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A novel membrane emulsification (ME) system is reported consisting of a tubular metal membrane, periodically azimu-
thally (tangentially) oscillated with frequencies up to 50 Hz and 7 mm displacement in a gently cross flowing continuous
phase. A computational fluid dynamics (CFD) analysis showed consistent axial shear at the membrane surface, which
became negligible at distances from the membrane surface greater than 0.5 mm. For comparison, CFD analysis of a
fully rotating ME system showed local vortices in the continuous phase leading to a variable shear along the axis of the
membrane. Using an azimuthally oscillating membrane, oil-in-water emulsions were experimentally produced with a
median diameter of 20–120 lm, and a coefficient of variation of droplet size of 8%. The drop size was correlated with
shear stress at the membrane surface using a force balance. In a single pass of continuous phase, it was possible to
achieve high dispersed phase concentrations of 40% v/v. VC 2015 American Institute of Chemical Engineers AIChE J,

61: 3607–3615, 2015
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Introduction

The production of an emulsion using a microporous
membrane developed in popularity as a laboratory study in
1990s, after a publication by Nakashima et al.1 It became
known as membrane emulsification (ME) in which a liquid
dispersed phase is injected through the pores of a membrane
into a continuous, often cross-flowing, liquid phase. Droplets
formed at the pore outlet are detached by the shear created by
the flow of the continuous phase on the membrane surface.2

Conventionally, in ME the membrane remains stationary and
shear stress is applied at the membrane/continuous phase inter-
face to obtain a desired droplet size distribution. Initially, in
these systems shear stress was provided by crossflow3: higher
shear stress provides smaller drops and is obtained by higher
continuous phase flow rates which, in general, leads to lower
dispersed phase concentrations of a product for a “single pass”
of the continuous phase over the membrane surface. To over-
come this productivity restriction, recirculation of the emul-
sion can be used. However, when aiming to produce large
droplets recirculation is likely to result in droplet damage
within the pump and other fittings present in the system, lead-
ing to poor control over the droplet size distribution, limiting
the use of this particular ME technique to small emulsion
sizes4: typically less than 10 lm. Alternative methods for

generating shear at the membrane surface have been
described, using stationary membrane systems where shear
stress results from stirring,5 or using pulsed (oscillatory) flow
of the continuous phase.6 Other ME systems have been
reported using nonstationary membranes, in which case drop-
let detachment from the membrane surface is promoted by
rotating,7–11 or vibrating12,13 the membrane. In nonstationary
membranes, shear stress on the membrane surface is con-
trolled by the speed of membrane rotation, or the frequency
and displacement of membrane oscillation/vibration. A major
advantage of using a nonstationary mechanically driven mem-
brane is that it “decouples” the control of the drop size by the
applied shear from the crossflow of the continuous phase used
to remove the product. Hence, in a single pass of continuous
phase it is possible to achieve high dispersed phase concentra-
tions of 40% v/v, or more, without recirculation through
pumps and fittings. However, the nature of the mechanically
driven membrane does have other consequences. For example,
in the case of a fully rotating membrane a centrifugal field will
be induced around a rotating membrane; in the most common
case of an oil drop being less dense than the surrounding aque-
ous phase, this will induce flow of the oil drop toward the
membrane surface, which is not desirable as the concentration
of drops at the membrane surface will increase leading to
greater chance of coalescence and wetting of the membrane
by the oil phase. Furthermore, having high shear consistently
applied in one direction will cause deformation of the emerg-
ing oil drops; distorting them in one direction, something
highly visible in computational fluid dynamics (CFD)
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modeling of drops emerging during emulsification,14 which is
again likely to lead to membrane surface wetting and poor
drop size control.

