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Abstract: The spreading and permeation of droplets on
porous substrates is a fundamental process in a variety of
applications, such as coating, dyeing, and printing. The
spreading and permeating usually occur synchronously
but play different roles in the practical applications. The
mechanisms of the competition between spreading and
permeation is significant but still unclear. A lattice Boltz-
mann method is used to study the spreading and perme-
ation of droplets on hybrid-wettability porous substrates,
with different wettability on the surface and the inside
pores. The competition between the spreading and the
permeation processes is studied in this work from the
effects of the substrate and the fluid properties, includ-
ing the substrate wettability, the porous parameters, as
well as the fluid surface tension and viscosity. The results
show that increasing the surface wettability and the poros-
ity contact angle both inhibit the spreading and the per-
meation processes. When the inside porosity contact an-
gle is larger than 90° (hydrophobic), the permeation pro-
cess does not occur. The droplets suspend on substrates
with Cassie state. The droplets are more easily to permeate
into substrates with a small inside porosity contact angle
(hydrophilic), as well as large pore sizes. Otherwise, the
droplets are more easily to spread on substrate surfaces
with small surface contact angle (hydrophilic) and smaller
pore sizes. The competition between droplet spreading
and permeation is also related to the fluid properties. The
permeation process is enhanced by increasing of surface
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tension, leading to a smaller droplet lifetime. The goals
of this study are to provide methods to manipulate the
spreading and permeation separately, which are of prac-
tical interest in many industrial applications.
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1 Introduction

The spreading and permeation of droplets on porous sub-
strates is a fundamental process involved in our daily
lives and many industrial applications, such as coating [1-
4], painting [5, 6], printing [7-10], land pollution con-
trol [11, 12], and oil recovery [13]. The spreading and per-
meation usually occur synchronously but play different
roles in the coating or printing applications. Therefore, the
spreading and permeation on porous substrates need to be
controlled separately. For example, in inkjet printing, the
inkjet droplets should permeate as quickly as possible to
inhibit the spreading process [7].

The spreading and permeation of droplets on porous
substrates has been studied theoretically, experimentally,
and numerically. Denesuk et al. [14, 15] studied the spread-
ing and permeation processes on a porous substrate
with parallel vertical holes using a simple hydrodynamic
model. The process was divided into three stages based on
the variety of dominant forces. Davis and Hocking [16, 17]
studied the complete and partial wetting of droplets on
porous substrates using a modified hydrodynamic model
derived from the lubrication approximation. Alleborn and
Raszillier [18] investigated the spreading and sorption of a
droplet on an anisotropic, layered porous substrate theo-
retically and numerically. The effects of the porous thick-
ness and the permeability on the sorption process of a ses-
sile droplet were discussed. Espin et al. [19] developed a
new lubrication-theory-based model for droplet spreading
on permeable substrates that incorporates surface rough-
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ness. Therefore, the model was able to mimic the contact-
line pinning phenomena observed in experiments. Starov
et al. [20] studied the spreading of small liquid drops over
thin and thick porous layers in the cases of both complete
wetting and partial wetting. The porous substrates in their
experiments included nitrocellulose membranes of differ-
ent porosity and different average pore size, glass, and
metal filters. Their study showed that both an effective lu-
brication and that the liquid exchange between the drop
and the porous substrates were equally important. The dy-
namic contact angle changes rapidly in the initial short
stage and then remains at a constant value over the du-
ration of the rest of the spreading process for both the thin
and the thick porous substrates. Richard et al. [21] investi-
gated theoretically and experimentally the spreading and
penetration of surfactant-laden drops on thin-permeable
media with reference to ink-jet printing. They proposed
a new model based on energy arguments to describe si-
multaneous spreading and penetration. They mainly con-
sidered the effects of the surfactant concentrations on the
spreading and penetration process. Deshpande et al. [22]
studied the drop-spreading of silicone oil and polyvinyl
alcohol water solution (PVA) droplets on glass and two
different kinds of glass fiber mats used in composite pro-
cessing. Their results show that the volume imbibed into
porous media varies linearly with time for polyvinyl alco-
hol and varies with the square root of time for silicon oil.
Different drop sizes were chosen in their experiments to
understand the varying effects of driving forces. Among
the numerical studies, Neyval et al. [23] use the dimension-
less parameter method (wettability, porosity etc.) to study
the process of droplets impinging, spreading, and perme-
ating porous substrates. Frank et al. [24, 25] studied the
spreading laws of the droplet inertia-controlled stage by
changing the wettability and porosity using a lattice Boltz-
mann method.

