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Abstract
The membrane emulsification process obtains the advantage to formulate liquid/liquid systems
in a low shear stress process. Whereas the emulsification process and the influence of the
membrane structure and geometry on the final product are well investigated, the liquid deformation and liquid dispersion process inside the membrane structure are quite unknown. In
the present study, the droplet breakup mechanism in the vicinity of a solid wall is numerically
investigated with OpenFoam using the Volume of Fluid Method. Different wetting conditions on
the membrane wall have been implemented. The results show a relation between wetting properties and fluid dynamic disturbances’ resp. instabilities that may grow to larger instabilities,
resulting in droplet breakup inside the membrane. These results can be used to find the sweet
spot of capillary driven droplet breakup with minimum shear force to handle shear sensitive
media while keeping a defined mono disperse emulsion.
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Introduction
Emulsions as liquid/liquid formulations are widely used in the industry. They play an important
role in pharmaceutical- food- and cosmetic applications. The premix membrane emulsification
is a low shear stress process which is relevant for handling shear sensitive media, for instance
in biological systems. It was first introduced by Suzuki et al. [1] and obtains the advantage of
adjusting the final droplet size with an narrow size distribution. This is a key parameter for a
tailored high-quality emulsion.
In several studies the influence of process parameters like transmembrane pressure [2], dispersed and continuous phase velocity [3], membrane porosity, and pore size [4], [5] were investigated. On the other hand, the influence of fluid properties like dispersed phase fraction,
dispersed and continuous phase viscosity’s as well as surfactant concentrations were quantified
by several authors [6], [3], [5], [7]. In particular, the influence of surfactants on the final emulsion
is widely discussed but not fully understood. The surfactant adsorbs at the liquid/liquid interface, reduce the interfacial tension, and therefore stabilizes droplets from further coalescence
[8]. The influence on the droplet breakup is explained by lowering the minimum emulsification
pressure for membrane applications. [9] For purely shear driven emulsification processes, it is
directly connected with lowering the critical capillary number [10]. Previous studies on idealized membrane pore geometries [11] as well as fully resolved membranes pointed out that the
highest shear stresses occur for a short time at the wall, while lower shear stresses occur at
the liquid/liquid interface and their absolute value is higher [11]. Schroën et al. [12] pointed out
the importance of wettability and surfactant interactions with interfaces. They concluded, that
most surface interactions increase the contact angle towards 90°, either through surfactant or
the oil that is used.
Although it seems that the emulsification process is deeply understood, the droplet breakup
mechanism is still quite unknown, especially under the consideration of membrane wettability.
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The question that needs to be addressed is where does the droplet break up, and what causes
the breakup? For cross flow emulsification, work by Peng et al. [13] and Abrahamse et al. [14]
leads to a further understanding of the underlying fluid dynamics. For membrane emulsification,
van der Zwan et al. [15] divided the breakup mechanism into three categories: (i) Snap-off due
to localized shear forces, (ii) Break-up due to interfacial tension effects (Rayleigh and Laplace
instability) and (iii) Break-up due to steric hindrance between droplets. A key part is the predeformation of the droplet into a dumbbell shape while entering the pore. It is discussed that
this destabilization leads to the minimization of the minimum shear stress necessary for breakup. This is the connecting point between previous studies and the present study. This work
focuses on a single droplet breakup in a single membrane pore under the consideration of
membrane wettability. Due to the limitation on this system, the category (iii) suggested by van
der Zwan [15] will not be taken into account. The main objective is the understanding of the
droplet breakup caused by fluid dynamic instabilities. Therefore, computational fluid dynamics
(CFD) is utilized.
Materials and methods
Membranes used in premix emulsification have in general a complex pore structure with a
branched network in which break up events occur simultaneously. This fact makes it quite challenging to observe single droplet breakup mechanisms. For this reason, the problem will be
abstracted into a cylindrical single pore in which a single droplet emerges as shown in figure
1. The three-dimensional numerical domain is determined by two connected parts, one to initialize the spherical droplet with a length of 2mm and the other one is representing the actual
membrane pore with a length of 6mm. The constant velocity is initialized at the left boundary. Constant pressure boundary condition is imposed at the right wall and no-slip boundary
condition is imposed at the side walls. The open source software OpenFOAM is used with
the multiphaseInterfoam solver. The wettability is implemented with a constant contact angle
model. The hexahedral mesh was generated with snappyHexMesh with a grid size of 12.5µm.
Grid independence of the initial droplet volume as well as the continuous flow profile with its
converging maximum velocity in the membrane pore were checked. For this purpose, an adaptive mesh refinement at the droplet interface to a cell size of 3.125µm was applied to guarantee
mesh independence of the applied surface tension via a continuum surface force model [16].
The solution was verified for Θ = 90° with a overall grid size of 10µm and a cell size at the interface of 2.5µm. The solution may be mesh dependent, as the grid has to resolve the smallest
droplet volume during break-up.

