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In the present study, the process of droplet condensation on superhydrophobic nanoarrays is simulated using a multi-
component multi-phase lattice Boltzmann model. The results indicate that three typical nucleation modes of condensate
droplets are produced by changing the geometrical parameters of nanoarrays. Droplets nucleated at the top (top-nucleation
mode), or in the upside interpillar space of nanoarrays (side-nucleation mode), generate the non-wetting Cassie state,
whereas the ones nucleated at the bottom corners between the nanoarrays (bottom-nucleation mode) present the wetting
Wenzel state. Time evolutions of droplet pressures at the upside and downside of the liquid phase are analyzed to understand
the wetting behaviors of the droplets condensed from different nucleation modes. The phenomena of droplet condensation
on nanoarrays patterned with different hydrophilic and hydrophobic regions are simulated, indicating that the nucleation
mode of condensate droplets can also be manipulated by modifying the local intrinsic wettability of nanoarray surface. The
simulation results are compared well with the experimental observations reported in the literature.
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1. Introduction

A droplet deposited at the top of superhydrophobic
nanoarrays may present the non-wetting Cassie state with an
apparent contact angle larger than 150°.!] However, the wet-
ting states of condensation-induced droplets can change when
the superhydrophobic nanoarrays are exposed to humid air.
This is because small condensation-induced droplets might
nucleate and grow everywhere on the rough surface and hence
degenerate the superhydrophobicity,!>3! which influences the
antifogging,[#! anti-icing,' and heat transfer efficiency!®! of
the rough surfaces drastically. For investigating the evolu-
tion of the condensate droplets on superhydrophobic nanoar-
rays, researchers performed in-situ observations of the con-
densation process using environmental scanning electron mi-
croscopy (ESEM).[781 However, owing to heating effects of
the electron beam and other unpredictable factors,[®!] the res-
olution of ESEM is usually on a submicrometer scale, whereas
the critical size of the condensation-induced droplet nucleus is
on a nanoscale. As a result, people could only observe the fi-
nal wetting states of the large droplets rather than the whole
condensation process involving droplet nucleation.[!1-13]

With the rapid development of computational technology,
numerous numerical efforts have been made to study the wet-
ting behavior of droplets on superhydrophobic surface.[!4-17]
In recent years, the lattice Boltzmann method (LBM) has
rapidly developed into a powerful numerical approach and has
been used in many fields.['8-2¢] The LBM has also attracted a
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lot of attention in the simulations of wettability of the nanoar-
ray surface due to its simplicity and efficiency./?’% It is noted
that most numerical activities using the lattice Boltzmann
(LB) model have primarily been performed through placing
a droplet on a micro- or nano-structured surface to investi-
gate the wetting behavior, where the process of droplet nu-
cleation was not involved. The numerical study of droplet nu-
cleation using the LBM has so far remained scarce compared
with the modeling of wetting behavior of artificially positioned
droplets. As is well known, however, a better understanding
of the nucleation process of condensate droplet is crucial to
studying the final wetting state of droplets on superhydropho-
bic nanoarrays. Fu et al.’!! adopted a single-component
multi-phase LB model to simulate droplet condensations on
surfaces with different structures. It is found that the nucle-
ation behavior depends on the spacing between and height of
ridges on superhydrophobic surface. However, the structure
with hydrophilic surface has little effect on the condensation.
The present authors®?! employed a multi-component multi-
phase pseudopotential LB model to simulate the droplet nucle-
ation and growth on superhydrophobic nanoarrays. Three typ-
ical preferential nucleation modes of condensate droplets are
observed through LB simulations with various geometrical pa-
rameters of nanoarrays, which are found to affect the wetting
properties of nanostructured surfaces significantly. Since the
nanostructures were regularly arranged, the droplet nucleation
and growth took place uniformly on the nanoarray surfaces,
producing the non-realistic droplet patterns, i.e., uniform lig-
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uid films, rather than individual liquid droplets.