In this work, a novel azimuthally oscillating membrane
emulsification (OME) system is reported using a nonstationary
cylindrical membrane that is being rotated backward and for-
ward rather than being fully rotated as described in previous
studies.7–11 Therefore, the shear stress provided through this
system can be controlled by two variables (for a fixed cylinder
diameter), frequency and membrane displacement, rather than
being controlled by just the rotation speed. The OME provides
a significant advantage over axially vibrating the membrane,
as has been previously reported,13 as the body force of the liq-
uid inside the membrane in the latter case will be proportional
to the length of column of liquid inside the membrane and the
angular velocity squared; causing momentary occurrences of
localized high pressure at the peak positions of the vertical
oscillation (i.e., top and bottom of the membrane tube). In the
case of the OME by rotation back and forth, these momentary
occurrences of high pressure at certain heights of the mem-
brane do not exist. Figure 1 shows the OME system that was
investigated in this work, evaluating its performance in terms
of droplet size and uniformity. In this system, crossflow of the
continuous phase was used to recover the droplets generated
in the module rather than contributing to the shear used in
droplet production, and concentrations of dispersed phase of
up to 38% v/v were achieved in a single pass of continuous
phase. Comparison with operating the cylindrical membrane
was achieved by considering a CFD analysis of the two sys-
tems: membrane in full rotation and using oscillation, based
on a consideration of the shear at the surface of the membrane
being used to generate the drops.

In the experimental study, the membrane surface material
used was 316 stainless steel which after being cleaned was
hydrophilic. The pores were uniformly spaced, laser drilled
with 5-lm pore diameter and an interpore distance of 200 lm,
providing a surface porosity of 0.05%. The distance between

the pores is 40 times higher than the pore size ensuring that
contact of emerging droplets is unlikely to occur.

Looking at industrial applications, OME is more appropriate
for production of “high technology” products and uses, for
example, in chromatography resins, medical diagnostic par-
ticles, drug carriers, food, and flavor encapsulation, that is, in
fields where there is a need for a high degree of droplet size
uniformity, and above the 10 lm threshold below which sim-
ple crossflow with recirculation of the dispersion could be
used to generate the drops. The liquid droplets obtained using
OME could become solid through widely known polymeriza-
tion, gelation, or coacervation processes within the formed
emulsion. The technique described in this work has a particu-
lar advantage of being easily interfaced with a reactor down-
stream where polymerization could occur and, if needed,
functionalization to obtain uniform functional particles. The
system, as illustrated in Figure 1, could run continuously,
which is desirable in sustainable industrial process, providing
consistent product and high production rates, facilitating easy
process automation and reduced down times. The stainless
steel membrane used was found to be easy to clean and no
measurable fouling occurred during testing, which is important
for a continuous ME process. This “sieve type” membrane
design is less likely to foul than conventional “matrix” type of
membrane due to the lack of interconnected and/or internal
tortuous pore channels, such as those in glass, ceramic, and
sintered metal membranes.

In oscillatory flow, it is known that the Stokes boundary
layer forms. It is within this boundary layer that the drops will
be generated during ME. The Stokes boundary layer thickness
(d) is given by

d52p
ffiffiffiffiffiffiffiffi
l

pf q

r
(1)

where l and q are the dynamic viscosity and density of the
surrounding fluid, respectively. So, in water systems using a

Figure 1. (a) Schematic illustration of the OME; (b) overhead view of the shaft that contains the membrane, illus-
trating the oscillatory movement of the membrane; (c) side view of the shaft with membrane covering
lower parallel sided section (55 mm high and 40 mm diameter).
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frequency of 10–50 Hz, the Stokes boundary layer thickness
would be expected to be 1100 to 500 lm. If generating drops
with diameters are significantly below these values, one may
conclude that the drops will be produced in a boundary layer
and the bulk turbulence is not important, provided it is not suf-
ficient to damage the drops after they have been formed. If the
occurrence of turbulence and “turbulent bursts” near the mem-
brane surface can be neglected, then it may be possible to cor-
relate drop size with the shear stress at the membrane surface
based on the wave equation for shear stress in an unbound
fluid

s5vo
xf lq

2

� �1=2

sin ðxf tÞ2cos ðxf tÞ
� �

(2)

where xf is the angular frequency, determined by

xf 52pf (3)

where f is the frequency of the oscillation and vo is the peak
velocity related to both the angular frequency and the ampli-
tude (a) of oscillation by the equation

vo5xf a (4)

A “peak shear event” occurs when the value of wall shear
provided by Eq. 5 is at a maximum

smax 5x3=2
f aðlq=2Þ1=2

52aðpf Þ3=2ðlqÞ1=2
(5)

The maximum shear occurs twice per cycle, and the maxi-
mum shear has been used in Eq. 6 for drop size in previous
publications investigating vertical oscillation of the membrane
and pulsation of the liquid over an otherwise stationary
membrane15
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where rp is the pore radius, s is the shear stress, c is the interfa-
cial tension, and x is the droplet diameter.

