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Analysis of membrane processes in fluid processing, and their main influencing
operating conditions are relevant in a variety of industrial applications. Increasing
regulatory scrutiny and environmental considerations are forcing industries across all
sectors, from food and pharma to oil and gas, to further understand and optimise the
handling and formulation of liquid systems for efficient process design. In a generic
setup for emulsification and liquid formulation the flow and dispersion behaviour of a
liquid oil droplet on itsway through a porouswater filledmembrane is analysed. A set
of high-resolution numerical simulations of a single oil droplet dispersed in water
through a porous membrane structure with varying contact angles is performed. In
this work cluster analysis of volume-of-fluid simulation results to obtain statistical
droplet size distributions is conducted and further analysed to highlight the effect of
the contact angle as well as pressure drop on the dynamics of the system. It is
observed that based on the membrane surface activity the droplet behaviour
changes from filtration with coalescence when the membrane is lipophilic to
emulsification with droplet break-up when the membrane is lipophobic.
Furthermore, the pressure drop is identified as a key factor for the dynamics of
the droplet process and the frame in which it occurs. These results highlight that the
membrane wettability is a determining factor for the emulsification or filtration
effectiveness of a membrane for various applications.
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1 Introduction

The role of membrane processes, from emulsification to filtration, has been of
increasing importance in a number of key industries including food, pharmaceutical
[1–4], and wastewater treatment [5], stretching as far as oil and gas [6,7]. Customer
demand for high product quality together with adherence to increasingly strict government
regulation has made studying these processes and their influencing parameters of utmost
significance. Understanding parameters such as the membrane porosity and pore size
distribution, along with the membrane surface wettability or charge, can help tailor
membranes for specific applications and optimize and improve these applications.

Advanced and detailed experimental in situ investigations based on, for instance, nuclear
magnetic resonance imaging have been employed to study liquid membrane processes in detail.
However, such studies reach certain limits in terms of resolvable pore sizes and time scales [8].
To assist in this effort and to provide deeper insight into liquid membrane processes, numerical
simulations of liquid filtration and emulsification using various numerical methods from phase
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field [9–11] to level set and volume of fluid (VoF) [12–14] as well as
lattice Boltzmann (LB) [15–17] have been utilized [18–20]. All these
studies have, in one way or another, through their specific approach,
tackled the subject of wettability in membrane processes. However, in
this context, typically idealized or simple pore geometries or membrane
processes, sibling to the direct membrane emulsification case, such as
cross flow emulsification/filtration [12], have been investigated.

In continuation of such approaches, in this work, we present a
high-resolution set of direct premix droplet emulsification
simulations for a realistic CT-scanned borosilicate glass porous
membrane structure (ROBU Glasfilter-Geraete GmbH). Thus, the
focus is on a novel study around the impact of varying contact angles
on the dispersion behavior of a single droplet in a complex
membrane structure under direct premix emulsification
conditions. The liquid retention rate (filtration) and the dispersed
phase coalescence and build-up at the membrane exit are illustrated
and discussed, derived from VoF simulations through custom
runtime computational routines. Moreover, a computational
strategy presented for the first time in this work is developed as
an OpenFOAM post-processing routine for obtaining the resulting
droplet size distribution (emulsification) from purely Eulerian VoF
simulations. This is carried out in contrast to previous works where
Lagrangian tracking has been used for similar tasks. The simulations
for this work are carried out based on the open-source software
package OpenFOAM and the VoF method [21].

2 Numerical methods

For modeling the liquid/liquid multiphase flow problem, the
OpenFOAM interFlow solver [21] is used. interFlow is an extension
of interFoam, the standard immiscible incompressible two-phase solver
in OpenFOAM, with the advanced geometric interface reconstruction
algorithm isoAdvector [22]. This alternative to the OpenFOAM default
MULES algorithm provides increased interface sharpness as well as
reduction in the evolvement of spurious currents allowing the simulation
of smaller velocities and cell sizes than otherwise achievable in the
OpenFOAM implementation of the VoF method [23–25].

The standard set of the transient incompressible isothermal
Navier–Stokes equations for two immiscible fluid phases is solved
based on the VoF method using the interFlow solver from
OpenFOAM, which calculates the multiphase flow problem with
distinct phase boundaries. In VoF, the two fluid phases are
represented by a local fractional alpha field in the simulation
with 0.0 representing the continuous and 1.0 the dispersed phase.
The fractional values represent the interface between the two phases
with the 0.5 threshold point commonly accepted as the location of
the actual sharp interface. For solving the pressure coupled set of
equations, the PIMPLE algorithm is used.

