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h i g h l i g h t s

� The permeation of O/W emulsion through a coalescing filter was numerically studied.
� A simulation model was developed based on the free-energy lattice Boltzmann method.
� The effects of filter properties on the coalescing behaviors were investigated.
� Our simulations demonstrated the effectiveness of the bilayer structure of filters.
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a b s t r a c t

The permeation of an oil-in-water (O/W) emulsion through a coalescing filter was numerically studied
using the lattice Boltzmann method (LBM). A numerical simulation model for the coalescing phenomena
was developed based on the free-energy LBM. We investigated the effects of the wettability of fibers, fil-
ter porosity, and fiber diameter on the coalescing behaviors by performing two-dimensional permeation
simulations for the O/W emulsions through modeled fibrous filters. We mainly focused on hydrophilic
filters because they did not generate small secondary droplets during oil droplet detachment from the
filter, and this is preferred for precise separation of oil and water. Our simulations demonstrated that fil-
ters with larger pore spacings enable formation of larger droplets but allowmore droplets to pass without
coalescing. To solve this problem, we designed bi-layered filters composed of a small-pore filter to accu-
rately catch the droplets and a large-pore filter to enlarge the droplets; we demonstrated the effective-
ness of the bilayer structure for membrane coalescence.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid wastes consisting of oil-water mixtures are generated in
various industrial processes, such as the petrochemical industry,
food industry, and shale gas and oil industries (Khatib and
Verbeek, 2003; Shaffer et al., 2013; Vidic et al., 2013). These mix-
tures often take the form of an emulsion, in which droplets of
one liquid are finely dispersed in another liquid, and it is generally
difficult to separate the dispersed liquid from the continuous liq-
uid. Among numerous oil-water separation techniques, membrane
coalescence (Agarwal et al., 2013; Hlavacek, 1995; Kocherginsky
et al., 2003; Kukizaki and Goto, 2008) is an energy-efficient, cost-

effective, and small-footprint separation technique that is applica-
ble to emulsions. In normal membrane separation processes
(Choong et al., 2015), because membranes having larger contact
angle for the droplet and smaller size of pores are used, dispersed
droplets cannot enter the membrane pore. Thus, the droplets are
rejected by the membrane surface, and only the solvent permeates
the membrane. On the other hand, in the coalescence process (the
target in this study), both dispersed and continuous liquids perme-
ate a membrane filter. During the separation of an oil-in-water
(O/W) emulsion, the oil droplets coalesce with each other as they
pass through the membrane filter. When the oil droplets that have
passed through the membrane are large enough, they can be easily
separated from the water phase based on the different densities of
the two liquids.

Understanding the coalescing dynamics of droplets that pass
through the filter is essential to design and prepare a coalescing

https://doi.org/10.1016/j.ces.2017.11.027
0009-2509/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: matuyama@kobe-u.ac.jp (H. Matsuyama).

Chemical Engineering Science 177 (2018) 210–217

Contents lists available at ScienceDirect

Chemical Engineering Science

journal homepage: www.elsevier .com/ locate /ces

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2017.11.027&domain=pdf
https://doi.org/10.1016/j.ces.2017.11.027
mailto:matuyama@kobe-u.ac.jp
https://doi.org/10.1016/j.ces.2017.11.027
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces


filter with a high performance. One approach to directly explore
the coalescing dynamics is in situ observations of the permeation
process using an optical microscope (Akamatsu et al., 2015;
Kawakatsu et al., 1999). Although this experimental approach
has successfully clarified the effects of porous media and process-
ing factors on the coalescence, the observable situations and condi-
tions are limited by realizable experimental setups such as the
performance of optical microscope and processing accuracy to pre-
pare the microfluidic systems.

Numerical simulation is another approach that can solve this
difficulty and provide a deeper understanding of the coalescing
dynamics. When designing an appropriate simulation model for
the target system, we can consider a wide range of situations
and conditions, and quantitatively and visually evaluate the coa-
lescing phenomena. In our previous studies, we constructed simu-
lation models based on a direct numerical simulation, where the
numerical methods describing the two-phase flow were the cou-
pled level set and volume-of-fluid (CLSVOF) method (Sussman
and Puckett, 2000; Yokoi et al., 2009) and phase-field method
(Anderson et al., 1998; Jacqmin, 1999). We performed coalescing
simulations of droplets passing through a single membrane pore
(straight-type pore (Kagawa et al., 2014; Mino et al., 2016a) and
fibrous filter-type pore (Mino et al., 2016b)). The oil droplets cap-
tured by the fibers coalesced with other droplets to grow larger.
When the droplets blocked the flow path, they were forced away
immediately, yielding relatively small droplets. However, droplet
pore blockage seriously affects the droplet dynamics in a single-
pore system. Consequently, the coalescing behavior of O/W emul-
sions in a multi-pore system requires further investigation using a
larger computational area.

