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Abstract

Due to the high product quality achievable, considerable attention of the researchers is being addressed to the cross-flow direct membrane
emulsification (CDME). The key advantages of this process over traditional technologies are a better control of the droplet sizes of the emulsion
and its efficiency in terms of energy density requirement. In the literature, macroscopic models have been employed to describe the influence of
process parameters and membrane properties on droplet formation. These models have been based either on an algebraic torque balance equation
(TBE) or on a force balance (FBE) along a contact line, defined on the droplet pore border. The aim of this work is to compare the results obtained
using these two approaches against experimental data available in literature in order to assess the reliability in predicting the correct trends with
good quantitative agreement. The analysis shows that FBE yields better results than TBE under conditions of wall shear stress equal or larger than
7 Pa and membrane pore diameters below 1.5 wm. In the mentioned conditions, using the FBE model, the maximum error in predictions is around
10%. Both methods reproduce the empirical relationship between droplet sizes and cross-flow velocities, although the force balance yields a better
behaviour (plateau) for high wall shear stresses. However, the analysed models are unable to reproduce the linear relation between the droplet and

pore size observed in the experiments.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Emulsions are generally disperse systems of two (or more)
immiscible liquids in which one phase (disperse phase) is dis-
tributed in form of droplets in the other phase (continuous phase).
These systems are commonly encountered in key processes, e.g.
in the pharmaceutical and food industry as well as in cosmetic
products. Both the average droplet size and size distribution are
very important properties, since they determine the emulsion
stability and its properties for the intended uses. For large-scale
emulsion production the most commonly employed methods are
based on techniques aiming at establishing a turbulent regime
(turbulent eddies) in fluid mixtures. According to the known
techniques, the size of droplets, for a given pair of processed
phases, is mainly determined by the size of the turbulent eddies
and the times of exposure [1]. However, these turbulent flows
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cannot be controlled or generated uniformly in the mixture.
The consequences are that wide size distributions are com-
monly obtained and energy is used inefficiently. In addition, the
behaviour of any pair of immiscible phases cannot be predicted
on a large-scale, based on the tests performed in the labora-
tory; therefore, process scale-up is extremely difficult. Recently,
more attention has been addressed to an alternative emulsifica-
tion process, i.e. the membrane emulsification (ME). A valuable
advantage in membrane emulsifications is that droplet size dis-
tributions can be carefully and easily controlled, since the size
of the droplets is directly related to the size distribution of the
membrane pores. Therefore, product properties can be tuned
by simply choosing suitable membranes and adapting the key
process parameters. Membrane emulsification is also an effi-
cient process, since the energy density requirement (energy input
per cubic meter of emulsion produced) is low with respect to
other techniques, especially for emulsions with droplet diameter
smaller than 1 wm [1]. Moreover, in conventional emulsifica-
tion methods, the high shear rates and the resulting increase
of the process temperature have negative effects on shear- or
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temperature-sensitive components; as a result, the lower energy
density requirement also improves the quality and functionality
of delicate emulsion ingredients.

Membrane emulsifications can be generally distinguished in:
(i) pre-mix membrane emulsification, in which a coarse pre-
mixed emulsion is compressed through the membrane pores to
reduce the droplet sizes, and (ii) direct membrane emulsification
(DME), in which the disperse phase is directly fed through the
membrane pores to obtain droplets. The cross-flow membrane
emulsification (CDME) represents a direct membrane emulsi-
fication, in which the droplets, formed at the pore mouth (on
the membrane surface), grow until a critical dimension and then
are carried away with the continuous phase, flowing parallel to
the membrane surface. Very regular mono-disperse droplets can
be obtained, though the emulsions with droplet diameters above
0.1 pm generally require additional substances acting as emulsi-
fiers. The droplet size in CDME depends on several parameters,
the most important are: (i) trans-membrane pressure, which
affects the flux of disperse phase through the membrane pores,
(ii) continuous phase cross-flow velocity, (iii) membrane pore
size and morphology, (iv) wetting property of the membrane
surface and (v) dynamic interfacial tension. On the experimental
side, the influence of the parameters on the emulsion properties
have been investigated [2-5] and two important relationships
have been well established. A linear scaling law has been gener-
ally observed between the droplet size and the membrane pore
size with a slope ranging typically from 2 to 10, although values
up to 50 have also been found [6]. Secondly, a hyperbolic-
like correlation between the emulsion droplet diameter and the
cross-flow continuous velocity has also been established [2,3,5].