Among these studies, most of them [16-19, 22, 23] fo-
cused on the permeating process, in which the spreading
was neglected. The others [14, 15, 20, 21, 24, 25] studied
the spreading and permeating integrally. The separate and
competitive mechanisms of the spreading and permeation
processes are still unclear, which motivates the present
study. In this work, a new method was proposed to tune
the spreading-permeation competition of the droplet over
the porous substrates. Both the solid and liquid proper-
ties are discussed to examine the feasibility of the new
method. The goals of this study are to provide methods
to manipulate the spreading and permeation separately,
which is of practical interest in many industrial applica-
tions.
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2 Numerical model

The spreading and permeation of droplets on porous sub-
strates is a complex process involving solid-liquid, solid-
vapor and liquid-vapor interactions. Therefore, a multi-
phase lattice Boltzmann method was used to describe the
spreading and permeation process, with the capacity of
depicting the liquid-vapor replacement process over the
substrates, as well as the liquid permeation process into
the pores.

2.1 Pseudo-potential LBM model

There are several multiphase lattice Boltzmann mod-
els [26-30]. Among these models, the pseudo-potential
LBM model [27] proposed by Shan and Chen is a classical
approach which is popular in multiphase simulations. In
this work, the improved pseudo-potential LBM model [31]
is used to model the droplet spreading and permeation
processes due to its easy implementation of the fluid-solid
interactions. The particle distribution function is based on
the Bhatnagar—Gross—Kroot (BGK) approach, which is,

fa (X +€a6t, t +6t) = fa (X, t) - % [fa (X, t) - f2(x, )] (1)

where fa(X, t) is the particle distribution function, 7 = 1 is
the relaxation time and f§? (x, t) is the equilibrium distri-
bution function, which is given by,

3 9
(X, t) = pWa [1+§ea-ueq+zfcl}(ea-ueq)2 )]
_3 g g
5w U
where w, is weighting factor,
4/9, a=0;
Wa=41/9, a=1,2,3,4
1/36, a=5,6,7,8.

In Eqgs (1) and (2), e is the discrete velocity,

(0,0), a=0;
€q = (il,O)C’ (Oy il)C, a= 1’2’ 3,4;
(+1, +1)c, a=5,6,7,8;

where ¢ = 6x/6t is the lattice velocity, with ¢ = 1. In this
paper, the lattice spacing 6x = 1 lu and time step 6t = 1 ts.
The macroscopic density is given by

p=> fu €)
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The velocity in equilibrium u®? is given by
pu®® = pu’ + 76¢F. (4)
So the macroscopic fluid velocity u can be defined as
pu=pu + %&F, 5)

where pu’ is given by

8
pu’ = Zfaea- (6)
a=0

In Egs (4) and (5), the external force F contains cohesive
and adhesive forces, as well as body forces, such as gravity.
The cohesive force is calculated by

Feo (X) = -G (X) > Wa) (X+€q61) €q, @)

where G is an interaction coefficient, where G < O repre-
sents attractive force between fluid particles. ¥ (x) is equiv-
alent mass. The corresponding equation of state (EOS) for
the pseudo-potential model is [31]

1
p=pcs+ §C§G¢2, (8)

where ¢s = 1/+/3 is the lattice sound speed. The equivalent
mass can be rearranged with

2 (p-pc3)

ST ©)

lI) =

To mimic the high density ratio of the liquid vapor

systems, the Redlich-Kwong (R-K) EOS is used to modify

the EOS of the pseudo-potential model due to its simplic-
ity [31]. This is given by

= PpRT  ap’
1-bp VT(1+bp)’

where a = 0.42748R*T2.5¢/p., b = 0.08664RTc/pc. T¢
denotes the critical temperature and p. is the critical pres-
sure, which can be determined by the given parameters a
and b. a, b and T can be tuned to achieve different density
ratios.