Figure 1. problem definition of idealized membrane pore (capillary tube)

Table 1. Simulation parameters

kg
m3
ρc = 1000
ρd = 945

Density

m2
s
νc = 1e − 6
νd = 2e − 5

Viscosity

Interfacial Tension
σ = 0.024

N
m

Dimensions µm
dpore = 200
ddroplet = 500

For all simulations presented in this paper, the time step ∆t is chosen to satisfy the Courant-
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Friedrichs-Lewy (CFL) criterion, for a chosen CFL number of 0.5 and time step restrictions to
resolve capillary waves [16] as follows:

(1)

∆t < ∆tCLF

r
∆t < ∆tσ =

0.5(ρc + ρd ) ∗ ∆x3
2πσ

(2)

With the grid spacing ∆x.
Results and discussion
In the following section, we present the results and discuss the underlying breakup mechanisms. It is therefore divided into three main categories of the breakup mechanism: entrance in
the pore, propagation and break-up. Membrane wettability is varied from Θ = 0° − 180° defined
from the continuous phase. The results are shown for a Capillary Number of Ca = 1.6 and
velocities are measured at a line shown in figure 2 in the entrance of the pore, where the first
wall interaction takes place.
Entrance in the pore
For the entrance of the dispersed phase into the pore, two stages of interest are defined. As
pointed out earlier, the pre-deformation of the droplet while entering is crucial and therefore
analyzed. Furthermore, the first interaction of the dispersed phase with the solid membrane
wall is investigated.
Due to the entrance of the pore and the related reduction of the flow cross-section, the droplet
gets deformed. The velocity in the constriction is higher, the droplet volume inside the pore is
accelerated and consequently elongated. The velocity profile inside the pore is shown in figure
3 for the stage where the droplet emerges from the pore as shown in 2(a) and (b) respectively.

(a) droplet contour at t = 0.0146s

(b) initial deformation of droplet contour at
t = 0.0150s

Figure 2. initial droplet deformation during entering the pore, white line at y= 0.000004m indicates measurement
line at for following figures

The profile shows velocity peaks in the vicinity of the wall for t = 0.0146s. This behavior can be
explained by the higher velocity of the continuous phase flowing around the not fully accelerated
dispersed phase. At this point the droplet is not interacting with the wall, consequently the
velocity profile is independent of the wettability as shown in figure 3. It can be noted that the
velocity profile in the entrance is not fully developed as shown in figure 3(a). When the droplet
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(a) t = 0.0142s

(b) t = 0.0146s

(c) t = 0.0150s

Figure 3. velocity profile at measurement line y = 0.000004m before wall interaction for different times and
wettability

further emerges into the pore, the velocity profile flattens as seen in figure 3(c) into a plug flow
profile.
At t = 0.0154s figure 4(c) shows the diameter of the emerging droplet at the constriction. A
higher pre-deformation for the wetting system can be noted. With the first wall interaction,
the wettability also affects the velocity profile as shown in figure 4(a)(b). The kinks in the
velocity profile are connected to the remaining continuous phase in the vicinity of the wall and
therefore due to fluid/fluid shear stress. The kink outside the Poiseuille profile is located at
α = 0.5. The second kink on top of the fully developed profile is connected to shear stress
of the viscous under layer in the entrance of the pore. Figure 4(b) shows the dependency of
the wettability on the velocity component perpendicular to the walls at the measurement line
mentioned previously.

(a) velocity profile in y direction at (b) velocity in z direction measure- (c) droplet diameter at constriction
measurement line y= 0.000004m
ment line y= 0.000004m
y = 0 for different wetting conditions
Figure 4. Velocity and necking of the droplet in the entrance of the capillary for t = 0.0154s and varying wettability

Propagation
From figure 6 it is noted, that the center line velocity increases with increasing wettability. Furthermore, the slice through the dispersed phase shows a necking of the droplet for Θ > 30° as
presented in figure 5. The amplitude of the resultant interfacial perturbation shows dependency
on the applied contact angle, as shown in figure 6(c). It is measured from the wall to the trough
of the perturbation at α = 0.5 as shown in figure 5(c). This contact line instability is formed by
the advancing contact line in strong dependence on the interface mobility. It results in fingering
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(a) interfacial perturbation for
Θ = 30°