To employ Eq. 6, the value of shear stress at the membrane
surface must be known and in the case of oscillatory motion
that shear will vary from zero to a maximum value. Further
analysis of the shear field around the oscillating membrane
can be elucidated by CFD modeling of the flow field, and
a comparison of OME with full rotation of the cylindrical
membrane can also be achieved, to ascertain if there is any
advantage to oscillating the membrane compared to simply
rotating it.

Computational Fluid Dynamics Modeling

The Navier–Stokes and continuity equations were solved
using low Reynolds number k-e turbulent model available
with Comsol MultiphysicsTM version 5.0. Computations were
performed with a 2-D axisymmetric cylindrical domain to
allow a high mesh density near the walls to fully resolve for
the flow field within the buffer region. The computational
geometry was limited to the mid portion of the flow domain
and the end effects were neglected to simplify the problem.
The spatial domain reflected the geometry illustrated in Figure
1, with a gap between the inner rotating membrane and the sta-
tionary shroud of 5 mm. The boundary condition at the inner
cylinder (membrane) was set as azimuthal velocity with a
sinusoidal variation. Continuous rotation of the inner cylinder,

to compare with the oscillatory case, was also investigated.
The outer cylinder was kept stationary by assigning no-slip
conditions. Slip boundary conditions were used at the top and
the bottom boundaries to neglect any viscous effects in these
regions. The initial condition for each simulation was a sta-
tionary fluid in between the cylinders.

To assist convergence, the model was first solved using k-e
turbulent model which estimates velocity within the viscous
sublayer using an analytical solution. Subsequently, this solu-
tion was used as the initial condition for solving the flow
within the whole flow domain using low Reynolds number k-e
turbulent model. The inbuilt low Re k-e model in Comsol uses
AKN k-e model that adapts turbulence transport equations by
introducing damping functions.16,17 Mesh-independent solu-
tions were obtained with 96,874 elements and confirmed using
a higher mesh density of 257,950 elements. The total simula-
tion time for each case was approximately 5 h for computing
the initial solution (using k-e model) and the final solution
(using low Reynolds number k-e) on an Intel Core i7 64-bit
2.7 GHz processor.

For data processing and comparison between the two modes
of operation: oscillation and full rotation of the cylindrical
membrane, the Reynolds number is defined as

Re5vud=m (7)

where vu is the azimuthal velocity of the inner cylinder, d is
the gap between the inner and the outer cylinder, and m is the
kinematic viscosity of the fluid between cylinders.

Materials

The o/w emulsions were produced using 2% w/w Tween 20
(polyoxyethylene sorbitan monolaurate, Sigma Aldrich, UK)
in distilled water as the continuous phase and food grade sun-
flower oil as the dispersed phase. The reported13 value of the
interfacial tension for this system is 0.004 N m21, and the
measured viscosities for 2% w/w Tween 20 solution in water
and sunflower oil are 0.001 and 0.039 Pa s, respectively.

Experimental Setup

The o/w emulsions were obtained using an oscillating mem-
brane system (OME) illustrated in Figure 1 (Micropore Tech-
nologies Derbyshire, UK). The dispersed and continuous
phases were injected using gear pumps (Ismatec

VR

, IDEX
Health & Science, Wertheim, Germany). The oscillation sig-
nal was provided by a control panel which was connected to
the oscillator motor providing separate control over the fre-
quency and membrane displacement (defined as being the
peak to peak distance in the cycle and, therefore, twice the
amplitude of the oscillation). This device is able to generate
frequencies up to 50 Hz and displacements up to 7 mm. A sin-
gle sieve-type membrane was used, which has uniform laser
drilled 5-lm pores with a distance between the pores of 200
lm. The membrane was laser welded to a cylindrical stainless
steel body, Figure 1b, with an outside diameter of 40 mm and
working height of 55 mm. The membrane surface area was
52 cm2 and the surface open area was 0.05%. The geometric
characteristics of the membrane are also given in Figure 1b.
The dispersed phase was injected from the top of the mem-
brane, Figure 1c, filling the dead volume behind the mem-
brane. After this volume is filled, the dispersed phase
permeates thorough the pores of the membrane, into the con-
tinuous phase which is gently crossflowing in the upward
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direction to collect the droplets and transfer them to a down-
stream vessel.

