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� A 3D numerical model is built for
studying the mobility of trapped
droplets.

� Three mobility modes are identified
covering a wide range of flow
conditions.

� A pore-scale capillary number is
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Droplet mobility is essential in a wide range of engineering applications, e.g., fog collection and self-
cleaning surfaces. For structured surfaces to achieve superhydrophobicity, the removal of stains adhered
within the microscale surface features strongly determines the functional performance and durability. In
this study, we numerically investigate the mobility of the droplet trapped within porous surfaces.
Through simulations covering a wide range of flow conditions and porous geometries, three droplet
mobility modes are identified, i.e., the stick–slip, crossover, and slugging modes. To quantitatively char-
acterise the droplet dynamics, we propose a droplet-scale capillary number that considers the driving
force and capillary resistance. By comparing against the simulation results, the proposed dimensionless
number presents a strong correlation with the leftover volume. The dominating mechanisms revealed in
this study provide a basis for further research on enhancing surface cleaning and optimising design of
anti-fouling surfaces.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding droplet deformation, spreading, pinning, split-
ting, etc., is fundamental to engineering processes, e.g., water man-
agement in fuel cells (Mukherjee et al., 2009; Bazylak et al., 2008);
enhanced oil recovery (Wang, 2021), and surface cleaning and
coating (Thoreau et al., 2006; Christodoulou et al., 2018). The pri-
mary setting of shear flow passing a droplet adhering to a solid
wall has been extensively investigated through experiments and
numerical simulations. Before the onset of motion on a smooth
wall, the resting droplet deforms under the shear flow until it
reaches a critical stage with the increasing shear rate. Numerical

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2022.118134&domain=pdf
https://doi.org/10.1016/j.ces.2022.118134
mailto:yup6@sustech.edu.cn
mailto:yixiang.gan@sydney.edu.au
https://doi.org/10.1016/j.ces.2022.118134
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces


S. Suo, H. Zhao, S. Bagheri et al. Chemical Engineering Science 264 (2022) 118134
studies indicated that the steady-state droplet shape is a conse-
quence of the competition among viscous, capillary, and inertial
effects (Dimitrakopoulos and Higdon, 1998; Dimitrakopoulos,
2007). The critical conditions can be characterized by capillary
number (Ca) and Weber number (We), as a function of Reynolds
number (Re) and contact angle hysteresis. Specifically, in the
creeping-flow regime (Re�1), only the shear stress needs to be
balanced by the capillary force corresponding to a constant critical
Ca and linearly increased We with Re (Dimitrakopoulos and
Higdon, 1998; Dimitrakopoulos and Higdon, 1997); while with
Re increasing to a moderate value (Re greater than 1), the inertial
effect should be considered and thus the corresponding critical
We nonlinearly increases and eventually approaches to a constant
value (Ding and Spelt, 2008; Spelt, 2006). Similar conclusions were
also reported from the theoretical analysis (Dussan, 1987) and
experimental observations (Thoreau et al., 2006; Seevaratnam
et al., 2010). Once a droplet is initiated to move, a variety of motion
patterns are observed depending on the various combinations of
fluid and surface properties. It was experimentally revealed that
with increasing droplet viscosity and surface wettability, the dro-
plet tends to be slugging, i.e., from moving as a whole to sliding
with a trailing tail behind the droplet (Fan et al., 2011). As a conse-
quence of larger droplet volume, it is possible to observe that the
droplet may be lifted off the surface following the deformation
and sliding (Seevaratnam et al., 2010; Madani and Amirfazli,
2014), i.e., droplet pinch-off and detachment. External factors,
e.g., surfactants (Liu et al., 2020) or electricity fields (Raman
et al., 2020), may also influence droplet behaviors.