Here, we develop a new simulation model for the coalescence of
O/W emulsions based on the lattice Boltzmann method (LBM)
(Chen and Doolen, 1998; Succi, 2001). The LBM is a computational
fluid dynamics technique and is applied to calculations of viscous
fluid flows in the Cartesian grid without solving the Poisson equa-
tion for the pressure field. Because of its simple formulation, the
LBM calculation can be straightforwardly implemented on parallel
computer architectures, allowing us to consider membrane coales-
cence for a multi-pore system. Among the three major models for
two-phase flow calculations (color-fluid LBM (Grunau et al., 1993;
Gunstensen et al., 1991), interparticle-potential LBM (Shan and
Chen, 1993, 1994), and free-energy LBM (Swift et al., 1995,
1996)), we employ the free-energy LBM. The free-energy LBM
can naturally describe the complicated motions of liquid-liquid
interfaces induced by droplet coalescence and wetting of a droplet
on a solid surface based on the thermodynamic theory. Recently,
the free-energy based LBM was developed significantly (Antonini
et al., 2016; Mazloomi et al., 2015a, 2015b, 2016, 2017;
Semprebon et al., 2016). In this study, we use the free-energy
LBM that was developed by Inamuro et al. (2003) because it is sim-
ple and easily applied to the wetting phenomena of droplets on a
solid surface of complicated geometry.

The objective of this study is to conduct two-dimensional (2D)
simulations of permeation of O/W emulsions through a modeled
fibrous filter and to investigate the effects of fundamental factors
involved in the fibrous filter design, i.e. fiber wettability, fiber
diameter, and fiber filling fraction, on the coalescing behaviors.
Based on the simulation results, we propose a bi-layered structure
as a more optimal configuration for a coalescing filter. Generally, it
is difficult to evaluate the real effects of porosity and tortuosity of
porous media and also interfacial tension of droplets in the 2D
systems. However, the simulation model with 2D geometry
enables to explain the coalescing behavior well qualitatively and
theoretically. For more detailed evaluations of the factors, three-
dimensional calculations are preferred.

2. Numerical method

2.1. Free-energy lattice Boltzmann method

We used the free-energy LBM that was developed by Inamuro
et al. (2003) to describe the two-phase flows with the same den-
sity. The non-dimensional variables used in this section are defined
by a characteristic length, L, flow speed, U, particle speed, c, time
scale (the diffusive time scale), t0 = L/U, and reference density, q0.
A 2D lattice with nine velocity vectors (D2Q9) model was used in
this study. The D2Q9 model has the velocity vectors ci = (0, 0),
(0, ±1), (±1, 0), (±1, ±1) for i = 1, 2, . . ., 9.

The two-phase LBM by Inamuro et al. (2003) uses two particle
velocity distribution functions, fi and gi. The function fi is used to
calculate an order parameter, /, which distinguishes the two
phases, and the function gi is used to calculate the velocity, u,
and the pressure, p, of the two-phase fluid. The two phases (phases
I and II) are defined as the regions of / = /I and / = /II, whereas the
intermediate region, /I < / < /II, represents the diffusive interface
between the two phases. The evolutions of the particle distribution
functions, fi(x, t) and gi(x, t), with velocity ci at point x and time
t are computed by the following equations:

f iðxþ ciDx; t þ DtÞ � f iðx; tÞ ¼ � 1
sf

f iðx; tÞ � f eqi ðx; tÞ� � ð1Þ

giðxþ ciDx; t þ DtÞ � giðx; tÞ ¼ � 1
sg

giðx; tÞ � geq
i ðx; tÞ� � ð2Þ

where f eqi and geq
i are equilibrium distribution functions, sf and sg

are dimensionless single relaxation times, Dx is the spacing of the
square lattice, and Dt is the time step during which the particles
travel the lattice spacing. The effect of gravity was neglected for
simplicity.

The order parameter, /, distinguishing the two phases, the flow
velocity, u, and the pressure, p, are calculated as

/ðx; tÞ ¼
X9
i¼1

f iðx; tÞ ð3Þ

uðx; tÞ ¼
X9
i¼1

cigiðx; tÞ ð4Þ

pðx; tÞ ¼ 1
3

X9
i¼1

giðx; tÞ ð5Þ

The two equilibrium distribution functions are described as

f eqi ¼ Hi/þ Fi p0 � jf/r2/� jf

6
jr/j2

h i
þ 3Ei/ciaua þ Eijf G

/
abciacib

ð6Þ

geq
i ¼ Ei 3pþ 3ciaua � 3

2
uaua þ 9

2
ciacibuaub

� �
þ EijgG

/
abciacib ð7Þ

The appropriate coefficients are given as follows:

E1 ¼ 4=9; E2 ¼ � � � ¼ E5 ¼ 1=9; E6 ¼ � � � ¼ E9 ¼ 1=36;
H1 ¼ 1; H2 ¼ H3 ¼ � � � ¼ H9 ¼ 0;

F1 ¼ �5=3; Fi ¼ 3Ei ði ¼ 2;3; . . . ;9Þ
ð8Þ

G/
ab ¼

9
2

@/
@xa

@/
@xb

� 9
4

@/
@xc

@/
@xc

dab ð9Þ

with a, b, c = x, y, z, respectively (subscripts a, b, and c represent the
Cartesian coordinates, and the summation convention is used). In
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