Membrane Cleaning and Use

The membrane cleaning procedure consisted of soaking the
membrane in 4 M NaOH solution for 10 min, followed by
rinsing with tap water and then placing in distilled water for 1
min. Afterward, the membrane was soaked in 2% w/w citric
acid solution for 10 min, rinsed with tap water, and again
placed in distilled water for 1 min. Finally, the membrane was
presoaked in the continuous phase for at least 10 min, before
placing it in the membrane assembly. Every time that the
membrane solution was changed, an ultrasonic bath was used
briefly to promote the cleaning and/or remove any air bubbles
that may be present in the membrane pores.

After cleaning and presoaking in the continuous phase, the
membrane was mounted in its housing, and the housing con-
nected to the oscillatory electric motor. Prior to the experi-
ment, both the outer and inner sides of the membrane were
filled with continuous phase and all the air was removed
through the bleed valves to ensure that all the pores of the
membrane were submerged in continuous phase and available
to the emulsification process. At the end of every experimental
day, the membrane was cleaned, with brief ultrasonic treat-
ment and overnight soaking using a regular domestic
detergent.

Determination of Mean Droplet Size and Droplet
Size Distribution

The average droplet diameter is expressed as the volume
median diameter D(V,0.5), which is the diameter correspond-
ing to 50% on the cumulative volume distribution curve.
Droplet size uniformity is expressed in terms of the coefficient
of variation (CV)

CV5
r
l

3100 (8)

where r is the standard deviation and l is the mean of the vol-
ume distribution curve. The CV and D(V,0.5) values reported
were obtained using three analytical methods: a stereoscopic
microscope (static image analysis), Vision 500TM (dynamic
image analysis) Micropore Technologies, UK, and a Multisi-
zerTM 3 Coulter Counter

VR

. A large number of (typically sev-
eral hundred) drops were counted and measured using the
microscope and Image J (image processing software) to con-
firm the data obtained from the Vision 500 and Coulter Coun-
ter. Once the preliminary sizing tests were completed, and
robust sizing techniques confirmed, data from the Vision 500
were used when the D(V,0.5) was above 45 lm and for
D(V,0.5) below 45 lm, the Coulter Counter data are reported.
The Coulter and Vision 500 systems gave identical results
around these sizes, but for sizes with a significant amount of
the distribution below 20 lm the online Vision system thresh-
olding was not reliable, hence offline tests using the Coulter
were used for the smaller drops. In all cases, static and
dynamic image analyses as well as Coulter electric zone sens-
ing, are well known “primary” techniques directly measuring
the drop size distribution, which is deemed to be more reliable
than “secondary” techniques such as laser diffraction.

Results and Discussion

Comparison between an azimuthally oscillating cylindrical
system and one fully rotating around its axis was achieved by
CFD for the same azimuthal (tangential) velocity, and Reyn-
olds number, as that achieved when using an oscillation fre-
quency of 20 Hz and oscillation amplitude of 1 mm; that is
based on the maximum velocity achieved during the oscilla-
tory cycle. Using the dimensions of the membrane, this gave a
peak azimuthal velocity of 0.126 m s21 and Re of 630. The
CFD simulation of the membrane using full rotation provided
the local velocities illustrated in Figure 2, where after 2 s of
operation it is possible to see continuous phase vortices being
formed at the membrane surface and then shedding from the
surface after another 2 s. The occurrence of these vortices
complicates the shear rate relation with time as shown in