As already mentioned, droplet processes are relevant in many
engineering fields, like water management in fuel cells
(Theodorakakos et al., 2006; Kumbur et al., 2006) which plays an
essential role in their performance and long-term maintenance.
During the fuel cell operation, the water produced from electro-
chemical reactions is transported and accumulated on the gas dif-
fusion layers (GDLs) forming distinct droplets. The liquid removal
mainly depends on the droplet movement driven by the air stream.
This flow process has been studied widely (Niblett, 2020; Jeon and
Kim, 2015; Xu et al., 2017), especially regarding the impact of sur-
face roughness on the wetting and detachment of the droplets
adhered to GDLs. Specifically, the roughness can alter the apparent
surface wettability, i.e., the rougher the surface is, the more likely
that the droplet touches GDLs in the Cassie mode (only the top is
wetted) rather than theWenzel mode (the porous zone is also wet-
ted) and therefore promoting detachment (Bao and Gan, 2020);
additionally, the roughness may affect the moving trail of a droplet
resulting in a deviation from the channel center and touching the
channel walls (Hou et al., 2020). On the other hand, the microstruc-
ture of GDLs can be artificially designed to assist the droplet
motion (Chen et al., 2013).
Fig. 1. Trapped liquid stain within the artificial surfaces, marked by black dash circle
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Understanding how surface roughness and porosity impact dro-
plet mobility not only contributes to optimizing the design of fuel
cells but is also relevant for enhanced oil recovery at a much larger
scale. Traditionally, oil recovery depends on the flooding displace-
ment from fractured reservoirs (Akai et al., 2019; Nilsson et al.,
2013; Yun et al., 2020). However, interfacial instabilities, such as
viscous or capillary fingering, can result in undesired oil entrap-
ping within pore space (Pak et al., 2015; Li et al., 2017). Further col-
lecting the trapped oil phase is key to improving the recovery
efficiency. Thus, gaining further knowledge of ganglia motion
within flow paths containing complex surfaces is necessary.

In recent decades, a variety of artificial textured surfaces have
been proposed for anti-icing (Hou, 2020), self-cleaning (Dalawai,
2020), superhydrophobicity (Dong et al., 2021; Yu et al., 2020),
etc. Current research on droplet mobility mainly focuses on two
aspects; droplet impact on solid surfaces and its post-impact
effects including splashing, spreading, bouncing, sticking, gas trap-
ping, etc. (Yada et al., 2021; Yarin, 2006); and spontaneous or pro-
grammable liquid movement along designed pathways (Sun et al.,
2008; Lu et al., 2020), even anti-gravity climbing (Grounds et al.,
2012; De Jong et al., 2019). To advance the field of artificial surfaces
in engineering practice, we still need comprehensive knowledge
regarding the droplet-surface wetting processes. Especially, when
the functional surfaces are exposed to complex environments, such
as varying temperature and humidity, liquid may be trapped
within surficial microstructures, as shown in Fig. 1, which could
impede the surface functionality. Therefore, understanding the
dynamics of trapped liquid is especially important to liquid-
repellant surfaces and the long-term maintenance of functional
surfaces. Regarding droplet-porous matrix interactions, the focus
of current research efforts is within the regimes of high mobility,
e.g., bubbles flowing through saturated granular beds (Zinchenko
and Davis, 2006; Zinchenko and Davis, 2017), high speed, e.g., dro-
plet impacting on or through porous media (Wang et al., 2020; Liu
et al., 2018; Tan, 2016), or quasi-static state, e.g., droplet settling
on the porous surfaces (Suo et al., 2020; Markicevic et al., 2009;
Suo and Gan, 2020). However, to the authors’ knowledge, there
are few studies directly related to the mobility of droplet trapped
within porous surfaces.

To address this need, we investigate the process of a droplet
trapped in the porous surface being displaced through 3D pore-
scale simulations. We focus on droplets whose characteristic
length is smaller than the surface feature size, and thus within
the surface structure. In the Darcy-flow regime, the droplet behav-
ior is determined by the competition between viscous and capillary
effects. We demonstrate a transition of droplet motion mode, i.e.,
from capillary-dominated stick–slip mode to viscous-dominated
slugging mode. A pore-scale capillary number is proposed by con-
sidering the tortuosity of obstacle arrangements to characterize
s on patterned surface structures with: (a) square pillars, and (b) round pillars.
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the mode transition. By a correlation analysis on the liquid leftover,
we discover that the leftover volume is approximately proportional
to the pore-scale capillary number and reaches a maximum value
when slugging occurs. The current work sheds light on the droplet
-porous media interaction in the Darcy-flow regime, and the dis-
covered mechanism of droplet motion transition may pave the
way to enhanced surface cleaning.