In the present study, further simulations of the condensa-
tion process are carried out using the multi-component multi-
phase pseudopotential LB model. The geometrical parameters
and the local intrinsic wettabilities of nanoarrays are adjusted
to be nonhomogeneous to investigate their influences on the
preferential nucleation sites and the growth patterns of con-
densate droplets. The final wetting states of droplets simulated
by the LB model are compared with the experimental obser-

vations reported in the literature.33-36]

2. Model description and domain configuration

In the two-dimensional (2D) multi-component multi-
phase pseudopotential LB model,’”! two sets of distribu-

tion functions are implemented for the two fluid components,
namely, H>,O and other non-H,O gases. The processes of par-
ticle propagation and collision are governed by the LB equa-
tions using the 2D nine-velocity (D2Q9) scheme as the follow-

ing
f2(x+ et + Ar) — [P (x,1)
1
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where f£ (x,t) is the density distribution function of the o-th
component, T° and Ar are the relaxation time and the time-
step, respectively, and e; are the discrete velocities in the
D2Q9 scheme and given by
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and F°(x,t) is the force acting on the o-th component, which
includes the fluid—fluid cohesion force F2 (x,t) and the fluid—-
solid adhesion force F,3 (x,?).
The fluid—fluid cohesive force acting on the 6-th compo-
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where ¢ and & denote the two different fluid components, G,
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is the fluid—fluid interaction strength that controls the cohe-
sion force, W°(x,t) and w°(x,t) are the pseudo-potentials
,1) = p°(x,t) and
= p%(x,t) in the present work. The pressures at dif-

that are taken as fluid densities, i.e., y°(x

yO(z,1)

ferent positions are calculated by the equation of state as fol-

The fluid—solid adhesion force acting on the o-th component
is computed as

8
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where s(x + e;At,t) is an indicator function that is equal to 1
or O for a solid or a fluid component node, respectively. The
interaction strength between the fluid and solid phases can be
adjusted by G2,_. It is suggested that G2, values are positive
for non-wetting fluids and negative for wetting fluids, respec-
tively.

In the present work, periodic boundaries are employed
on the left and right walls of the computation domain. A
bounce-back rule is adopted on the fluid/solid boundaries.
A constant density boundary condition, implemented by the
non-equilibrium extrapolation approach, 3! is used on the top
boundary as an air source. The densities of gaseous water
and non-H,O gas components inside the domain are initial-
ized to be 0.04 mu lu=? and 0.96 mu lu~? (mass unit per
square lattice unit), while those on the top boundary are fixed
to be 0.08 mu lu—2
mid air with higher gaseous water concentration on the top

and 0.92 mu lu~2, respectively. The hu-

boundary enters into the computation domain and the gaseous
water accumulates around the arranged solid nanoarrays due
to the adhesive force. Droplet nucleation takes place around
the nanoarrays once supersaturation has been achieved.
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3. Results and discussion
3.1. The intrinsic contact angle

Different intrinsic contact angles of a droplet on smooth
surfaces with different wettabilities are simulated. The simula-
tion domain consists of 200200 lattice units. A droplet with
a radius of 26 lattice units is positioned on the flat surface.
The relaxation time is set as T = 1 for the two components.
The fluid—fluid interaction strength is fixed as G, = 2.1. The
fluid-solid interaction strengths are specified as G2, = —G.,
which is identical to the work of Huang et al.!*! Substituting
the interaction parameters into Young’s equation, a rearrange-

ment of Young’s equation yields[*"!

-1
o0 = (ch-0l) (6252) . @

where 6 is the intrinsic contact angle, p; is the water compo-

nent density in the droplet, and p» is the dissolved non-H,O
gas component density in the droplet.[*! Figure 1 shows the
comparison between the contact angles obtained from the LB
simulations and the calculations from Eq. (7). As shown in
the figure, the simulated intrinsic contact angles are in good
agreement with the computed data, and the relative error be-
tween the two sets of data is less than 3.2%. This indicates that
various wetting phenomena of the gas/liquid/solid system can
be reasonably described by the present LB model. Moreover,
it is worthwhile to mention that the dynamic contact angles of
droplets, exhibiting the hysteresis effect, can also be simulated
by the present LB model.
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Fig. 1. (color online) Comparison between the LB simulations and the
calculations from Eq. (7) for the intrinsic contact angle as a function of
the fluid—solid interaction strength.