Figure 2. CFD modeling of full rotation of cylindrical
membrane showing the formation and shed-
ding of Taylor vortices with time from the
surface of the membrane.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. CFD modeling of full rotation of cylindrical
membrane showing the shear rate at the sur-
face of the membrane variation with time
and the influence of the vortex shedding at
the membrane.
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Figure 3; where it can be seen that the average shear
approached a uniform value of between 40 and 60 s21, but
with a burst of up to 160 s21 between 2 and 4 s, which corre-
sponded to vortices occurring and then shedding from the
surface of the membrane. These vortices are illustrated in
Figure 2. Clearly, the frequency and magnitude of these vorti-
ces will depend on the dimensions of the rotating cylindrical
membrane and the gap between the membrane and the sur-
rounding stationary shroud. In the case investigated here, this
was 5 mm, the same as shown in Figure 1. Figure 4 shows the
CFD prediction of the variation of shear rate with respect to
distance within the gap for the azimuthally oscillating mem-
brane. At radial distances greater than about 0.5 mm from the
membrane surface, the shear generated by the membrane
oscillation is negligible. The membrane starts to oscillate at
zero time and although the period of oscillation is 0.05 s,
Figure 4 covers the time interval from 0.175 to 0.2 s to allow
sufficient time for liquid acceleration to occur. The shear at
the membrane surface reaches a peak value of 1400 s21 at a
time of 0.18 s after the start of the cycle analyzed (see cut-out
diagram in Figure 4). The membrane stops, and reverses direc-
tion at a time of 0.1875 s, and the momentum of the surround-
ing water can clearly be seen to provide a phase lag to the
motion of the membrane. At 0.2 s, the shear profile is identical
to that shown at 0.175 s, but in the reverse direction. The pro-
cess carries on thereafter in a cyclical manner. The analysis
shown in Figure 4 is for a frequency of oscillation of 20 Hz,
the total time period shown in the cut-away diagram in
Figure 4 is 0.05 s, the shear illustrated in the figure occurs
twice every cycle; hence, there would be 40 “peak shear”
events per second. The shear is substantially varying at the

surface of the membrane during the cycle, but the same value
of shear exists at every location over the membrane at any
instance in time and it is believed that the drops will be
released from the membrane surface during, or near to, a
“peak shear event”; that is, when the shear is greatest at the
membrane surface over the entire surface of the membrane.
This contrasts with the velocity and shear profiles for the fully
rotating cylinder illustrated in Figures 2 and 3, where the shear
at the membrane surface varies axially depending on the pres-
ence, or otherwise, of a vortex which is a local event on the
surface that occurs above a certain critical Reynolds number.18

Clearly, these occur even when operating at relatively low
shear rates illustrated in Figure 3: where the shear rate at the
membrane surface can be seen to vary by 100% (i.e., 80–
160 s21). The vortices have a time period much greater than
1 s, see Figure 2, and it is highly likely that liquid drops will
emerge from the membrane much more frequently than this,
so for the fully rotating membrane drops will be produced at
the membrane surface under conditions of substantially vary-
ing shear at different locations over the membrane. This is
likely to give rise to a wide drop size distribution.

Another aspect that is notable from Figure 4 is that the peak
shear rate for an oscillation of 20 Hz and amplitude of oscilla-
tion of 1 mm is of the order of 1000 s21, which is similar to
the value calculated using Eq. 5 using the coefficient of
dynamic viscosity of water (the continuous phase liquid) to
convert between shear stress and shear rates.

During the oscillation, the oscillatory Reynolds number
varies from 0 to 630, from conditions of laminar flow to a high
degree of turbulence, depending on the position within the
oscillatory cycle. Clearly, these are highly nonsteady-state
conditions, but the key aspect to the successful operation of
the system is that the shear is identical at all positions over the
surface of the membrane at any instance in time, something
that is not true for the fully rotating cylinder using a gap of
5 mm. A comprehensive analysis of flow regimes around a
rotating cylinder18 demonstrates, at these Reynolds numbers,
flow patterns that vary between Taylor vortex flow, Wavy vor-
tex flow, and Modulated waves, which is consistent with the
flow patterns illustrated in Figures 2 and 3. It would be possi-
ble to operate a fully rotating cylinder in a system with a much
wider gap, or even in an unbounded fluid, and this can be used
as an effective technique for laboratory investigation of ME
and formulation testing.7 However, doing so limits the scal-
ability of the system for a production environment. Using
oscillation, instead of a fully rotating cylinder, it is possible to
obtain dispersed phase concentrations as high as approaching
40% v/v using a single pass of continuous phase crossflow
over the membrane surface, as shown later, which provides a
more practical operating environment for ME.

Very high-speed continuous rotation of a cylinder, and a
very narrow gap, with consequent high shear has been used
for the production of finely dispersed drops.8 In this case, the
varying shear from the vortices has only limited effect on the
overall shear which is dominated by rotation of the membrane,

Figure 4. CFD modeling of oscillatory rotation of cylin-
drical membrane at 20 Hz showing the shear
rate at the surface of the membrane variation
with distance from the membrane surface for
four fixed times during a cycle.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Operational Conditions Tested in the Comparison of Two Wave Forms

Displacement
(mm)

Frequency
(Hz)

Shear
Stress (Pa)

Injection
Rate
(L/h)

Superficial
Velocity

(L/(m2 h))