2. Numerical model

2.1. Numerical methods

In this study, we adopt the volume of fluid (VOF) to capture the
droplet dynamics as it has been proved efficient and effective in
pore-scale simulation (Das et al., 2018; Shams et al., 2018;
Mirjalili et al., 2019). For incompressible two-phase flows, the gov-
erning equations, including the continuity equation, phase fraction
equation, and momentum equation, are shown as.

r � u ¼ 0 ð1Þ

@a
@t

þr � uað Þ ¼ 0 ð2Þ

q
@u
@t

þ q u � rð Þu ¼ �rpþr � g ruþruT
� �

þ fr ð3Þ

Here a is the phase fraction of two fluids, u represents the
velocity field, q and g represent the weighted average of density
and viscosity, respectively, i.e., q ¼ aqf1 þ 1� að Þqf2 and
g ¼ agf1 þ 1� að Þgf2, and p is the pressure. The surface tension
fr is modelled as a continuum surface force (Brackbill et al., 1992);

fr ¼ rjra ð4Þ
where r is the surface tension and j is the local interface cur-

vature related to the normal direction of the interface na, i.e.,

na ¼ � ra
raj j ð5Þ

.
j ¼ �r � na ð6Þ

The partial wetting conditions on solid surfaces can be applied
by adjusting the interface normal,
Fig. 2. (a) The schematic of pore-scale numerical model, i.e., a trapped droplet is driven
whose solid space is composed of patterned round pillars arranged in two forms, i.e., (b
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na ¼ ns cos hwð Þ þ ss sin hwð Þ ð7Þ
where ns and ss are the normal and tangential vectors of solid

surfaces, respectively, and hw is the equilibrium contact angle.
Regarding the implementation of partially wetting conditions
and inlet–outlet boundaries, one can refer to (Linder, 2015). The
numerical solution of Eqs. (1 � 3) plus boundary conditions is
obtained by using OpenFoam, an open source CFD toolbox, and
more relative parameters and settings regarding the numerical
modelling are as follows.

As shown in Fig. 2, the simulations are conducted in a 3D
domain with patterned obstacles to represent the porous surface,
which are arranged in two forms, i.e., square and hexagon arrays.
By adjusting obstacle radius, both arrangements possess the same
porosity and throat size. The geometric parameters of two arrange-
ments are summarized in Table 1. A pressure difference DP is
applied between the left (inlet) and right (outlet) boundaries, and
the top face of the computation domain is set to be an open bound-
ary. Regarding velocity boundaries, zero-flux conditions are
applied. Surfaces of the bottom and obstacles are wettable no-
slip walls with a given constant contact angle hw of 60� without
hysteresis considered in this work. The droplet is initially placed
close to the inlet with radius rd of 3 mm, which indicates the radius
of the initial sessile droplet sitting on the bottom surface with the
specified contact angle, see Table 1 for how rd compares with
obstacle size and throat size. Other initial conditions include zero
velocity and pressure everywhere.

The pioneering works regarding droplet mobility (Golpaygan
and Ashgriz, 2005; Golpaygan and Ashgriz, 2008) suggested that
the behavior of droplets is determined by the combined effects
involving capillary, viscous and inertial forces. Thus, to compre-
hensively investigate the mobility of a trapped droplet within por-
ous surfaces, besides the varied porous geometries as above, the
driving pressure and surface tension cover a wide range, i.e.,
DP ¼ 100 2000 Pa and r ¼ 36 144 mN/m. As for fluid properties,
the ambient and droplet fluids are assumed to have the same vis-
cosity gA ¼ gD ¼ 1 mPa�s, and density qA ¼ qD ¼ 1� 103 kg/m3.

2.2. Mesh sensitivity

To balance the numerical accuracy and computational cost, we
design the meshing scheme for the computation domain as shown
in Fig. 3(a). Specifically, the whole computational domain is
by pressure difference DP from inlet to outlet and moves through a porous surface,
) square array and (c) hexagon array.



Table 1
Geometric parameters of the square and hex arrangement (Ref: rd ¼ 3 mm).

porosity /[/] throat size rt [mm] obstacle radius rr [mm] tortuosity s [/] permeability K[mm2]

Square 0.84 1.4 0.56 1.0179 39.9
Hex 0.84 1.4 0.50 1.1715 16.5

*Refer to Appendix for obtaining the permeability and tortuosity.

Fig. 3. (a) The meshing scheme of the numerical model, including a coarse zone, a refined zone and a transition zone. (b) The comparison on the leftover ratio among three
meshing schemes under the flow condition of DP ¼ 1000 Pa and r ¼ 72 mN/m.
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divided into three zones, i.e., the coarse zone on the top covering
the free-surface flow domain, where the mesh size Dxc is regarded
as a reference and fixed as 0.17 mm leading to at least 10 grids
across a throat, see below and Table 1. The refined zone on the bot-
tom of the porous domain covers the droplet moving region, where
the mesh size Dxr is refined compared with Dxc . These two zones
are bridged by a transition zone. An index, leftover ratio Lr , defined
as a ratio of the total leftover liquid volume inside the computation
domain to the initial droplet volume, is used to measure the con-
vergence of the mesh-dependence study. Three mesh schemes,
i.e., mesh 1 (Dxr ¼ Dxc=2), mesh 2 (Dxr ¼ Dxc=4), mesh 3
(Dxr ¼ Dxc=8) are tested and compared, as shown in Fig. 3(b). The
results of mesh 2 and 3 overlap, and therefore mesh 2 is adopted
in the following simulations. Additionally, an adjustable time step
is adopted for simulation and the time step is determined accord-
ing to the Courant number (umaxDt