The adhesive force between the solid and the fluid F ;4
can be defined as:

(10)

Fags (%) = ~G (0. (%)) D Wath (o) s (x+eabt)eq  (11)

where s is an indicator function that is equal to 1 if the ad-
jacent lattice is solid but O for liquid. The fluid viscosity is
calculated asv = 1/3(t - 1/2)é6t.
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2.2 Geometry model

The geometric schematic is shown in Figure 1, which con-
tains 600 x 800 lu?. Lattice units are used in the work, in
which lu is the lattice unit for length, and ts is the time step
for time. The porous substance contains a series of vertical
ribs. Only vertical flow occurs when the droplet permeates
into the porous substance. All of the ribs have the same
height of H=500 lu, an equal width of b’, an equal gap of
d'. Therefore, the porosity of the substrate is d’/(b’ + d').
The droplet is located on the center of the porous substrate
(x = 300 lu) with an initial radius of ro = 100 lu.

800 :
600 |- EH_"r i
L
400
H

200

u L

0 300 600

Figure 1: Numerical model schematic.

2.3 Model validation

Figure 2 compares the present LBM simulation with the ex-
perimental and the numerical results reported by [22]. In
the experiment, the droplet is silicon oil (S0300) with den-
sity p = 1040 kg m~> and surface tension 0 = 21 mN m ™.
The initial dropletis r- = 2.61 mm. The glass fiber porous
substrate with unidirectional mat (UDMAT) has a porosity
of 0.615.

In the present simulation, a = 2/49, b = 2/21,R =1,
T/T. = 0.85 were chosen for R-K EOS. For the model val-
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Figure 2: Model validation.

idation calculations, the porous parameters are b’ = 8 lu
for the width and d’ = 13 lu for the gap, corresponding to
a porosity of 0.615. The liquid density is p; = 6.07 mulu~,
and the vapor density is pg = 0.53 mu lu™, correspond-
ing to a surface tension of o = 0.16 mu lu ts2. The ‘solid
density’ is py = 5.124 mu lu~3, corresponding to an equi-
librium contact angle of 8eq = 16.7°. The gravitational ac-
celeration is g = 0.0000087 lu ts2. Periodic boundary
conditions are used in the left and the right sides of the
computational region, while bounce-back boundary con-
ditions are adopted on the upper and lower walls.

The LBM results agree well with Kumar’s experimental
and numerical results when t/t; > 0.2, indicating the ca-
pabilities of the pseudo-potential LBM model. It is noted
that the simulations diverge with the experimental and
numerical results when t/t; < 0.2. The fundamental as-
sumption in the theory plotted in Fig. 2 is the lubrication
approximation, which is dealt with a thin liquid film. How-
ever, in the present simulation, the initial droplet has per-
fect roundness with a contact angle of 180°, which is far
larger than the small contact angle assumption in the lu-
brication approximation. In addition, the initial spreading
process is controlled by the inertial force, which is also ne-
glected in the theoretical model. As a result, the LBM re-
sults deviate from the theoretical prediction and the exper-
imental data when t/t; < 0.2.

3 Results and Discussion

The droplet spreading and permeation processes are
driven by the unbalanced Young force (spreading) and
the capillary force (permeation). Spreading leads to an in-
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crease of the droplet radius while permeation decreases
the spreading radius by reducing the droplet volume.
Therefore, the spreading law of the droplet on porous sub-
strates is mainly determined by the competition between
these two processes. The competition should be controlled
by designing appropriate spreading and permeation time
scales. In this work, we manipulate the process through
both the substrate parameters and the fluid properties.

3.1 Effects of substrate properties

The wettability of porous substrates has been studied in
previous works [19, 20, 23-25], however, among which, the
substrate surface and the inside pores have unique wet-
tability. To manipulate the spreading and the permeating
time scale, we design hybrid wettability characteristics on
the substrate surface and the inside pores, for example,
hydrophobic surface and hydrophilic inside pores or hy-
drophilic surface and hydrophilic inside pores. Therefore,
the driven forces, both the unbalanced Young force and the
capillary force, are different on the substrate surface and
the inside pores.

Figure 3 shows snapshots of the droplet spreading
and permeating on the porous substrates with equilib-
rium contact angle of ¢, = 6° on the surface and inside
pore wettability of (a) 6;,siqe = 6° and (b) Bipsige = 45°, in
which b’ = 8 lu and d’ = 8 lu. The entire process can be
divided into three stages according to the spreading and
permeating behaviors. In the first stage, the droplet con-
tacts the porous surface and then spreads to the maxi-
mum radius rapidly with little drop permeating into the
porous medium. In the second stage, the spreading radius
remains constant or slightly decrease since the droplet is
pinned at the edge of ribs (column) [32], while the main
body of drop permeates into porous medium. In the third
stage, the liquid left on the porous surface de-wets and
shrinks into the porous medium rapidly, leading to the
rapid decrease of the spreading radius.