(b) interfacial perturbation for
Θ = 90°

(c) radial slice through interfacial perturbation for Θ = 90° at y = 0.00015m

Figure 5. Interfacial perturbation at t = 0.0158s

instabilities as described by Thoroddsen et al. [17] The radial slice through the pore at the contact line instability shows the symmetrical but three-dimensional perturbation. It propagates in
radial and axial directions.
As the droplet further emerges into the pore, the velocity profile approaches the Poiseuille
profile shown in figure 6. It is not fully reached as the kinks in the profile remain and the
maximum center line velocity is lower. The velocity component perpendicular to the wall at
this point does not differ significantly between the different wetting conditions (data not shown).
At this point, it is interesting to note, that the laminar profile of a single phase flow at this
measurement line is not fully developed. The resultant profiles are between the undeveloped
and fully developed laminar profile. The velocity profiles for t = 0.0168 mainly differ in their
maximum velocity between different wetting conditions at this point of the dispersion.

(a) t = 0.0158s

(b) t = 0.0168s

(c) amplitude of resultant instability
at t = 0.0158s

Figure 6. velocity profile at pore entrance with wall interaction for different times and varying wettability

However, from figure 7 it is clear, that wettability has an effect on the pore entrance. In case
of non- to partial-wetting, Θ = 0° − 60° the contact line recedes from the pore entrance and
the remaining volume enters into the pore in a convex shape. In contrast, in the wetting-case
Θ = 90° the contact line remains at the pore entrance and limits the dispersed phase volume to
emerge into the pore, which results in a concave shape at the end of the entering droplet as the
continuous phase is penetrating into the pore and the emerged droplet volume. Consequently,
a backside deformation in strong relation to the dispersed phase in vicinity of the wall is formed
and is therefore dependent on the contact angle. The center line velocity accelerates over the
maximum value of the Poiseuille flow, as the dispersed phase narrows the flow cross-section
and the instability propagates downstream.
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(a) Θ = 30°

(b) Θ = 60°

(c) Θ = 90°

(d) Θ = 180°

Figure 7. Interfacial perturbation at t = 0.017s

Break-up
With the initial contact line instability still necking the droplet for Θ > 30° the droplet breaks up
when the backside deformation meets the contact line instability. As this backside deformation
propagates further, it breaks up the droplet for all applied contact angles at the backside of
the Rayleigh Plateau instability. This is the moment of the highest fluid/fluid shear stress. It
has to be noted that there are several breakup events for Θ > 30° but in case of Θ > 60° the
dispersed phase sticks to the membrane wall making the first break up ineffective. Additionally,
for Θ = 90° phase inversion emulsification as described by Suzuki [1] can be observed at the
membrane wall.
Conclusions
Different wetting conditions for a capillary driven droplet breakup have been numerically investigated. The results give insight into the driving mechanisms of droplet break up in capillary
tubes. A strong relation between wetting properties and fluid dynamic disturbances’ resp. instabilities which yield to droplet breakup are shown. The present study emphasizes the importance of wettability in this region of breakup, where no junction or cross-flow breaks the droplet
apart. It gains further understanding on the dispersion improvement caused by surfactant and
their implied effect on wetting properties. Especially the entrance area in particular and the
associated undeveloped flow profile is of great importance. The higher velocity in vicinity of the
wall of the undeveloped profile supports the transport of the dispersed phase towards the walls.
The findings provide an explanation why membrane emulsification is particularly suited for
shear sensitive media, as fluid dynamic instabilities play a major role in droplet breakup and
reduce the shear stress threshold necessary for droplet breakup. Rayleigh instabilities are inversely proportional to the surface tension and can consequently not be the only driving force
behind the breakup in such cases. In addition, for hydrophobic and super-hydrophobic surface
modifications, a phase inversion was observed.
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(a) Θ = 30°, t = 0.0174s

(b) Θ = 30°, t = 0.0176s

(c) Θ = 30°, t = 0.0182s

(d) Θ = 60°, t = 0.0174s

(e) Θ = 60°, t = 0.0176s

(f) Θ = 60°, t = 0.0182s

(g) Θ = 90°, t = 0.0174s

(h) Θ = 90°, t = 0.0176s

(i) Θ = 90°, t = 0.0182s

(j) Θ = 180°, t = 0.0174s

(k) Θ = 180°, t = 0.0176s

(l) Θ = 180°, t = 0.0182s

Figure 8. Droplet breakup at initial interfacial perturbations for different wetting conditions

Nomenclature
α
phase fraction
Θ
Contact angle [°]
νc
νd
ρc
ρd
σ

m2
]
s
m2
Viscosity of dispersed phase [
]
s
kg
Density of continuous phase [ 3 ]
(m
kg
Density of disperse phase [ 3 ]
m
N
Interfacial tension [ ]
m
Viscosity of continuous phase [
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