Continuous
Phase

Rate (L/h)
O/W (v/v)

(%)

2 20; 35; 45 1.4; 3.3; 4.7 0.06; 0.24; 0.72 11.5; 46.1; 138 0.24; 0.96; 2.88 20
4 20; 35; 45 2.8; 6.5; 9.5 0.06; 0.24; 0.72 11.5; 46.1; 138 0.24; 0.96; 2.88
6 20; 35; 45 4.2; 9.8; 14.2 0.06; 0.24; 0.72 11.5; 46.1; 138 0.24; 0.96; 2.88
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which can reach 10,000 rpm in a MEGATRON MT-MM
emulsification device. However, these operating principles are
not relevant to the production of larger drop sizes, in the
region of 10–200 lm, which is the focus of the work reported
here. Hence, the full rotation of a cylindrical membrane may
be appropriate under certain circumstances: for small drops or
for small-scale laboratory testing of formulations, but the com-
parative CFD modeling appears to demonstrate that the azimu-
thally oscillating membrane arrangement can be used to
generate a consistent shear over the entire surface of the mem-
brane, with no localized inconsistencies in the shear or pres-
sure fields (under the conditions investigated) and that the
shear field is limited to a region very close to the membrane
surface (see Figure 4 and Eq. 1). In addition to these advan-
tages, the drops will not centrifugally be induced inward
toward the membrane surface (as they will be for full rotation)
and the use of oscillation will provide conditions where the
emerging disperse phase drops will not be distorted severely

in just one direction, making the “wetting” of the membrane
more likely as can be seen from CFD work employed on
crossflow ME systems.14 The CFD modeling was accom-
plished using the physical properties of water. At low dis-
persed phase volumes of oil in water, the continuous phase
properties will be similar to water. However, at high concen-
trations of oil in water, for example, 30% v/v, it is likely that
the continuous phase properties will be different, and some
degree of damping will occur. Hence, the information con-
tained in Figures 2–4 is only relevant to low dispersed phase
volumes.

Table 1 contains the operational parameters used in the
experiments to test the type of wave form used: compound
cosine wave form or sinusoidal. The wave form should make
little difference to the drops produced (size and size distribu-
tion) if the important parameter is the “peak shear” that is
obtained during an oscillation. The two wave forms are repre-
sented in Figure 5. The sinusoidal wave form generates a sine
velocity function with respect to time and the compound
cosine wave form has multiple accelerations per period (wave-
length) resulting from a combination of a number of cosines
wave. For these wave forms, a wide range of “peak” shear
stress values were tested from 1.4 to 14.2 Pa and for each
oscillation displacement value, three different oscillation fre-
quencies and injection rates of the dispersed phase were tested.
The peak shear stress is defined as being the maximum shear
stress attained during the oscillation cycle as provided by
Eq. 5. The operational parameters reported in Table 1 were
repeated switching the compound cosine wave form to a
purely sinusoidal wave form. In all cases, the o/w concentra-
tion of the dispersion formed was maintained at 20% v/v by

Figure 5. Oscillation wave form profiles used in the
experiments.

Figure 6. Photographs of emulsions produced using different operational parameters: (a) and (b) use compound
cosine wave form; (c) and (d) use a sinusoidal wave form.
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maintaining the correct ratio of continuous to dispersed phase
flows.

Figure 6 shows representative images obtained under the
different conditions described above. A good degree of uni-
formity between the drops can be seen and there is no obvious
difference between the degree of uniformity provided by the
two different wave forms used: in Figures 6a, b, the CVs are
15 and 10%, respectively, and in Figures 6c, d, the CVs are
13 and 11%, respectively. This conclusion is supported in
Figure 7; where the median drop size and uniformity (in terms
of CV) are plotted as a function of the maximum shear stress
for the compound cosine and sinusoidal wave forms. The
model represented by Eq. 6 is also plotted in Figure 7. It is
noticeable that at the lowest injection rate (0.06 L/h) the meas-
ured drop sizes are very close to the predicted values for all
shear stresses presented, for both wave forms used. It is also
noticeable that the drop sizes increase with an increase in
injection rate: the drop size being significantly greater than the
model prediction at the highest injection rate (0.72 L/h). This
is a common observation on the use of the model represented
by Eq. 6, which does not include any term for the injection
rate.6 Hence, it is an equation that is only valid for very low
injection rates.