Before running the simulations, proper validation of the
utilized sub-models, the numerical solver parameters, and the
mesh resolution for droplet relevant applications is performed.
Therefore, the behavior of a Taylor droplet (dispersed phase
MCT oil) in a water matrix (continuous phase) in a 200 μm
diameter circular microcapillary (pore) for capillary numbers
(based on the continuous phase properties) in the range Cacont =
4·10−4–2·10−2 for inlet velocities of Uin = 9.6·10−3–0.48 m/s is
simulated. The mesh resolution, i.e., the cell edge length in this

validation case, was 2.9 μm, which is approximately half of the
resolution used for the membrane simulations. The capillary
diameter-to-cell size ratio, therefore, is 69, while the mean
pore to cell size ratio in the membrane simulations is 9.
Finally, the deformation of the front cap (by calculating the
cap deformation factor kr,f) is compared to experimental data, as
depicted in Figure 1 [26]. The simulation results for the cap
deformation match the published experimental data. We could,
therefore, conclude that the solver, and more specifically, the
geometric interface reconstruction algorithm, can be properly
used for droplet relevant process analysis in microcapillaries.

From benchmarking with various discretization and solving
schemes, the Crank–Nicolson time discretization scheme is finally
employed with a coefficient of 0.9, resulting in a 0.1 fractional Euler
discretization. The resulting set of linear equations is solved using the
conjugate gradient (CG) method with the velocity equation using
Preconditioned Bi-Conjugate Gradient Stabilized (PBiCGStab) with a
diagonal-based incomplete lower–upper (DILU) preconditioner and
pressure using a preconditioned conjugate gradient (PCG) with a
geometric agglomerated algebraic multigrid (GAMG) preconditioner
and a Gauss–Seidel smoother. The iterative error tolerance for the
residuals, i.e., the level at which the residual is small enough that the
solution can be considered sufficiently accurate, is set to rp = 10−7 for
pressure and ru = 10−6 for velocity.

As depicted in Figure 2, in order to generate a high-resolutionmesh
for the simulations, a series of steps are taken. First, a cube domain is
generated in [27], and then, the micro-computed tomography (μCT)
stereolithographic (STL) file is loaded in Blender and positioned as
depicted to overlap with the cube domain. Then, both parts are re-
exported as STL files in their new positions to be used within
OpenFOAM for the final mesh generation.

In OpenFOAM, the mesh generation is initialized by creating a
three-dimensional rectangular spatially discretized box engulfing

FIGURE 1
Front cap deformation of a Taylor droplet at different capillary
numbers and comparison with experimental data adapted from [26].

Frontiers in Physics frontiersin.org02

Kyrloglou et al. 10.3389/fphy.2024.1282122

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1282122


the whole simulation geometry called a blockMesh. Then, the
surfaceFeatureExtract procedure with a wide angle of 179° is run
on the two STL files to define the membrane surface in as detailed a
manner as possible for the meshing process. The simulation mesh
is finally generated via the snappyHexMesh algorithm with various
refinement levels to accommodate the droplet initial position and
provide a very high mesh resolution within the membrane
structure and toward the outlet where the droplet size
distribution is analyzed.

Given the complex membrane structure, a conventional mesh
independence study, as, for example, the grid convergence index
(GCI) [28], is not feasible as the geometrical representation of the
membrane may change with an alteration to the cell size and mesh
resolution leading to an alteration of the simulation domain.
Therefore, in this work, a mesh resolution study for liquid flow
through the membrane is performed around three characteristic
membrane parameters, namely, porosity ε, permeability κ, and
tortuosity τ, according to

ε � Vvoid

Vtotal
, κ � uinμcLm

ΔPm
, τ � Lt

Lm
,

where V is the volume, uin is the inlet velocity, μc is the continuous
phase dynamic viscosity, Lm is the membrane length, ΔPm is the
membrane pressure drop, and Lt is the tortuous length.