3.2. Nucleation and growth of condensate droplets

The phenomena of the nucleation and subsequent growth
of condensate droplets are simulated using the LB model.
To reasonably compare the LB simulations with the experi-
mental observations, the relationship between the dimension-

less LB lattice and the realistic length space is established

through evaluating the critical nucleation diameters of con-
densate droplets. Under the experimental condition of 6 Torr
(1 Torr=1.33322x102 Pa) and 3 °C,[3335] the critical nucle-
ation diameter is 60 nm calculated by Kelvin’s equation.[*0]
In the LB model the critical nucleation diameter is measured
to be 3 lattice units. Accordingly, it is obtained that 1 lattice
unit in the LB model is equivalent to 20 nm in the real length
space. 32l In addition, the fluid—solid interaction strengths are
taken as Glds =-G

a 24s = 0.18 to produce a 109° intrinsic con-

tact angle that determines a coincident surface energy with
those of the rough surfaces used in the droplet condensation
experiments. 337331 In the computation domain, the geometri-
cal parameters of nanoarrays include post width (W), edge-to-
edge spacing between two adjacent posts (S), and post height
(H).

In our previous work,3?! three types of typical preferen-
tial nucleation positions, i.e., top-nucleation, side-nucleation,
and bottom-nucleation modes were observed. The relation-
ship between the geometrical parameters of nanoarrays and the
preferential nucleation position was determined based on the
exactly regular nanoarray arrangements. Considering that in
experiments there must be some levels of nonhomogeneity in
the geometrical size of the nanostructures in the present work,
the patterns of the superhydrophobic nanoarrays are regulated
to be nonuniform in the present work, i.e., they have slight
differences in post width, post height, and inter-post spacing
at some sites to test the influences of geometrical parameters
on the preferential position of droplet nucleation.

Three types of droplet nucleations and the subsequent
growths are presented in Fig. 2 that is shown in water den-
sity field. Figure 2(a) shows the evolution of droplet nu-
cleation and growth in the case of the top-nucleation mode.
The computational domain is composed of 324 x 500 lattice
units. The geometrical parameters are taken as W = 16 lattice
units (320 nm), S = 38 lattice units (760 nm), and H = 220
lattice units (4400 nm). The two center posts are set to be
slightly taller and thicker. After starting the LB calculation,
water density in the gas phase gradually increases from the
initial value of 0.04 mu lu=? due to the constant humid air
source with 0.08 mu lu=2 at the top boundary. After around
4.66 x 10° time-steps of the LB calculation, two droplet nu-
clei appear at the top of the middle posts as shown in the
third panel of Fig. 2(a). A water density gradient at the sur-
rounding atmosphere is formed due to the consumption of the
gaseous water particles as the droplets grow. As the vapor
condensation proceeds, the growing droplets coalesce and lie
at the top of nanoarrays without penetrating into the space be-

tween posts, keeping a non-wetting Cassie state and exhibiting
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a good agreement with the experimental observation shown in
the last panel of Fig. 2(a).[33]

Figure 2(b) shows the simulated evolution of the side-
nucleation mode, illustrating a transition from the wetting
Wenzel state to the non-wetting Cassie state of condensate
droplets. The simulation domain consists of 124 x 220 lat-
tice units. The geometrical parameters are W = 5 lattice units
(100 nm), S = 4 lattice units (80 nm), and H = 100 lattice
units (2000 nm), while the middle four posts and the interpil-
lar space are a little taller and narrower, respectively. Other
simulation conditions are identical to those of Fig. 2(a). It is
found that the droplet nucleation takes place in the upside of
the narrower interpillar space between the nanoarrays. Then,
the condensate liquid coalesces to a larger droplet and the lig-
uid in the space moves upwards gradually. Finally, the conden-
sate droplet remaining at the top of the nanoarrays in the non-
wetting Cassie state compared well with the ESEM image 3
shown in the last panel of Fig. 2(b).