From a theoretical point of view, droplet formation during
CDME has been described using models different in the scale
or in the considered mathematical and physical phenomena:
microscopic modelling has been performed using (i) compu-
tational fluid dynamics (CFD) [1,7], (ii) surface free-energy
minimization [8,9] and recently (iii) lattice Boltzmann [10].
Overall force and torque balances on the droplet also provided
interesting results in terms of reproducing the actual properties
of the emulsified phase [3,11,12]. These global balance models
are less accurate than the methods at smaller scales; on the other
hand, they are useful in optimization studies as well as easier
to handle and more instructive. The latter feature is crucial to
acquire the necessary understanding of the physical causes at
the basis of the droplet formation and detachment. In addition,
these methods are easily versatile, allowing to analyse the influ-
ence of many processes and membrane parameters with limited
computational efforts. Until now, the proposed approaches to
describe the droplet formation during CDME make use of either
an algebraic torque balance equation (TBE) [3] or a force balance
(FBE) along the droplet contact line located around the mem-
brane pore border [12]. However, a reliable theoretical model
capable of describing and predicting the empirically observed
trends has not been formulated yet.

In the current work, we briefly illustrate the properties and
main assumptions of the TBE and FBE models (Section 2). We
compare the results obtained from the balance approaches with
particular focus on the prediction capabilities in terms of both the
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aforementioned empirical relationships and the order of magni-
tude of the droplet diameters. The results are compared with
some experimental data available in the literature with the aim
to show in which conditions the balance-based models can be
considered reliable (Section 3). We close in Section 4 with some
conclusions.

2. Droplet detachment models

Prior to describing the details of each set of balance equa-
tion, let us discuss the macroscopic forces acting on the droplet
considered in a similar way in both models. In the following
subsections, we examine the force considered differently in the
two models, i.e. the surface tension force.

Let us consider a droplet during its growth on the pore
outlet (Fig. 1). The forces acting on the droplet can be con-
veniently subdivided into perpendicular and parallel direction
with respect to the membrane surface. Considering the former
case, the Young—Laplace force Fyr [6,11], dynamic lift Fpp
and buoyancy force Fpg [6,11] are taken into account. They are
defined as:

FyL = Dldnog (1)
1.5 0.5
T
Fpr, = o.mﬁz)?1 2)
Mc
1 3
Fpg = gﬂg ApDy 3)

where D), and Dy correspond to the average membrane pore
and droplet diameter, respectively, y the liquid—liquid interfacial
tension, while 7.5, pc and u represent the wall shear stress,
density and viscosity of the continuous phase, respectively. The
quantity Ap in Eq. (3) represents the difference between the
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Fig. 1. Main macroscopic forces acting on the droplet stuck on the membrane
pore border. The direction of buoyancy is illustrative, the real one depends upon
the geometry and orientation of the membrane module.
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continuous and disperse phase densities. In Fig. 1, only one
possible direction of the buoyancy force (Fpg) is sketched, while
in general the direction of Fpg depends on the geometry and
orientation of the membrane module. However, various authors
(e.g. [6,12]) showed that, in the conditions considered in the
present work, Fpg is negligible. The drag force Fpr [3,6,11]
due to continuous phase cross-flow and parallel to membrane
surface is defined as:

3
FDR = EkanC'SDé (4)

where the parameter k, is equal to 1.7 and takes into account the
wall correction factor for a single sphere touching an imperme-
able wall [13]. In Eq. (4), the approximation v, ~ (1/2)t¢ s Dy
is adopted, where v is the undisturbed cross-flow velocity, and
the shear stress, evaluated at the droplet centre, is assumed equal
to the one at the membrane surface, i.e. T¢.

The inertial force due to the flow of the disperse phase
would be another force contribution to consider. However, it
is important to remark that in process conditions ensuring
mono-disperse droplets and without jets of the disperse phase
the trans-membrane pressure is never markedly higher than
the Young—Laplace critical pressure of the system. In these
conditions, the corresponding disperse phase flux through the
membrane pores produces a negligible inertial force.