In the mesh independence study, with mesh 1 being the
coarsest and mesh 5 the finest, as presented in Table 1 and
Figure 3, one can observe that as the cell size becomes smaller,
the three characteristic membrane parameters (porosity,
tortuosity, and permeability) describing the membrane and
the flow within change. These parameters follow an
exponential trend, converging toward the value of the original
real membrane. The porosity becomes progressively larger as a
smaller cell size means that finer features can be resolved more
accurately and included in the simulated mesh. The tortuosity,
on the other hand, becomes progressively smaller since the
higher mesh resolution leads to more paths in the membrane
structure being available for the flow to use. As such, the
permeability also progressively increases since a higher
porosity and more flow paths result in a lower pressure drop
inside the membrane.

According to these results and considering numerical
limitations, such as the minimum cell size, to prevent the
development of artifacts (such as spurious currents), as a
compromise, mesh 4, is chosen for this work. This result
coincides with an average cell size that also has previously been
taken for emulsification simulations in the same membrane
structure [29]. The final numerical grid consists of approximately
3·107 cells with a nominal cell edge length of ~8 μm.

FIGURE 2
Illustrative representation of the mesh generation process for the fluid domain from a μCT-generated STL file to OpenFOAM rendered in [27].

TABLE 1 Mesh study for the liquid flow through the membrane system based on porosity, permeability, and tortuosity.

Mesh no. Cell count Cell size (μm) Porosity (%) Permeability (m2) Tortuosity

Mesh 1 3.42·106 16.12 18.55 1.01·10−13 1.80

Mesh 2 8.23·106 11.80 26.44 2.19·10−12 1.37

Mesh 3 1.62·107 9.48 29.48 3.97·10−12 1.33

Mesh 4 2.81·107 7.80 30.91 4.86·10−12 1.30

Mesh 5 3.81·107 4.72 32.37 5.46·10−12 1.27
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A set of standard boundary conditions has been employed, as
depicted in Figure 4. An inlet velocity condition (U = 0.05–0.20 m/
s) is applied to create a pressure drop and push the droplet through
the membrane structure. To suppress the development of spurious
currents during start-up, the same velocity is set as the initial
condition over the whole simulation domain. A zero-pressure (p =
0 Pa) outlet is specified to ensure simulation convergence and allow
for the development of an unhindered pressure drop through the
system. On the walls of the whole domain, the no-slip (U = 0 m/s)
condition is applied for the velocity and a fixed flux condition for
the pressure, where the latter means that the pressure gradient is set
such that the flux on the boundary is that specified by the velocity
boundary condition. As the velocity boundary condition is set to
no slip at the wall, this pressure condition ensures the dispersed
phase volume conservation by preventing parasitic currents from
sharp-angle cells within the complex structure. Furthermore, in the

parameter variation, the static contact angle boundary condition
has been varied from 0° to 180° in steps of 30° to study the flow in
the membrane structure with different surface activities. This
contact angle is defined from the oil toward the water. As such,
0° refers to an oleophilic/hydrophobic system while 180° to an
oleophobic/hydrophilic system.

One main target of the investigation is the analysis of the
impact of the static contact angle (material related, not flow
dependent) on the droplet behavior in membrane pores. The use
of the static instead of a dynamic contact angle means to
explicitly investigate the droplet dispersion under constant
conditions at the walls without dynamic flow conditions that
would be different from one part of the wall to another.
Furthermore, dynamic contact angle models such as the
Kistler model vary the contact angle based on the local
simulated slip or near-wall velocity at the wall region. As such

FIGURE 3
Mesh study on porosity, permeability, and tortuosity plotted for
the individual meshes with trendlines indicating refinement
convergence.

FIGURE 4
Simulation geometry dimensions and OpenFOAM boundary conditions used in the simulations, all other conditions are set to zero gradient. The
dimensionless lengths shown are normalized based on the mean pore size (dp).

TABLE 2 Physical properties of the simulation system.

Property MCT oil Water

Kinematic viscosity (ν—m2 s−1) 2·10–5 1·10−6

Density (ρ—kg m−3) 945 1,000

Surface tension (σ—N m−1) 0.024

Static contact angle (o) 0–180

Initial drop diameter dd (μm) 500

Pore diameter dp (μm) 40–100 (avg. 70)

Inlet velocity uin (m s−1) 0.10

TABLE 3 Dimensionless and characteristic quantities of the simulation
system.