Dxr
) (Courant and Friedrichs, 1999)

limit set as 0.5 here. The average time step for mesh 2 is around
1 � 10-5 s, which can guarantee a stable and precise solution.

3. Results and discussion

For a moving droplet adhered to a solid surface, three modes of
motion, namely sliding, crawling and detachment, can be observed
depending on surface properties and flow conditions (Seevaratnam
et al., 2010; Fan et al., 2011). However, the mobility of a moving
droplet trapped in a porous surface is more complex since the flow
dynamics and interface morphology are strongly modified by the
solid structures. The process involves droplet splitting, attaching,
and spreading, as a result of the interaction between viscous and
capillary effects. Within a limited domain (17.5 mm � 12.5 mm),
the process can be generally divided into pre- and post-drain-out
stages. The moment when the rear of a droplet leaves the outlet
and part of liquid is left behind and attached to the obstacles is
defined as the ‘‘drain-out” state. In this study, we focus on the dro-
plet motion during the pre-drain-out stage.

To characterize the droplet motion at the pre-drain-out stage,
the capillary number, defined as the ratio of viscous force to capil-
lary force, is adopted (Ding et al., 2010). The capillary force can be
4

represented by the surface tension force rrd, while the viscous
force can be estimated from the characteristic flow velocity, i.e.,

gA U
�
rd. For modelling fluid flow through porous media, the Brink-

man model is a common choice (Koplik, 1983; Auriault, 2009), and
it can be regarded as an empirical extension of the Darcy’s law
since the Brinkmann model involves a velocity gradient term to
consider the large shear if it occurs. Thus, the Brinkman model is
suitable for the situation with very large permeability or fast flow
(the inertial effect is still neglected), otherwise the Brinkman
model is recovered to Darcy’s law (Koplik, 1983; Auriault, 2009).
In this work, the Reynolds number Re ¼ qAUrr

gA
� 0:65, where rr is

the obstacle radius, and therefore the flow is kept very slow and

the Darcy’s law can properly estimate the flow rate U
�
. According

to the Darcy’s law, the field-average flow velocity UDarcy is.

UDarcy ¼ K
gA

DP
L

ð8Þ

where L is the length of the domain from the inlet to the outlet.
However, compared with the field-scale length, the droplet size is
much smaller and comparable to the pore or throat size. Therefore,
the droplet motion is controlled by the local flow field and a pore-
scale quantity can better work as a characteristic flow rate. Here,
the tortuosity is introduced to further modify the UDarcy as a
pore-scale average flow rate Upore (Ghanbarian et al., 2013);

Upore ¼ UDarcy

/
s ð9Þ

We adopt Upore as the characteristic velocity U
�
, and finally the

pore-scale capillary number is obtained as.

Capore ¼
gAUpore

r
¼ sK

/L
DP
r

ð10Þ

which is adopted to describe the interaction between capillary
and viscous effects during droplet motion for the following
analysis.



S. Suo, H. Zhao, S. Bagheri et al. Chemical Engineering Science 264 (2022) 118134
3.1. Simulation results

By using the numerical model presented in Section 2, simula-
tions of the trapped droplet moving through a porous surface are
performed under various flow and geometric conditions. The
results suggest that the moving processes can be divided into three
motion modes, i.e., the stick–slip, crossover, and slugging mode, as
shown in Fig. 4. For the stick–slip mode, the droplet behavior is
controlled by the capillary effects, i.e., Capore is smaller than 0.01.
The droplet almost retains its initial shape, and the interface is dis-
placed pore-by-pore. Noticeably, as marked by yellow circles in
Fig. 4(a), when the rear interface crosses the obstacles, a suction
force induced by the curved interface is exerted on the meniscus.
The direction, which is indicated by a red arrow marked in Fig. 4
(a), leads to droplet splitting and partial liquid attaching to the
obstacles as a leftover component. Unlike the stick–slip mode,
the slugging mode is dominated by the viscous effects, i.e., Capore
is comparably larger than 0.02. Specifically, the droplet spreads
as a thin film and its interface moves much faster along the main
channels than in the down-wind pore space due to the increased
viscous resistance. As a consequence, liquid tails are left behind
the droplet and wrapped around obstacles, as marked by red cir-
cles in Fig. 4(c), which may further be snapped off into smaller
sub-droplets attached obstacles. Bridging the stick–slip and slug-
ging modes, the crossover mode is observed around the balance
point of viscous and capillary effects, resulting in the mixed fea-
tures of the other two modes. The kinematics of these motion
modes are further illustrated in the supplementary animations.