The forces considered above have to be counterbalanced by
the action of the interfacial tension along the droplet—pore con-
tact line. A different approach to account for this force is used in
the TBE and FBE models and these will be discussed separately
in the following subsections.

2.1. Torque balance equation

In the commonly used torque balance model, as proposed
by Peng and Williams [3], the droplet is considered as a rigid
spherical cap subjected to the forces discussed above (Fig. 2a).
To be able to calculate the instant when the droplet has suffi-
ciently grown to detach from the pore, Peng and Williams [3]
suggested a torque balance around the foremost point on the pore
circumference (point A in Fig. 2a). This allows to calculate at
what diameter of the growing droplet torques in clockwise and
anticlockwise directions are balanced, implying that past this
value the drop would roll, i.e. detach from the membrane.

If we consider a uniform interfacial tension along the droplet
contact line, causing a force [6] defined as:

F, =nDpy ®)

and cast the torque balance around the pole, we end up with the
following equation:

Dy Dy
Fpr [h - 2} = (Fy— FyL — FpL — FBG)7 (6)
Once the system geometry, continuous and disperse phase prop-
erties and membrane characteristics (average pore size, wetting)
are known, Eq. (6) results in an algebraic equation in Dy that can
be easily solved to find the desired drop diameter. For a given
pore diameter Dy, Eq. (6) has two real solutions. The smallest

one is always similar to D, whatever the interfacial tensions and
shear stresses values are used. This fact is not physically con-
sistent, thus such solution will not be considered in the results
presented below.

2.2. Force balance equations

Let us consider a deformable droplet during its growth on
the pore outlet (Fig. 2b). The starting point of the FBE model
is that this droplet grows leaning on the pore border as long
as a force equilibrium exists along its contact line [12]. The
drop deformability is taken into account through the evalua-
tion of the advancing and receding contact angles along the
droplet—pore contact line. In these conditions, the detachment
is supposed to occur when the interfacial force at the droplet
base is unable to counterbalance, through the droplet inclina-
tion, the actions mainly due to the continuous fluid cross-flow
and Young-Laplace force. As a consequence, the droplet con-
nection to the liquid in the pore fails. From another point of

Fig. 2. Macroscopic surface tension force, F'y, as considered in the TBE (a) and
FBE (b) models. The direction of buoyancy is illustrative, the real one depends
upon the geometry and orientation of the membrane module.
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Fig. 3. Droplet formation at the pore outlet. Side view indicating unit vectors
M and m with the advancing (6,) and receding (6;) contact angles.

view, during its formation the droplet responds to changes in Dy
by changing its contact angles in order to allow an interfacial
force on the contact line sufficient to keep the droplet on the
membrane.

The force balance model has been developed from the equa-
tion governing the equilibrium of a droplet on an inclined surface
[14]. Analogous force balance equations, derived for a droplet
on the membrane pore subjected to the action of a cross-flowing
fluid, yield a relation between the instantaneous droplet diam-
eters and the advancing and receding contact angles [12] (6,
and 6y, respectively) defined as in Fig. 3, along the contact line
(Fig. 4). Following this approach it is assumed that the shape of
the contact line is known (as e.g. for the circular contact lines
reported in Fig. 4). For continuity between the two parts where
0, and 6, are considered constant, a transition zone (TZ) has
to be postulated. However, this zone is assumed to be small as
compared to the pore circumference.

If we consider a contact line I” of generic size and shape, with
reference to Fig. 3, the interfacial tension force can be expressed

continous phase j [

flow direction

— Transition zone (TZ)

Contact line with

— . .
Contact line with
__advancing angle

receding angle

Transition zone (TZ) Droplet

Fig. 4. Droplet on the membrane pore. Top view showing the advancing and
receding contact angles and the transition zone.

as the sum of the following two components:

Fy;:/y(M-m)m-idF parallel to the membrane surface
r

@)

Fy. = / y(M -Kk)k - kdI" perpendicular to the membrane surface
r

where M and m are the unit vectors, whose directions are indi-
cated in Fig. 3. Concerning the shape of I, it shall be noted that
in the general formulation of Eq. (7) the droplet contact line does
not necessarily coincide with the pore border and, depending on
the affinity between the membrane and the disperse phase, the
droplet can slightly spread around the pore. In Eq. (7), the total j
component (parallel to the membrane surface) is zero since sym-
metric contact lines are considered here. The integration along
the contact line can be carried out by dividing the line into four
sections: the advancing (I",) and receding (I";) portions, along
which the contact angles assume the constant values of 8, and
0;, respectively, and the two lines corresponding to the transition
zones (TZ) in which the contact angles are not constant (Fig. 4).
Using the following definition for the contact angle:

cosd =M -m ®)