Description Identifier Value

Average pore size (μm) dp 70

Average pore velocity (m s−1) up 0.43

Pore Reynolds number Rep 1.52

Pore capillary number Cap 0.34

Inlet chamber Reynolds number Rec 150
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FIGURE 5
(A) Illustrative representation of the oil retention phenomena (inner and outer) and droplet dispersion in amembrane structure, with a representation
of the retention analysis volume sub-domains, I) including the membrane structure to account for inner retention, II) including a 25% buffer zone at the
outlet to account for outer retention, and III) including the dispersed droplet zone. (B) Percentage of liquid oil droplet retention at an inlet velocity of
0.10 m/s (Rep = 1.52) for a membrane with static contact angles of I) 0°, II) 30°, III) 60°, IV) 90°, V) 120°, VI) 150°, and VII) 180°. Dimensionless time
computed as t · Uin/dd.
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with the high velocities developing within the membrane pores in
our simulations, a dynamic contact angle model would most
likely lead to a very large effective contact angle close to 180° in all
simulations. An oil and water system with Newtonian laminar
behavior is simulated, with oil [medium-chain triglycerides
(MCTs)] being the dispersed and water the continuous
phase. Table 2 lists the physical properties for both
substances. The porous membrane system is simulated without

gravity (buoyancy) effects. Table 3 contains the relevant
dimensionless and characteristic quantities of the system as
Reynolds number Re and capillary number Ca calculated
using the following equations (see nomenclature for symbol
descriptions). Length scales are made dimensionless in terms
of �x � x/dp.

Rep � ρdupdp

μd
, Cap � μdup

σ
, Rec � ρcuindh

μc
, where dh � 4Ac

Pw
.

FIGURE 6
Simulation snapshots illustrating the droplet dispersion behavior for amembranewith a static contact angle of (A) 30° (taken at 0.6 s), (B) 90° (taken at
0.2 s), and (C) 150° (taken at 0.04 s).
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3 Results and discussion

This section describes the post-processing routines that are
developed in the OpenFOAM environment and the simulation
results obtained based on these routines. All evaluation routines
detailed below can be found on GitHub at: https://github.com/
Leibniz-IWT/IWT-FunctionObjects [30].

3.1 OpenFOAM post-processing routine
development

To evaluate the retention and residence time of the dispersed oil
phase in the membrane structure, a post-processing routine for
OpenFOAM is developed. This routine had to be performant and
parallelizable to calculate and output specific information and points
during the simulation at a much higher rate than the regular full field
output interval.

In the OpenFOAM context, the routine requires four input
arguments, namely, the dispersed phase field name, the axis to
evaluate positions toward, the start cut-off value (min), and the end
cut-off value (max), between which the volume is calculated. Finally,
the routine loops over all cells, and for all cells whose coordinate in
the specified axis is between the two cut-off values, it sums up the
product of the cell volume with the cell alpha fractional value, thus
obtaining the volume of the dispersed phase in that cell. In
mathematical terms,

V � ∑cells
min≤x ∧ y ∧ z≤max

Vcell × alphacell.

A further post-processing routine for OpenFOAM to compute
the average velocity inside the porous structure is developed. As with
the volume calculation, this routine requires four input arguments,
namely, the velocity field name, the axis to evaluate positions
toward, the start cut-off value (min), and the end cut-off value
(max), between which the velocities of all cells are to be averaged
as follows:

�u � ∑cells
min≤x ∧ y ∧ z≤max

ucell
⎛⎝ ⎞⎠/Ncells.

For calculating the droplet size distribution, a clustering
algorithm approach is used. Since this is a highly performance-
limiting method and not easily parallelizable, it is written to use the
regular full field output timesteps and apply an averaging approach
to obtain the final droplet size distribution from them. The routine
requires four input arguments, namely, the average cell size, the
dispersed phase field name, a threshold to start a new cluster, a
tolerance to accept cells as containing dispersed phase, and
optionally, a cut-off value and axis to exclude part of the domain

TABLE 4 Characteristic values of the emulsion droplet size distributions for the varying contact angles and pore Reynolds numbers (Rep).