Comparison of the drop uniformity also shows that there is
little difference between the two wave forms: CVs ranging
from 8 to 21% for the compound cosine wave form and 9 to
19% for the sinusoidal wave form. In general, for both wave
forms the CVs were between 10 and 14%. These values are
considerably poorer than what can be achieved using a single
capillary microfluidic system,19 but the productivity of ME
systems is many orders of magnitude greater than what can
currently be achieved with microfluidic systems in practice.

Also shown on Figure 7a is an expanded section for one set
of data at a shear stress of 6.5 Pa, to illustrate the reproducibil-
ity of the OME system. All the tests were repeated three times
and the bars illustrated in the expanded section show the data
range obtained for the data illustrated. It would not be possible
to see the data range plotted on the figure without expansion
as the range is very narrow, demonstrating a very high degree
of reproducibility of the system. The reproducibility of the CV
values was not so tight, and the error bars representing the
data range are visible for the example plot of data taken at
0.24 L/h on Figure 7b. However, the range is still relatively
narrow and the reproducibility of the data appears to be very
good. Median droplet diameter variation from the model pre-
diction is proportional to the injection rate: at low injection
rate the model is adequate, at high injection rate the drops are
substantially bigger. The type of wave form used appears to
have no influence on this variation.

Figure 7. (a) Droplet size and (b) CV as a function of
shear stress at different injection rates using
two different wave forms: compound modi-
fied cosine (open symbols) and sinusoidal
(closed symbols).

Table 2. Operational Conditions Tested in the Shear Stress Evaluation

Displacement
(mm)

Frequency
(Hz)

Shear
Stress (Pa)

Injection
Rate (L/h)

Superficial
Velocity

(L/(m2 h))

Continuous
Phase

Rate (L/h)
O/w (v/v)

(%)

3 15; 27; 34 1.4; 3.3; 4.7 0.06; 0.24; 0.72 11.5; 46.1; 138 0.24; 0.96; 2.88 20
6 15; 27; 34 2.8; 6.5; 9.4 0.06; 0.24; 0.72 11.5; 46.1; 138 0.24; 0.96; 2.88
7 18; 32; 41 4.2; 10.0; 14.4 0.06; 0.24; 0.72 11.5; 46.1; 138 0.24; 0.96; 2.88

Figure 8. (a) Droplet size and (b) CV as a function of
shear stress obtained with same shear stress
using different combinations of displacement
and frequency: Sine waves I and II use data
obtained under conditions reported in Tables 1
and 2, respectively.
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In Table 2, additional combinations of membrane displace-
ment and frequency are reported, providing shear stress values
between 1.4 and 14.4 Pa and extending (in combination with
the data in Table 1) the range of frequencies tested to between
15 and 45 Hz; and range of displacements to between 2 and
7 mm, for the sinusoidal wave form. All the resulting data are
plotted in Figure 8a, sine wave II corresponding to conditions
provided in Table 2, and it can be seen that all the drop size
data can be correlated with the shear stress for each injection
rate in a similar way to that provided by Eq. 6, but with a dif-
ferent correlation for the different injection rates, as seen
before in Figures 7. The data illustrated in Figure 8a show that
it is the shear at the surface of the membrane that is important
in determining the drop size, regardless of how that shear is
obtained from a combination of frequency or amplitude of the
wave form. However, the data illustrated in Figure 8b does
appear to suggest that if the narrowest size distribution is
required then the operator may wish to investigate carefully
all of the operating conditions; for example, at a shear stress
of 4.7 Pa the resulting CVs of distributions varied between 8
and 20% depending on the selected operating conditions of:
frequency, amplitude, injection rate, and continuous phase
flow rate. Hence, the drop size may be a function of shear
regardless of the conditions used to generate it, but the uni-
formity of the distribution is influenced by many more param-
eters than just the shear.

One of the main advantages of a ME system that provides a
means for controlling the shear at the membrane surface that
is independent of the flow of continuous phase, that is being
used to remove the dispersed phase drops, is that it should be
possible to achieve high dispersed phase concentrations by
using a relatively high injected phase flow to the continuous
phase flow. In a crossflow system, which relies on the continu-

ous phase flow to generate the shear at the membrane surface,
such an independent means does not exist and the only way
that high concentrations of dispersed phase can be achieved is
to recycle the dispersion through the membrane module. This
can lead to droplet breakup within the pump and fittings, lead-
ing to a poorer drop size distribution. The OME does provide
an independent means for controlling the shear and a series of
tests were performed to investigate the influence of the dis-
persed phase oil loading while maintaining conditions of con-
stant shear. The operating conditions are provided in Table 3,
where the continuous phase flow rate was held constant
(0.9 L/h) and the injection rate of the dispersed phase was var-
ied in the range of 0.09–0.54 L/h, resulting in the dispersed
phase concentrations in the final emulsion provided in the
table.