In sum, the mobility of droplets is determined by the competi-
tion between the capillary and viscous effects, which also controls
the droplet rupture mechanisms. For the stick–slip mode, the dro-
plet rupture is induced by the capillary force, and it is similar with
the liquid bridge breakup (Suo and Gan, 2020; Tourtit et al., 2019).
However, for the slugging mode, the interface dynamics lose stabil-
ity, and thus the droplet tends to be a thin film along the z-axis
direction and ruptured within the x-y plane due to the strong shear
stress. So, to this extent, this phenomenon is closer to the Saffman-
Taylor instability and similar processes can be referred to the
‘‘dewetting in capillary tubes” (Gao et al., 2019; Zhao et al., 2018).

Once the droplet leaves the region of interest from the outlet,
part of it remains within the porous surfaces in the form of smaller
Fig. 4. The evolution of three droplet motion modes in square arrangement: (a) stick–slip
Pa, r ¼ 72 mN/m, Capore ¼ 0:0192), and (c) slugging mode (DP ¼ 1000 Pa, r ¼ 72 mN/m, C
drain-out state.
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drops or long slugs sticking to the obstacles. The distribution of the
remaining liquid volume of drops or slugs can further characterize
the motion modes. Fig. 5 shows the cumulative distribution func-
tion (CDF) F of remaining drop volumes, defined as a proportion

of drops smaller than a given volume V
�
d normalized by the initial

droplet volume. For the stick–slip mode, the droplet marches
slowly and stably like a quasi-static process so that the droplet is
split evenly and the liquid volume distributes within a narrow
range, i.e., the remaining drops share the similar size. By contrast,
the liquid volumes of the slugging mode cover a much wider range
because the droplet spreads fast and long slugs occur. In crossover
mode, the CDF mostly lies in the middle since the small drops and
short slugs co-exist.

We can use the index Lr to describe the displacing process. The
change of Lr is directly related to the switch of droplet motion
modes, i.e., it is expected to be small for the stick–slip mode and
large for the slugging mode. Simulation results, as demonstrated
in Fig. 4, suggest that conditions that are related to the viscous
and capillary effects can trigger the switch of droplet motion
modes and finally contribute to the leftover ratio. Specifically, with
the driving pressure increasing, as shown in Fig. 6(a), the viscous
effect is enhanced, i.e., Capore increases from 0.0038 to 0.0384,
and thus droplet motion experiences a transition from the stick–
slip to slugging mode as indicated in Fig. 4. Correspondingly, the
drain-out leftover ratio increases more than 10%. Also, the average
droplet moving speed, which can be estimated by the drain-out
time, increases with driving pressure. The surface tension directly
contributes to the capillary effects, and with its increment as
shown in Fig. 6(b) from I (Capore ¼ 0:0230), II (Capore ¼ 0:0115) to
III (Capore ¼ 0:0058), the droplet motion tends to follow the stick–
slip mode. In general, both the viscous and capillary effects depend
on the geometry. The capillary force is mainly determined by the
porosity and throat size (Suo and Gan, 2020), which are the same
for the two configuration (see Table 1). The viscous effects on the
other hand are different for the two different arrangements, due
to the significant difference in the permeability of both configura-
tions (see Table 1). The effective flow rate of the square arrange-
ment is larger than that of the hex arrangement under the same
driving pressure and correspondingly larger for Capore in the square
arrangement so that the droplet motion within the square arrange-
ment is closer to the slugging mode, as shown in Fig. 6(c).
mode (DP ¼ 200 Pa, r ¼ 72 mN/m, Capore ¼ 0:0077), (b) crossover mode (DP ¼ 500
apore ¼ 0:0384). The last column indicates the liquid distribution of each mode at the



Fig. 5. Cumulative distribution function of dispersed liquid leftover volumes at the
drain-out state, which are normalized by the initial droplet volume, for three
motion modes.