Eq. (1) can be expanded as:

Fyi = ycost, m-idl"+ ycosb, | m-idl’

I I;

+27// cos@(INm -idl" )
TZ

Fyx = ysind, Iy + y sin6; I + Zy/ sind(I")ydI”

TZ
In the calculations presented below, the transition zone is taken
as 0.17" and there, for continuity, 6 is assumed to vary linearly
between 6, and 6,.

According to the wetting membrane property, in this model it
is possible to define two different interfacial tensions: one to be
used in Eq. (9) and another in Eq. (1). The first value would take
into account the interaction between the liquid-liquid interface
and the membrane surface, the second one would only consider
the liquid—liquid interfacial tension, according to Laplace equa-
tion. In the following calculations, one value of y is used in both
equations. This corresponds to assuming that the force balance
is evaluated along a liquid-liquid interface lying on the layer of
disperse liquid located in the membrane pore.

The resulting set of force balance equations is:

F’yi(eay 9r) + Fpr =0
Fyi(0a, 6:) + FyL + FpL (10)
+Fgg =0

parallel to the membrane surface

perpendicular to the membrane surface

where the dependence of the interfacial tension force on the
contact angles is reported for clarity. This set of equations can
be solved at every droplet diameter to find the contact angles
providing the equilibrium of forces.

In the present work, we illustrate a procedure adopted for
solving Eq. (10), more rigorous than the one used in Ref. [12].
For given process conditions, Eq. (10) is a set of two non-linear
equations in the variables 6,, 0y and Dy. In the mathematical
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solution of Eq. (10), it shall be considered that multiple or no
solution can be found, or the solutions can be unacceptable from
a physical point of view (i.e. 6,, 6; ¢ [0, ]). Eq. (10) are solved
numerically by the continuation software AUTO [15]. Starting
from a known solution, this technique allows to trace the solu-
tion pathways in the space of the variables, when a given variable
(called parameter) is changed. The approach is able to track limit
points and to find multiple solutions for the same value of the
parameter. In the present context, the procedure is extensively
used to find the values of 6, and 6, for any value of the droplet
diameter (chosen as parameter). The solution paths are shown to
be in all cases closed lines laying within a minimum and max-
imum Dy value corresponding to the pore diameter (Dp) and a
critical value denoted by D (critical droplet diameter), respec-
tively. Since no solution exists for a droplet diameter larger than
D, then it is concluded that this value has the meaning of droplet
diameter corresponding to which the detachment of the droplet
starts. In those cases where solution branches are found to be
physically unacceptable, D is taken to be the smallest diame-
ter corresponding to one of the two contact angles reaching the
value of 0 or 7.

It is important to stress that the D, (from FBE) and Dy (from
TBE) represent the dimension corresponding to which the force
or torque balance is broken, respectively. Thus, if the detach-
ment of the droplet occurs without necks or tails, these values
correspond to the actual droplet size. However, spontaneous
deformations due to surface free-energy minimization [8,9] and
consequent droplet detachment can occur when the force balance
at the base of the droplet or the torque balance are not broken
yet, in this case D, and Dy do not represent the final droplet size.
In addition, if the balances are broken but the droplet remains
nonetheless attached to the liquid in the pore with an evident
tail, the calculated values can not be used again to estimate the
final droplet diameter.

3. Results and discussion

There is a variety of experimental data available on membrane
emulsification processes. However, to compare the model results
with experimental values, some requirements on the data are
necessary:

e the conditions for unhindered droplet growth on the mem-
brane surface have to be fulfilled. Moreover, the coalescence
of droplets in the continuous phase has to be absent as well;

e complete experimental data, i.e. average droplet sizes, mem-
brane pore size (pore border morphology), emulsifiers
(interfacial tensions), average cross-flow velocities (or the
shear stress at the membrane surface), trans-membrane pres-
sures (capillarity pressures), and formation times must be
given;

e membrane module geometry and sizes must be reported. The
module dimensions and design are extremely important to
evaluate the shear stress at the membrane surface;

e structural modifications (i.e. hydrophilic and hydrophobic
modifications of the membrane surface), due to membrane
pre-treatment, have to be absent.