Complete dataset Log-normal fit

Contact angle (°) Mean (μm) Median (μm) Mean (μm) Median (μm) Variance (μm)

90° 32.06 35.72 38.16 36.70 118.67

120° 41.19 42.65 44.55 42.26 221.71

150° 43.13 41.68 41.93 40.06 168.58

180° 41.04 43.16 45.05 42.98 200.20

Rep (−)

0.75 52.95 50.20 52.54 49.23 383.83

1.52 43.13 41.68 41.93 40.06 168.58

2.30 42.36 43.10 44.73 41.67 303.97

3.09 41.05 40.03 41.11 38.96 192.18

FIGURE 7
Graphical representation of the characteristic droplet size
distributions from Table 4 for varying membrane contact angles at an
inlet velocity of 0.10 m/s (Rep = 1.52).
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from the calculation to only detect released droplets from the
membrane and not dispersed volumes still inside it.

To extract the droplet volumes from the VoF domain and to
achieve reasonable computational performance, the developed
routine operates in several steps. First, the whole computational
domain is scanned, and the cells with an alpha fractional value
higher than the set tolerance are selected as containing dispersed
phase. The tolerance was set to α = 0.01 (1% dispersed phase) for this
work. This reduces the total number of cells the clustering algorithm
must operate on significantly improving its speed. The next step
involves finding a cell within this reduced dataset with an alpha
fractional value higher or equal to the new cluster threshold set to
α = 1.00 (100% dispersed phase). From then on, an iterative
algorithm searches for all cells within this reduced dataset that
are a certain distance and closer to that first selected cell. This
distance is set to the average cell edge length increased by a buffer of
5%. This process is repeated until no more cells can be added to the
cluster. The now-selected cluster cells comprising the droplet are
removed from the dataset, and the process is repeated until all
remaining cells have been assigned to droplets. The last step of the
routine is to compute the volume of each droplet by summing up the

volume of each cell multiplied by the alpha fractional value of that
cell. The equivalent droplet diameter is computed assuming that the
dispersed volumes released from the membrane form
spherical droplets.

Since this approach provides a droplet size distribution of a
snapshot of the system at a specific timestep, a sum over multiple
such snapshots from different timesteps is required. Dividing each
histogram bin by the total number of all droplets measured leads to a
percentile-based droplet size distribution with only random
numerical noise as the droplets flow through the domain and
might be detected in more than one snapshot.

3.2 Simulation results and discussion

In order to evaluate the membrane liquid retention and
coalescence rates and the droplet residence time, a multi-step
approach is employed. Two sub-domains using the
aforementioned post-processing routine to calculate the dispersed
phase volume, as depicted in Figure 5A, are used. The first sub-
domain is just for the membrane structure, while the second

FIGURE 8
Emulsion droplet size distribution for membranes at an inlet velocity of 0.10 m/s (Rep = 1.52) with contact angles of (A) 90°, (B) 120°, (C) 150°, and
(D) 180°.
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includes the membrane structure with an additional 25% buffer zone
at the membrane exit. The buffer zone size was determined in the
post-processing stage to be large enough to include all coalesced
droplets still connected to the membrane while as small as possible
to not include a lot of dispersed droplets flowing out of the
membrane. Combining the data from these sub-domains allows
for the determination of the properties presented in Figure 5B. In
addition and to more clearly visualize these properties, the actual 3D
simulation results for three characteristic contact angles are depicted
in Figure 6.

Starting with the 0–90-degree (hydrophobic/oleophilic) cases,
where no or very few droplets are released from the membrane,
the retention rate is almost 100% across the board and the
residence time infinite since the droplet gets trapped within
the membrane.

In Figures 5I–IV, it can be observed that the coalescence/build-
up rate at the membrane exit shows overall an exponential increase
until it flattens out at approximately 50% of the droplet volume for
the first three cases while that increases to 75% of the droplet
volume for the 90° contact angle case. This indicates that for

contact angles below 60°, approximately half the droplet
remains trapped inside the membrane structure while the other
half remains at the membrane exit surface. For contact angles close
to 90°, a much bigger portion of the droplet manages to flow
through the membrane structure only to remain trapped at the
membrane exit surface. On the other hand, looking at the cases in
Figures 5V–VII with contact angles of 120°–180° (hydrophilic/
oleophobic), a retention rate of less than 15% for the first and
almost 0% for the last two is observed, meaning that almost all the
initial oil volume is released as droplets. Furthermore, the
residence time, i.e., the time it takes from the initial droplet
entry to reach a constant retention volume in the membrane
system, is lower with increasing contact angle, indicating that
the more the dispersed phase dislikes the membrane, the faster it
flows through it. In these cases, some coalescence at the membrane
exit is observed, especially for the 120-degree case, but not in as
significant a degree as observed for the previous lower contact
angle cases.