The resulting emulsions obtained are shown in Figure 9.
The uniformity of the distribution is similar, regardless of the
dispersed phase concentration, with CV values between 9 and
11%, for dispersed phase concentrations between 17 and 33%
v/v. The operating conditions for shear were selected as being
those that provided the best uniformity and the uniformity
remained good for all injection rates, and therefore, dispersed
phase concentrations, up to a value of 33% v/v, deteriorating
slightly at a dispersed phase concentration of 37% to a CV
value of 18%. For comparison,6 using a similar formulation
and membrane type operated using a different method of gen-
eration of shear at the membrane surface (pulsed flow) pro-
vided dispersed phase concentrations of up to 45% v/v with
uniformity values determined by a “span” value of 0.4 (where
lower span values indicate a more uniform distribution); span
values obtained using the OME system described here were
�0.2 and even the worst span value (at 37% v/v) was signifi-
cantly better than during pulsed flow, at a value of 0.33.

Table 3. Operational Conditions Tested in the Oil Loading Test

Displacement
(mm)

Frequency
(Hz)

Shear Stress
(Pa)

Injection
Rate
(L/h)

Superficial
Velocity

(L/(m2 h))

Continuous
Phase Rate

(L/h)
O/W (v/v)

(%)

2 45 4.7 0.09 17.3 0.9 9.1
0.18 34.6 17
0.27 51.9 23
0.36 69.2 29
0.45 86.5 33
0.54 104 38

Figure 9. Droplet size and CV variation as a function of oil phase in emulsion concentration using a sinusoidal
wave form.
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Conclusions

In ME, there are many different methods by which the shear
may be provided at the membrane surface. The most appropri-
ate method depends on the requirements of the operator,
including the possible intention to scale the process to differ-
ent levels of productivity. When aiming to produce droplets
with drop diameter greater than 20 lm, and at up to high dis-
persed phase concentrations, then oscillating a cylindrical
membrane in an azimuthal oscillatory (rotational) fashion has
a number of advantages. A CFD analysis of the continuous
phase around such a membrane has shown that, at the condi-
tions investigated, there are no axial variations in shear and
pressure at the membrane surface: all positions on the mem-
brane experience the same shear and pressure at any instance
in time. This was not the case when using the CFD to model a
fully rotating cylinder, where local vortices in the continuous
phase were formed leading to variable shear along the axis of
the fully rotating cylindrical membrane. Other advantages to
oscillating the membrane, rather than fully rotating it, include:
controlling the shear in a narrow region close to the membrane
surface, the body force on the lighter drops being formed does
not direct the drops toward the membrane surface and the
avoidance of deforming the dispersed phase toward the mem-
brane surface in a single direction (likely to induce membrane
wetting).

An experimental investigation of OME was performed
using sunflower oil injected into water containing a surfactant
to provide droplets with a diameter of 20–120 lm using a
5-lm pore size laser drilled stainless steel membrane. Under
optimal conditions, CV values of around 8% were achieved.
There were no detected relevant differences in using different
wave forms on the average droplet size and uniformity of the
distributions. The droplet size could be predicted, for low
injection rates, using a model for drop size based on the peak
shear at the membrane surface, the membrane pore size, and
the interfacial tension between the two liquid phases. The
drops produced depended on the shear at the membrane sur-
face, and not the combination of frequency and membrane dis-
placement used to create that shear.

The OME technique has the ability to produce very high
dispersed phase concentrations, up to 33% v/v and gave nar-
row drop size distributions (9–11% CV) without the need to
recirculate the continuous phase, and used low shear stresses
(2–5 Pa) over a very narrow region next to the membrane sur-
face and is, therefore, a system well suited to fragile droplets
and delicate formulations that may be damaged by high shear
conditions. The drop size distributions from the system were
very reproducible and the technique could in principle be
scaled to different diameter and length membrane cylinders.
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