Aware of the fact that all experimental conditions are not
readily available in the literature, we have selected those
experimental works fulfilling as many requirements as possi-
ble. Katoh et al. [5], Vladisavljevic and Schubert [16,17] and
Kobayashi et al. [18] have reported different data on oil-water
emulsions, obtained with tubular and rectangular hydrophilic
membranes. In particular, Katoh et al. [5] and Vladisavljevic
and Schubert [16,17] used tubular hydrophilic Shirasu-porous-
glass (SPG) modules, whereas Kobayashi et al. [18] employed a
flat rectangular-type hydrophilic polycarbonate membrane with
a mean pore diameter of 10 wm. Unfortunately, the pore border
shape of the SPG membrane could not always be approximated
with a circumference [19]. This has to be taken into account dur-
ing the comparison of the model results with the experimental
data in Refs. [16,17]. Kobayashi et al. used polycarbonate mem-
branes that have circular pore border, as well shown from the
scanning electron microscopy (SEM) image reported in their
work [18]. In all cited experiments, the disperse phase fluxes
are slightly higher than the corresponding capillarity pressures,
therefore jets of the disperse phase should be absent. It shall be
stressed that experiments in Ref. [18] at low cross-flow velocity
do not totally fulfil the issue of unhindered droplet growth. All
the experimental conditions are summarized in Table 1.

It shall be remarked that, although the value of y depends
on the quantity of emulsifier dynamically adsorbed on the
liquid-liquid interface, in the presented results the force and
torque balances are solved by using the equilibrium interfacial
tension of the emulsifiers employed. In fact, in the literature,
some authors [16,20] used these interfacial tension values in the
Laplace equation to obtain, for the same membrane studied in
this work, the capillarity pressures very close to experimental
data.

Fig. 5 compares the relationships between the droplet diam-
eter and the cross-flow velocity obtained using the two models
and the corresponding experimental data [18]. The interfacial
tensions are 2.5, 4.0 and 4.4 mN/m (Fig. 5a—c), respectively.
When the cross-flow velocity is greater than 0.5 m/s, the results
of the force balance equations approach the experimental ones
for all tested interfacial tensions. At lower values of the veloc-
ity, a poor agreement is obtained for both models and the reason
for this is discussed below. At high cross-flow velocities, the
FBE curves present evident asymptotes, whereas, particularly
in Fig. 5b and c, the TBE results show a steeper decrease of the
predicted droplet diameter as the velocity increases. Itis interest-
ing to emphasise that in the experiments significantly different
values are observed for a small difference of the surface ten-
sion values (4.0 mN/m versus 4.4 mN/m). This effect is likely
due to the chemical nature (cationic or anionic) of the emulsi-
fiers utilized in the two cases [18]. In fact, the surface tension of
the emulsifiers has been measured by gravimetric viscosimetry,
neglecting their interactions with the membrane. Moreover, the
droplets obtained experimentally using PGFE and Tween 20 are
larger than those achieved by using SDS. This can be due to
the dynamic interfacial tensions of the surfactants. SDS, in fact,
adsorbs more quickly on an oil-water interface than Tween 20
and PGFE. Thus, when these two emulsifiers are utilized, the
actual dynamic value of interfacial tension should be used in
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Table 1
Experimental conditions
Reference Membrane Module geometry y (mN/m) v (m/s) Dy, (um)
Katoh et al. [5] SPG Tubular 42 0.1-0.9 0.57,2.34
Vladisavljevic and Schubert [17] SPG Tubular 7 14 0.4-6.6
Kobayashi et al. [18] Polycarbonate Plane 2.5,4.0,44 0.1-0.7 10

2 Values correspond to the equilibrium tension y, available in literature [6,18,20] for SDS and Tween 80, respectively.

calculations instead of the equilibrium tension. Since the two
models are based simply on the value of y (i.e. the equilibrium