For the first stage, the inertia and unbalanced Young
force dominate the droplet spreading initially, and then
the vertical capillary force becomes involved. The verti-
cal capillary force dominates the second stage since the
droplet has stopped spreading at this stage. In the last
stage, the remaining liquid on the substrate de-wets and
shrinks into the porous medium by the capillary force. The
de-wetting process occurs at this stage.

Figure 4 shows the variation of droplet radii with time
for various substrates with the same surface wettability
(Brop = 6°) but different wettability of the inside pores. The
equilibrium contact angles inside the porous substrate,
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Figure 3: Time evolution of the shape of droplets: (a) 8;psige = 6" and (b) Oiysige = 45°.
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Figure 4: Effects of inside pore wettability on droplet spreading-
permeation process (B¢op = 6°).

Oinside, range from 6° to 115°. The radius-time curves over-
lap as a master curve during the fast initial spreading stage
since the permeation process does not occur. Increasing
the inside pore wettability enhances the permeation of the
droplet, leading to a shorter droplet lifetime above the sub-
strates, for example, t = 284200 ts for 6;,si4. = 66°, but
t = 46800 ts for O;,i40 = 6°. It should be noted that per-
meation is prevented for hydrophobic inside pores with
Oinsige = 115°. The spreading droplet suspends on the rib

Table 1: Effects of internal wettability on droplet spreading and
permeation.

9[017 Oinside ts tg A=ts/ tq Ymax
6° 6° 11800 46800 0.252 140
6° 45° 12800 89400 0.143 124.5
6° 66° 11400 284200 0.04 110
6° 115° 12200 oo 0 110

top as in the Cassie stage. As shown in Table 1, the inside
pore wettability has little effect on the spreading time scale
but greatly affects the permeation time scale. Therefore,
the timescale ratio between spreading and permeation de-
creases with increasing inside pore equilibrium contact
angle. The results indicate the feasibility of an approach
which tunes the spreading-permeation competition using
hybrid-wettability porous substrates.

To further examine the feasibility of the approach, the
inside pore wettability is fixed to 6;,s;4. = 6° (hydrophilic)
while the surface equilibrium contact angles vary from
Btop = 6° to Otop = 115°, as shown in Fig. 5 and Table 2.
Unlike the cases in Fig. 4, the permeating process oc-
curs in the initial stage due to the small contact angle in-
side the substrates. Both the spreading rate and maximum
spreading radius increase with increasing surface wetta-
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Table 2: Effects of surface wettability (6¢op) on droplet spreading
and permeation.

etop Oinside ts tq A=ts [ty max
6° 6° 11800 46800 0.252 140
45° 6° 11400 54600 0.209 124.5
66° 6° 11400 63200 0.18 108.5
115° 6° 13400 71600 0.187 90

0
0 10000 20000 30000 40000 50000 60000 70000 80000
t/ts

Figure 5: Effects of surface wettability on droplet spreading-
permeation process (0;,sige = 6°)-

140 T T T T T T T T T T
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100000 150000 200000 250000 300000
t/ts

Figure 6: Sensitivity of surface and inside pore wettability on the
spreading-permeation process.

bility (from 6,p = 115° to 6;0p = 6°). The surface wettability
also greatly affects the last de-wetting stage. The remained
droplet shrinks more easily on the hydrophilic surfaces
with smaller equilibrium contact angle, leading to a faster
last stage. In addition, the surface wettability also affects
the total droplet lifetime, t,;. With fixed inside pore wetta-
bility, the droplet lifetime decreases with increasing sur-
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Table 3: Effects of pore sizes on droplet spreading and permeation.

d ts ty A=ts/ ty I'max
8 11600 110200 0.105 109
10 11200 117000 0.096 97
12 11600 117600 0.099 93
14 15600 111600 0.140 92

face wettability. For example, the droplet lifetime is 46800
ts for 6¢p = 6° but 71600 ts for 0;.p = 115°. For hydrophilic
inside pores, permeation affects the spreading of the initial
stage, while spreading affects the permeation of the last
stage. Both spreading and permeation occur and are cou-
pled. Therefore, the initial spreading can be suppressed by
enhancing the wettability of inside pores. The last perme-
ating stage can also be tuned by changing the de-wetting
behavior with surface wettability.