S. Suo, H. Zhao, S. Bagheri et al. Chemical Engineering Science 264 (2022) 118134
In summary, the competition between capillary and viscous
effects controls the behavior of a trapped droplet moving through
a porous surface, and correspondingly determines the liquid left-
over which could be a useful quantity in patterned surface opti-
mization and flow process design, especially for surface cleaning
Fig. 6. The evolution of leftover ratio Lr from the onset to the drain-out state for differen
1000 Pa; (b) square arrangement, DP ¼ 300 Pa, r ¼ 36;72 and 144 mN/m; (c) compariso
1000 Pa.
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engineering. So, we conducted a correlation analysis as follows to
build a quantitative description of drain-out state leftover ratio.

3.2. Correlation analysis

The drain-out state leftover ratio Lr as a function of Capore is
shown in Fig. 7. At the first domain, covering the stick–slip and
crossover mode, Lr monotonically increases with Capore and
approximately follows linear relationship, i.e.,

Lr ¼ kCapore þ L0r ð11Þ

where k is the scale coefficient and L0r is the vertical intercept.
The simulation data for both configurations can collapse on this
fitting line as shown in Fig. 7, and the function of Capore to Lr
matches the proposed model in Eq. (11) with R2 = 0.9819. Then,
when Capore is beyond 0.0230, Lr enters a plateau which indicates
that the slugging mode occurs and the maximum volume of the
droplet are trapped as long slugs. If the driving pressure further
increases, inertial effects may be involved, and the droplet
pinch-off is expected, which is beyond the scope of this study.
Noticeably, if the viscous force is too small to overcome the cap-
illary barrier, corresponding to a threshold value of
Capore � 0:0015, marked by the grey area in Fig. 7, the droplet
is stationary due to pinning.

It should be noted that the proposed pore-scale capillary num-
ber, Capore, unifies the results from different array types considered
t cases: (a) square arrangement with r ¼ 72 mN/m and DP ¼ 200;300;500;800 and
n between square and hex arrangement with r ¼ 72 mN/m and DP ¼ 300;500 and



Fig. 7. Drain-out state leftover ratio Lr vs. pore-scale capillary number Capore. The mode boundaries are marked by the red dot-dash line, as Capore 	 0:0015, 0:0090 and
0:0230.
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in this study across a wide range of physical parameter space. The
index can be used to guide and optimize the surface cleaning pro-
cesses in practice for given fluid properties and surface structures.
4. Conclusion

In this work, we focus on the dynamics of a trapped droplet
moving through porous surfaces, and the combined impacts of vis-
cous and capillary forces on droplet mobility are numerically
investigated by pore-scale simulations covering various flow con-
ditions and geometric configurations. Specifically, three droplet
motion modes are identified. With the continuous enhancement
in the viscous effects relative to the capillary effects, the moving
pattern transits from the stick–slip, crossover to slugging mode,
and the remaining liquid forms separate drops, short slugs to long
slugs, correspondingly. The droplet mobility and transition of its
motion modes are a consequence of the competition between vis-
cous and capillary effects, and therefore can be naturally character-
ized by the proposed capillary number Capore, which captures the
pore scale flow conditions. Furthermore, we find a strong correla-
tion between Capore and the drain-out state leftover ratio Lr , which
presents two domains, i.e., Lr linearly increases with Capore at the
first domain covering the stick–slip and crossover modes; and Lr
reaches the maximum value and enters a plateau once the long
slugs occurs at Capore 	 0:0230. The conclusion of this study can
provide guidance on optimizing the design of patterned surfaces,
especially for the anti-fouling features as well as surface cleaning
improvement. Furthermore, knowledge of the inertial-involved
processes is worth exploring as an extension of this work since it
may benefit the engineering involving liquid atomization and dro-
plet dispersion, etc.
Fig. A1. The average rate U
�
vs. the pressure gradient DP

L .
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Appendix

In this appendix, details on obtaining the permeability and tor-
tuosity of two porous surfaces are demonstrated. We solve the
single-phase flow field based on the same geometries, meshes
and parameters as the two-phase flow, i.e., Eq. (1) and (3) without
fr. For the permeability, it comes from Darcy’s law, and thus can be

obtained from fitting the average flow rate U
�

directly measured
from the outlet boundary and the pressure gradient DP

L , as shown
in Fig. A1. Furthermore, the streamlines can be calculated based
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on the flow field and the tortuosity can be estimated as a ratio
between the average streamline length and the domain length L.
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