(a) 160 H T T T T T T . A . i R
Y m interfacial tensions), they produce similar results for the two
1401 ¢ ) cases. The results of the TBE shown in Fig. 5c appear in better
T 10}k FBE _ agreement with the data than those of the FBE.
TBE --eeeeeeees . . .
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2 tions were carried out using an equilibrium interfacial tension
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3 pore size of 0.57 wm. The experimental data refer to the work of
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(b) 70 : : : : though only at high cross-flow velocities. This is somewhat
. expected, since it is well known that, at low cross-flow velocities,
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g ol Experiments M the final detachment [9,20]. For example, drc?plets can form asa
5 result of the breakage of a neck [6,7] connecting the droplet with
£ a0k the disperse phase still in the pore. In addition, Kobayashi et al.
g [18] reported that droplet coalescence occurred when the emul-
£ 30t sifier with an interfacial tension of 2.5 mN/m was used (Fig. 5a).
:g In these cases, both models are unable to yield reliable values.
E 207 Katoh et al. [5] reported the D4 versus v correlation only
ol i for a membrane pore of 0.57 wm. However, they reported that
when cross-flow velocity is greater than 0.2 m/s a mono-disperse
0 . . : . : : emulsion, having droplet diameter five times greater than pore
0 0.1 02 03 0.4 0.5 0.6 0.7
Cross-flow velocity, v [m/s]
14 T T T T
(C) 80 T T T T
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Fig. 5. Experimental data [18] and model predictions of droplet size vs. average
cross-flow velocity for circular pore with diameter of 10 wm. The interfacial
tension is 2.5 mN/m (a), 4.0 mN/m (b) and 4.4 mN/m (c).

Fig. 6. Experimental data [5] and model predictions of the droplet size vs. aver-
age cross-flow velocity for a circular contact line. The interfacial tension is fixed
to 4 mN/m and the pore diameter is 0.57 pm.
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Fig. 7. Experimental data [5] and model predictions for the droplet vs. pore
diameter, using an interfacial tension of 4.0 mN/m and a cross-flow velocity of
0.6 and 0.9 m/s, respectively.

diameters, was obtained for pore sizes ranging between 0.57 and
2.34 pm. For the highest value, this relationship gives a value of
11.7 pm for the droplet diameter. Fig. 7 shows the relationships
between the droplet and pore sizes evaluated by using the two
models, with an interfacial tension of 4 mN/m, and the set of
experimental data [5]. In Fig. 7, the membrane pore sizes range
from 0.57 to 2.34 wm and in the model the interfacial tension is
set to 4 mN/m. Differently from the experiments, in these con-
ditions the force and torque balance results are sensitive to the
value of v, as clearly shown in Fig. 6. Consequently, the calcu-
lations reported in Fig. 7 are obtained using the experimental
highest values of velocity (0.61 and 0.90 m/s), where the droplet
diameters are less influenced by changes of cross-flow veloc-
ity. As shown in Fig. 7, using the torque balance model and a
cross-flow velocity of 0.9 m/s a droplet diameter of 12.65 pum
is obtained, in good agreement with the experimental value,
whereas the force balance approach yields a remarkable under-
estimation (8.0 wm). However, Fig. 7 shows clearly that for pore
sizes up to about 1.4 wm the FBE yields values in satisfactory
or good agreement with the results of Katoh et al. [5], whereas
the TBE gives a significant overestimation of these experimental
data.

In order to discuss the poor agreement of the FBE results
at large pores some considerations on the module geometry
adopted are necessary. The polycarbonate membrane module
used in Ref. [18] has a rectangular geometry with circular pores.
Katoh et al. [5] used the same emulsifier (SDS) but tubular SPG
membranes. Thus, due to the particular set-up used in Ref. [18]
the calculated shear stress at the membrane surface is 7.3 Pa,
whereas the shear stress in the experiments of Katoh et al., cor-
responding to a cross-flow velocity of 0.9 m/s, is equal to 3.4 Pa.
Details of the calculation procedure for 7. s can be found in Ref.
[12]. Therefore, the different agreement found in Figs. 5 and 7 for
large membrane pores can be due to the different shear stresses
at the membrane surfaces. In particular, for high shear stresses,
the FBE yields results closer to the experimental data. However,
the comparison (reported below) between models’ results and
experimental data obtained from Vladisavljevic and Schubert

25 T T T T

20 8

Droplet diameter, D4 [um]

Pore diameter, Dp [wm]

Fig. 8. Experimental data [17] and model predictions for the droplet vs. pore
diameter, using an interfacial tension of 7.0 mN/m and a cross-flow velocity of
1.4 mf/s.