Four spreading-permeation scenarios were designed
to examine the sensitivity of the surface and inside pore
wettability, as shown in Fig. 6. When the inside pore wet-
tability is fixed (0;,siqe = 6°), the variation of surface wet-
tability (0rp = 45° and 6Oy = 66°) has few effects on
the spreading-permeation process. The two cases have the
same initial spreading rates at the initial stage and the
same total droplet lifetime. However, when the surface
wettability is fixed as 6y, = 6° and the inside pore wet-
tability changes from 0,540 = 45° t0 BOjnsiqe = 66°, the
droplet life time increases about three times, from 89400 ts
to 284200 ts. The results indicate that the spreading-
permeation process is very sensitive to the inside pore wet-
tability.

The pore diameter and the porosity also affect the
spreading-permeation process, which is mainly consid-
ered by previous studies. The spreading-permeation com-
petition can be also tuned by changing the pore diameter
and the porosity, as shown in Table 3, and Figs. 7 and 8,
in which the surface and the inside pore have the same
equilibrium contact angle. Unlike the hybrid-wettability
method shown in Fig. 4, the variation of pore sizes has few
effects on spreading-permeation process, which further in-
dicating the feasibility of the method we proposed.

3.2 Effects of fluid properties

The spreading-permeation competition is also affected by
fluid properties, as shown in Table 4 and Fig. 9, in which
Otop = Oinsige = 66°. Both the fluid kinetic viscosity and
the surface tension are considered by changing the liquid-
vapor density ratio M. The liquid-vapor kinetic viscosity ra-
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Figure 7: Snapshots of droplet spreading and permeation on porous substrates with different pore sizes: (a) d’ =8 luand (b) d’ =12 lu.

Table 4: Effects of liquid/vapor density ratio on droplet spreading T T T T T T T T

and permeation. 100 | 4
M ts td /‘ = ts / td rmax 80 |- -
5.86 12600 462400 0.027 78
11.45 13600 417600 0.033 92.5 60 -
17.56 12000 374000 0.032 94 g
20.91 11200 323600 0.035 94 40 o M=5.86 .
—a— M=1145
20 - —a— M=17.56 _
120 — 17— b —a— M=20.91
100 0 1 1 1 1
0 100000 200000 300000 400000 500000
1ts
80
Figure 9: Effects of fluid properties on droplet spreading and perme-
E 60 ation on porous substrates.
£y
40 § !
. - "'=t1301l: - I tio and the surface tension increase with increasing M [33].
——d'=
20 e d=12 13 2 The permeating process are enhanced by the increasing
—o—d'=14Iu : of the surface tension, leading to the smaller droplet life-
0 1 1 1 1

time [34]. In addition, the variation of fluid properties has
fewer effects on the spreading-permeation process than
that of solid properties.

| ]
0 20000 40000 60000 80000 100000 120000
t/ts

Figure 8: Effects of pore diameters on droplet spreading and perme-
ation on porous substrates.
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4

Conclusions

A new method was proposed to tune the spreading-
permeation competition of a droplet over porous sub-
strates. Both the solid and liquid properties have been dis-
cussed to examine the feasibility of the new method. The
main conclusions are listed as follows.

2. The

1. Three stages are observed for the spreading-
permeating process, the initial spreading stage, the
permeation dominated stage, and the de-wetting
stage. The unbalanced Young force dominates the
initial stage and the last de-wetting stage, while
the vertical capillary pumping force dominates the
middle permeating stage.

substrate properties greatly affect the
spreading-permeating process. Increasing the sur-
face wettability enhances the spreading rates of the
initial stage and the last de-wetting stage, while in-
creasing the inside pore wettability facilitates the
permeation process and reduces the droplet life-
time. The spreading-permeation process is more
sensitive for the variation of inside pore wettabil-
ity. The surface and the pore wettability affect the
competition greater than the pore size parameters.

3. The permeation process is enhanced by increasing

of the surface tension, leading to a smaller droplet
lifetime. The variation of fluid properties has fewer
effects on the spreading-permeation process than
that of solid properties.
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