear over the membrane surface
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Fig. 5. (a). Shear rate generation on the membrane surface and away from the
membrane surface at different membrane oscillation frequencies (1,2,3,4,5 and
6 Hz) and 1 mm Amplitude. (b). Shear rategeneration on the membrane sur-
face and away from the membrane surface at different membrane oscillation
frequencies at 2 mm Amplitude. (c). Shear rate generation on the membrane
surface and away from the membrane surfaceat different membrane oscillation
frequencies and 3 mm Amplitude.

and way from the surface. The oscillation frequency was increase from
1 Hz to 2 Hz and so on to see how change in frequency can alter the
shear distribution on the membrane surface and distance away from the
membrane surface. Similarly, in the second set of data(Fig. 6(a-c)), the
amplitude was kept constant and frequency was changed 3 increments:
3 Hz, 6 Hz, 9 Hz....... 18 Hz.

In Fig. 5a amplitude was kept constant at 1 mm, while frequency
was changed incrementally one step using water as a surrounding fluid.
Zero distance in the figures represents shear rate on the membrane sur-
face. It can be seen in Fig. 5a that at 1 Hz frequency, the generated
shear was nearly negligible: about 10 s~! on the membrane surface and
diminished to zero at 6mm distance from the membrane surface. In-
terms of shear, a slightly better result was achieved at 2 Hz frequency
where on the membrane surface the shear rate about 30 s~! and di-
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Fig. 6. (a). Shear rate generation on the membrane surface and away from the
membrane surface at different membrane oscillation frequencies (from 3 Hz
to 18 Hz) and 1 mm Amplitude. (b). Shear rate generation on the membrane
surface and away from the membrane surface at different membrane oscillation
frequencies (from 3 Hz to 18 Hz) and 2 mm Amplitude. (c). Shear rate generation
on the membrane surface and away from the membrane surface at different
membrane oscillation frequencies (from 3 Hz to 18 Hz) and Amplitude of 3 mm.

minished to zeroat 1.5 mm distance from the membrane surface. Simi-
larly, at 3 Hz frequency, the shear rate over the membrane surface was
about 75 s~ and diminished to zero at around 1.6 mm away from the
surface. This shows that one step incrementally enhancement in fre-
quency, shear rate generation over the membrane surface is not con-
sistent. It means that increase in frequency from 1 Hz to 2 Hz gives
shear rate different than increasing frequency from 2 Hz to 3 Hz and
so on. Althoughat various oscillation frequencies, the shear rate dimin-
ished to zero nearly at same point away from the membrane. A sim-
ilar trend has been observed with oscillation frequencies of 4, 5 and
6 Hz.

Fig. 5(b) and (c) show shear rate against distance from the membrane
surface at various frequencies and amplitude of 2 mm and 3 mm respec-
tively. It can be seen in Fig. 5(b) and (c) that a similar trend of shear
generation like the previous case (presented in Fig. 5(a) was followed.
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The only point when the shear diminished to zero was slightly further
away from the origin. Also, it was noticed that increase in the amplitude
had a direct relation with the point where the shear diminished to zero.

Keeping the amplitude constant andincreasing the frequencygrad-
ually by anincrement of 3: 3,6,9...... 18 Hz. The aim was to find the
behavior of the generated shear rate when membrane was oscillated at
higher frequencies. Fig. 6(a-c) show shear rate against distance from
the membrane surface at various frequencies and amplitude of 1, 2 and
3 mm respectively. It can be seen in Fig. 6(a-c) that the generation of
the shear on the membrane surface is not consistent with the gradual
increment of 3. Increase in the shear ratewas like the same as observed
in 1 increment enhancement in frequency. At 3 increments increase in
frequency the intensity of the shear is high but the shear waves that
propagate away from the membrane surface diminished to zero rela-
tively smaller distance (about 0.5 mm) away from the membrane sur-
face as compared to 1 increment increase in frequency. Interestingly, at
higher frequencies (15 and 18 Hz), shear on the membrane surface was
much higher than generated at lower frequencies but the shear waves
diminished to zero nearly the same distance away from the membrane
surface. This emphasizes that at higher frequencies, the process could be
beneficial in-terms of shear generation over the membrane surface and
would lead towards mitigation in the fouling. Also, a lower turbulence
would be created in the surrounding fluid.