[16,17] shows that the pore border morphology also plays an
important role in the reliability of the balance models presented.

The same calculations of Fig. 7 were repeated for membrane
pore sizes ranging from 0.4 to 6.6 um and using a cross-flow
velocity of 1.4 m/s (Fig. 8). The simulated values are compared
to the experimental droplet sizes measured by Vladisavljevic
and Schubert [17] who found a linear scaling, with a slope equal
to 3.5, between the droplet and pore sizes. As in the previous
calculation, the force balance equations yield droplet sizes in
good agreement with experimental data for small pore sizes
(up to about 1.5 um). The TBE yields a large overestimation
of the droplet diameters for membrane pore sizes smaller that
2.5 pm, whereas it gives satisfactory results for large pore sizes.
In these experiments, due to the velocity value, the shear stress
was 7.4 Pa. This value is now comparable to the shear used by
Kobayashi et al. [18]. In contrast to polycarbonate membranes,
SPG membranes do not always present regular circular pores
[19,21]. Therefore, as mentioned above, the poor agreement
found between FBE predictions and Vladisavljevic and Schubert
data, for large membrane pores, is not due to the shear stress,
but may be due to the morphology of the SPG pore.

In conclusion, the various comparisons between the model
predictions and experimental data show that a general agree-
ment is not achieved. This is due to both the model assumptions
and to the difficulty to compare with experimental data obtained
under non-ideal conditions. Future work is necessary to improve
the reliability of the predictions by removing or at least relaxing
assumptions, such as the expression of the macroscopic drag
force, the equilibrium value of the interfacial tension. In addi-
tion, Eq. (7), involved in the FBE model, can be solved for pore
borders with shapes not circular, i.e. more similar to the actual
aspects of the membrane pores used in the experiments. Also,
experiments specifically designed to produce results in ideal-
ized conditions, useful for direct validation of the models, are
highly sought. Bearing in mind the present set of investigated
conditions, we can conclude that for high shear stresses (which
depend on the cross-flow velocity and membrane module set-up)
and for small membrane pore sizes the FBE yields droplet diam-
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eters in good agreement with experimental data. This confirms
the expectations based on the assumptions made in its deriva-
tion, as introduced in Section 2. In fact, for small pores and high
shear stresses the droplet shape is more realistically expected to
be similar to a spherical cap stuck on the corresponding pore
border and distorted at its base.

4. Conclusions

In this work, we compare the reliability of two macroscopic
balance models developed to analyse the formation of droplets
during the cross-flow membrane emulsifications. The predic-
tions, in terms of final droplet diameters as a function of the
operating parameters and emulsification conditions, using the
torque balance model and the force-based approach are com-
pared against experimental data available in the literature.

The conclusions of this study can be summarized as follows:

o the force balance equations yield better droplet sizes than the
torque balance for high shear stresses and small membrane
pore sizes, depending on the interfacial tension considered.
For large pore sizes, the torque balance equation is more
reliable than FBE;

e the force balance model presents an asymptotic Dy versus
v behaviour in better agreement with the experimental trends
than the torque balance model. In particular, FBE results show
an evident plateau for high cross-flow velocities;

e the two models are unable to reproduce the linear relation
between the droplet and pore size observed in the experiments;

e for large pore dimensions poor agreement between the FBE
and the experimental data is found. A possible explanation is
that the force balance is more sensitive to the shape of pore
border than the torque balance equation.

Appendix A. Nomenclature

diameter (m)

critical diameter (m)

force (N)

gravitational acceleration (m s_z)

height of the droplet above the membrane surface (m)
unit vectors (Figs. 3 and 4)

correction factor in Eq. (4)

unit vectors (Fig. 3)

undisturbed cross-flow velocity (m s7h

o

S ol

qhu
o

< oz
=

Greek symbols

contact line

surface tension (Nm~!)
viscosity (Pas)

contact angle (rad)
density (kgm™3)

wall shear stress (Pa)

4D TR N

Subscripts
a advancing

BG buoyancy

c continuous

d droplet

DL dynamic lift

DR drag

i,k along the i, k direction
p pore

r receding

s membrane surface
YL Young-Laplace
00 equilibrium

oY interfacial tension
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