These results indicate that the more lipophilic the system is
toward the dispersed oil phase, the slower it flows through it and

TABLE 5 Dimensionless and characteristic quantities of the velocity-varied simulation system.

Inlet velocity (m/s) up (m/s) Rep (−) Cap (−) ΔPm (bar)

0.05 0.21 0.75 0.17 0.13

0.10 0.43 1.52 0.34 0.31

0.15 0.66 2.30 0.52 0.55

0.20 0.88 3.09 0.70 0.84

FIGURE 9
Percentage of liquid oil droplet retention for a membrane with a static contact angle of 150° at varying pore Reynolds numbers. (A) 0.75, (B) 1.52, (C)
2.30, and (D) 3.09. Dimensionless time is computed as t · Uin/dd.
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coalesces at the membrane exit, preferring to stay inside the
membrane structure. With an increase in the contact angle, this
rate increases significantly though again reaching an equilibrium
state, as indicated by the observed exponential form. In the
system where droplet release occurred (120°–180°), a much
sharper entry and exit of the droplet can be observed with
minimal retention.

No droplets are released from the membrane at a contact angle
below 90°. To obtain the distribution relevant values presented in
Table 4 (top section) and visualized in Figure 7, a log-normal fit
through the data is performed. In Figure 8, the droplet size
distributions obtained from the simulations can be seen.
Starting at Figure 8A (contact angle 90°), a much narrower
droplet size distribution compared to the more hydrophilic
contact angles is obtained. Multiple peaks between 30 and
40 μm can been seen totaling more than 55% of the droplets
produced while no droplets larger than 70 μm are produced.
Figures 8B–D illustrate much broader distributions for the
larger-contact angle cases. In all three of these cases, the main
peaks are found at 25–55 μm with a portion of more than B) 70%,
C) 60%, and D) 70% of the produced droplets, respectively,
within them.

By increasing the hydrophilicity of the membrane, larger
droplets start to be produced, while when reaching the limit of
superhydrophilicity at 180°, the distribution moves again back to a
slightly narrower form. In more specific terms, the largest droplet
exiting the membrane is 230 μm in diameter for a contact angle of
120°, 235 μm for a contact angle of 150°, and only 165 μm for a
contact angle of 180°. The highest spread in sizes could be observed
in the 150° membrane case, while the more consistent production of
sizes can be observed at 180° with fewer but higher peaks for the
larger droplet sizes.

These results provide an insight into the emulsification process
indicating that to obtain a product emulsion at constant and
relatively low-pressure conditions, the membrane wettability
should be -philic to the continuous phase and -phobic to the
dispersed phase, in terms of this work hydrophilic/oleophobic for
an oil/water system.

The volumetric continuous phase flow rate, respectively the water
inlet velocity of the simulation, has been varied while keeping the
membrane contact angle constant at 150°, resulting in an alteration of
the pressure drop through the membrane structure. Applying the same
droplet volume retention analysis as before, we obtained relevant
information on the dynamics of the emulsification process. As
depicted in Figure 9, with an increase in the pore Reynolds number,
the retention curve shifts to the left toward shorter time intervals for the
process to be completed. The maximum height of the curves, on the
other hand, changes slightly based on the pore Reynolds number. At the
lower end for a pore Reynolds number of 0.75, it is observed that the
droplet slowly enters the membrane structure, and at any time,
approximately 25% of the dispersed droplet is inside the membrane
until the emulsification process finishes. We also observe a slightly
higher final retention than in the other three cases. At higher pore
Reynolds numbers, the dispersed phase stays for shorter times inside the
membrane. Approximately 50% of the dispersed phase is inside the
membrane at the curve peak during this shorter period.

Table 5 contains the values illustrated in Figure 10, showing a
power law relationship between the pore Reynolds number (i.e., the
velocity) and the pressure drop through the membrane structure as
has also been observed in other membrane studies [31–33].

Using the same log-normal fit, the second half of the data in
Table 4 are obtained and visualized in Figure 11. In conjunction with
Figure 7, Figure 11 shows that the mean and median values from the
complete simulation data as well as those of the performed log-

FIGURE 10
Pressure drop through themembrane structure for the simulated
pore Reynolds numbers at a static contact angle of 150°.