4.3. Oscillation amplitude and shear rate

In order to investigate the influence of amplitude on shear rate, the
oscillation frequency was kept constant and the amplitude was increased
incrementally (1, 2 and 3 mm). The 1, 2 and 3 mm amplitude mean dis-
tance from the center (up or downward oscillation distance). The process
was repeated with various frequencies (1, 3, 6, 9, 12, 15 and 18 Hz)as
shown in Fig. 7(a-d). At a frequency of 1 Hz and amplitude of 1, 2 and
3 mm, the generated shear on the membrane surface is 15, 30 and 45 s~!
respectively (Fig. 7a). The shear waves propagate away from the mem-
brane surface and its intensity decreased with distance away from the
membrane surface. This shows that at a frequency of 1 Hz, the shear dis-
tribution is consistent with gradual incrementof 1 in the amplitude. At
a distance of 2 mm from the membrane surface, the shear waves still ex-
isted. Similarly, at a frequency of 2 and 3 Hz (Fig. 7b, Fig. 7c), the shear
generation over the membrane surface is consistent and again the waves
propagated away from the membrane surface and existed at a distance
of 2 mm. However, at higher frequencies (6, 9....18 Hz), the generated
shear over the membrane surface was consistent with the incremental
increase in the amplitude but the intensity of the shear decreased drasti-
cally as the waves propagates from the surface. See supplementary data
for 9 Hz and un-ward frequencies.

4.4. Surrounding fluid viscosity and shear rate

The influence of fluid viscosity is important on the shear generation
and investigated by various researchers (Sun et al., 2020; Zhu, Wang,
et al., 2021; Zhu, Zhong, et al., 2021). Various values of surrounding
fluid viscosities were tested in the model inorder to evaluate the influ-
ence of viscosity on the shear rate. Room temperature viscosity values
for water and produced water were used. Viscosity of produced water
ranges from 0.7 to 1 cp(Fakhru’l-Razi et al., 2009), therefore, minimum
and maximum values were tested. Fig. 8a and Fig. 8b show shear rate
against distance from the membrane surface at 1 cp and 0.7 cprespec-
tivelyat various oscillation frequencies and amplitude of 2 mm. It has
been observed that higher shear rate on the membrane surface was cre-
ated in the lower viscosity (0.7 cp) in comparison with the higher viscos-
ity system (1cp). Shear rate of around 630 s~ was noticed in 1 cp fluid
viscosity system at the membrane surface under oscillation frequency of
6 Hz and amplitude of 2 mm. On the other hand, using the same condi-
tions (6 Hz Frequency and 2 mm amplitude) the generated shear on the
membrane surface was around 800 s~! when 0.7 cp fluid viscosity was
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Fig. 7. (a). Shear rategeneration on the membrane surface and away from the
membrane surface at different membrane oscillation amplitude and frequency
of 1 Hz. (b). Shear rate generation on the membrane surface and away from the
membrane surfaceat different membrane oscillation amplitude and frequency of
2 Hz. (c). Shear rate generation on the membrane surface and away from the
membrane surfaceat different membrane oscillation amplitude at frequency of
3 Hz. (d). Shear rate generation on the membrane surface and away from the
membrane surfaceat different membrane oscillation amplitude and frequency of
6 Hz.
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Fig. 8. (a). Shear rate generation on the membrane surface and away from the
membrane surface at different membrane oscillation frequencies and 2 mm Am-
plitude using surrounding fluid viscosity 1 cp. (b). Shear rate generation on the
membrane surface and away from the membrane surface at different membrane
oscillation frequencies and 2 mm Amplitude using surrounding fluid viscosity
of 0.7 cp.

used. Further, the shear waves propagated at a higher intensity away
from the membrane surface when lowerfluid viscosity system (0.7 cp)
was used as compared to higher viscosity system (1 cp). Also, the shear
waves diminished to zero further away from the membrane surface at
lower fluid viscosity system. Lower shear on the membrane surface at
higher viscosity may be due to the greater cohesion among the molecule
in the surrounding fluid (Dezhi et al., 1999; Eow et al., 2001). The layers
in the fluid with higher viscosity are tightly bonded and therefore, this
leads the to a higher resistance to the propagation of shear waves away
from the surface and diminished to zero quickly (Dezhi et al., 1999;
Eow et al., 2001).

4.5. Model validation with experimental results

Shear rate over the membrane surface because of the oscillation gen-
erate a lift that leads particles or drops away from the membrane surface
(Ullah, Holdich, et al., 2012a). As a consequence, the deposition of par-
ticles on the membrane surface is minimized and therefore fouling is
mitigated (Postlethwaite et al., 2004). The model has been validated
with the experimental results showing a smaller concentration of oil
drops in the permeate as a consequence of the shear rate application
over the membrane surface has been observed. Oil drops stabilised by
Tween 20 and crude oil drops were used. Oil drops stabilised by Tween
and crude oil drops provided interfacial tension of 4 and 30 mnm~" re-
spectively. Size distributions based on mass of oil drops in the permeate
are provided in Fig. 9 and Fig. 10. It is clear from Fig. 9 and Fig. 10 that
a significent decrease in the permeate concentration occured incase of
membrane oscillation. Decrease in the concentration was found to be a
linear function of the applied shear. Also, interfacial tension played a
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Table 1

Environmental Challenges 4 (2021) 100066

No of drops in the permeate and permeate concentration (ppm) observed at crude oil

drops at 200 Im?hr~!.