FIGURE 11
Graphical representation of the characteristic droplet size
distributions from Table 4 for varying pore Reynolds numbers at a
static contact angle of 150°.
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normal fit follow similar trends with the droplet size distribution
shifting to higher values as the contact angle increases and lower
values as the pore Reynolds number increases. From the relative
steepness of the data, it can be deduced that the pore Reynolds
number has a much more direct impact on the droplet size than the
contact angle.

The droplet size distribution analysis in Figure 12 for these
simulations is carried out with the same log-normal fit procedure,
showing that as the inlet velocity increases, the average droplet
obtained becomes increasingly smaller starting at approximately
45 μm down to approximately 36 μm. On the other hand, the
standard deviations of these distributions show no clear trend,
leading to the conclusion that inducing a higher pressure drop in
the premix emulsification process has no direct impact on the
broadness of the distribution for the Reynolds number
range studied.

4 Conclusion

A set of droplet emulsification simulations in a porous
membrane of varying surface activities are presented and
evaluated. Through these simulations, by varying the system

static contact angle, several key observations for tailoring the
dispersion process can be made. The simulations show, in
accordance to existing published data, that the membrane
wettability is a key factor for determining the type of process as
emulsification or filtration [9].

At small contact angles (0°–90°), the membranes have a high
affinity for liquid/liquid filtration with liquid retention in the
membrane, while at contact angles (90°–180°), the membrane
shows a higher affinity for emulsification. Moreover, at low
contact angles, the build-up and coalescence at the membrane
exit show an approximately 50/50% droplet retainment ratio
outside and inside the membrane structure, while at higher
contact angles, it evolves to a 75/25% ratio for filtration before
breaking pattern when the membrane behavior switches to droplet
production and emulsification.

Higher contact angles result in broader distributions of the
droplet size as well as droplets of larger sizes, and this pattern
breaks once superhydrophilicity is reached, where the droplet
size distribution becomes narrower with the maximum droplet
size decreasing from a contact angle of 150° to 180°. On the
other hand, higher inlet velocities and as such membrane
pressure drops also do impact the emulsion droplet size and
the width of the produced droplet size distributions, with the

FIGURE 12
Droplet size distributions for membranes with a contact angle of 150° at varying pore Reynolds numbers: (A) 0.75, (B) 1.52, (C) 2.30, and (D) 3.09.
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highest values resulting in the narrowest and smallest droplets
and vice versa.

It is important to note the limitations of this study with regard to
the distinct static contact angles used. In this work, we conducted
simulations for contact angles ranging from 0° to 180°, covering the
whole hydrophilicity/hydrophobicity spectrum. We performed so in
30° intervals, which is a good indicator of the system behavior at
various states. However, details about the limit of the filtration/
emulsification process switch point at 90° require further
simulations. Here, simulations with a dynamic contact angle model
may provide valuable insights into the emulsification and filtration
processes. The mesh resolution used is sufficient for VoF simulation
standards and describes the real membrane structure with adequate
accuracy. However, as can be seen from the mesh independence study,
some resolution is still lost in comparison to the real system. Through
this analysis, valuable insights into the liquid membrane emulsification
and filtration processes could be obtained, highlighting the central role
of the membrane wettability in the prospect of helping to tailor the
membrane properties for specific processes.
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Nomenclature

Symbol Definition

kc,f Taylor droplet cap deformation factor

af Taylor droplet cap length

bf Taylor droplet cap width

rp Pressure equation solver residual

ru Velocity equation solver residual

ε Porosity

Vvoid Void volume

Vtotal Total volume

κ Permeability

uin Simulation inlet velocity

μc Continuous phase dynamic viscosity

Lm Membrane thickness

ΔP Membrane pressure drop

τ Tortuosity

Lt Streamline path length

dd Droplet diameter

dp Pore average diameter

dh Rectangular duct hydraulic diameter

Ac Rectangular duct cross sectional area

Pw Rectangular duct wetted perimeter

Rep Pore Reynolds number

Rec Inlet chamber Reynolds number

ρd Droplet density

up Pore average velocity

μd Droplet dynamic viscosity

Cap Pore capillary number

σ Surface tension

Vcell Simulation cell volume

αcell Simulation cell alpha value

ucell Simulation cell velocity

Ncells Total number of relevant cells

θ Membrane static contact angle
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