No of drops per

Shear rate (s™1) 0.4 ml sample

Concentration of crude
oil in the feed (ppm)

Concentration of
crude oil in the
permeate (ppm)

10,000 1020
8000 1606
0 5092

400
400
400

5
7
21

vital role in oil concentration in the permeate. At lower interfacial ten-
sion, squeezing and distoration of the drops was easy and therefore, the
drops pass easily into the permeate (Ullah et al., 2019; Ullah, Holdich,
et al., 2012b). On the other hand, at higher interfacial tension the drops
were more rigid in nature and its distoration and squeezing was difficult
and that’s way a lower portion of the oil drops passed into the permeate
(Jiménez et al., 2018). Further, increase in the permeate flux enhanced
resistance towards the lift away from membrane surface generated by
shear, therefore, a higher concentration in the permeate was noticed
when the permeate flux was increased. Also, number of drops in the
permeate decreased when shear was applied to the memrbane surface.

The permeate size distribution is supported by theno of oil drops
concentration of oil content (ppm) in the permeate provided in Table 1.
A significant reduction in number of oil drops in the permeate were
observed in increase in shear rate. Oil drops reduced from around 6000
to 1000 at 0 and 10,000 s~! shear rate. Further, oil concentration in
the permeate was measurable reduced with increase in shear rate. Four
times greater concentration in the permeate was noticed without applied
shear rate as compared to 10,000 s~! shear rate.

Slot/pore blocking of the membrane was also assessed experimen-
tally with the application of the shear rate to the membrane surface.
For the pore blocking experiments again vegetable oil drops stabilized
with the Tween 20 and crude oil drops were used. It was found that like
permeate concentration pore blocking has also been influenced by the
application of the shear rate as a consequence of the membrane oscilla-
tion. Pore blocking considerably decreased with the application of the
shear rate (Fig. 11). Decrease in the pore blocking was evaluated as a
linear function of the oscillation frequency: higher the oscillation fre-
quency lower pore blocking was observed. Similarly, the interfacial ten-
sion was also important in the pore blocking. Under the same condition,
the oil drops with lower interfacial tension the oil drops deformed and
passed through the membrane and contributed less to the pore block-
ing (Ullah et al., 2019). On the other hand, pore blocking was higher
at higher interfacial tension, the drops were more rigid in nature, were
more difficult to squeeze through the pore and contributed more to-
wards pore blocking (Ullah et al., 2019; Ullah, Holdich, et al., 2012b).

5. Conclusions

A novel analytical approach has been developedbased on Stokes
boundary layer equation. The model took membrane oscillation fre-
quency, amplitude and surrounding fluid viscosity into account. It was
found that incremental increase in membrane oscillation frequency and
amplitude behaved differently interms of shear generation over the sur-
face and away from the surface. Enhancement in the shear rate as a
consequence of the incremental increase (1 Hz increase) in oscillation
frequency was not consistent on the membrane surface. It means that
increase in oscillation frequency from 1 Hz to 2 Hz generated different
shear rate as compare to increase in frequency from 2 Hz to 3 Hz. Al-
though, the shear waves diminished to zero nearly the same distance
away from the membrane as a result of increase in the frequency incre-
mentally. A consistent enhancement in the shear rate on the membrane
surface was noticed as result of incrementally increase in the amplitude
(1 mm increase, for example 1 mm, 2 mm and so on). By increasing
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Fig. 11. The influence of shear rate on the pore blocking using Tween 20 sta-

bilized vegetable oil drops and crude oil drops at(a) 200 1 m~2 h~! and (b)
1000 Im=2 h~%

frequency from 1 Hz to 2 Hz, shear rate changed from 10 s~! to 30 s~1.
While, changing frequency from 2 Hz to 3 Hz, shear rate jumped from
30 to 75 s~1. The difference in shear rate was 20 s~! in case of increase
in frequency from 1 Hz to 2 Hz and 35 s~! shear rate increase was no-
ticed by enhancing frequency from 2 to 3 Hz. However, the shear waves
diminished to zero at a larger distance as compared in case of incre-
mental increase in the amplitude as compared to 1 step enhancement
in frequency. Membrane oscillation frequency was found to be effective
in terms of shear generation on the membrane surface rather than am-
plitude. Not only on the surface greater shear was generated but also
a lower turbulence was created in the surrounding fluidbecause of en-
hancement in oscillation frequency as compared to the amplitude. Fur-
ther, with lower fluid viscosity (0.7 cp) the intensity of shear over the
membrane surface was greater that allowed the waves to propagate at a
larger distance as compared to higher viscosity systems (1 cp). The ana-
lytical study conducted was validated with the experimental results and
it was found that membrane oscillation decreased oil drop concentra-
tion in the permeate. Decrease in oil concentration in the permeate was
found to be a linear function of the oscillation frequency. Moreover, a
lower number of drops in the permeate was noted because of the mem-
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brane oscillation. Furthermore, shear rate influenced the pore blocking,
higher the intensity of the shear, lower the pore blocking was noticed.
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