Figure 2(c) shows the simulated evolution of the bottom-
nucleation mode. The simulation is performed in a domain
of 153 x 200 lattice units. The geometrical parameters of the
nanoarrays are W = 4 lattice units (80 nm), S = 8 lattice units

(160 nm), and H = 21 lattice units (420 nm), but the mid-
dle region has a slight difference in post height and inter-post
spacing. Other modeling conditions are identical to those of
Figs. 2(a) and 2(b). It is noted that droplets emerge in the bot-
tom corners of the narrower spacings. These droplets grow and
coalesce into a single droplet, keeping pinning in the space be-
tween the posts. Apparently, this feature would impair the su-
perhydrophobic property of nanoarrays. The image of conden-
sate multidroplets taken by Chen et al.**! is presented in the
last panel of Fig. 2(c) for comparison. The elongated shape of
the white circled droplet in the last panel of Fig. 2(c) exhibits a
large contact angle hysteresis, presenting good agreement with

the simulation results.

It is noted that the simulation results presented in Fig. 2
are corresponding to the relationship between the geometrical
parameters of nanoarrays and nucleation modes, which was
established in our previous work using the exactly uniform
nanoarray arrangements. 3>l This demonstrates that the nucle-
ation mode will not be changed because geometrical configu-
rations of nanoarrays are exactly uniform nor slightly nonuni-
form. However, the slightly nonuniform geometrical config-
urations can produce realistic individual condensate droplets
that are comparable to those observed experimentally.
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Fig. 2. (color online) Simulated evolutions of droplet condensation shown in water (H,O) density field, for the cases: (a) top-nucleation mode, (b) side-
nucleation mode, and (c) bottom-nucleation mode. Numbers in the figures indicate the local water (H,O) densities.
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To illustrate the mechanism that drives the motion of the
interpillar droplets growing from the side-nucleation mode,
time evolutions of liquid pressures taken from the locations
close to the upside and downside liquid/gas or liquid/solid
interfaces of Figs. 2(b) and 2(c) are shown in Fig. 3. As
shown in Fig. 3(a), for the droplets originating from the side-
nucleation mode the downside pressure is higher than the up-
side pressure during the period from 3.95 x 10 ts (time steps)
to 5.75 x 10 ts, which drives the liquid in the interpillar space
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0.42
0.40

0.38

Pressure/muts~!

0.36

6 7 8 9 10 11 12 13 14
Time steps t/10° ts

0.34

3 4 5

to move upwards until the condensate droplet is entirely sitting
at the top of the nanoarrays. However, figure 3(b) shows that
for the droplets originating from the bottom-nucleation mode
the downside pressure is always markedly lower than the up-
side pressure. Consequently, the condensate droplets are not
able to move upwards during condensation, resulting in the
wetting Wenzel state in the entire process of droplet nucleation

and growth.
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Fig. 3. (color online) Evolutions of the upside and downside pressures of the liquid phase measured from (a) Fig. 2(b) and (b) Fig. 2(c).

The unit muts is short for mass unit per time step.
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Fig. 4. (color online) Simulated evolution of droplet condensation on nanoarrays patterned with hydrophilic and hydrophobic surfaces, shown
in water (H,O) density field. The geometrical parameters of the nanoarrays are identical to those of Fig. 2(c). Numbers indicate the local water

(H,0) densities.

066401-5



Chin. Phys. B Vol. 25, No. 6 (2016) 066401

To investigate the influence of nonuniform local intrinsic
wettability on the preferential nucleation mode of condensate
droplets, the simulation is carried out using the nanostructures
of Fig. 2(c), but decorated with different hydrophilic and hy-
drophobic surfaces as shown in the first panel of Fig. 4. The
top surfaces of four posts in the middle region are decorated
to be hydrophilic by setting Gzllds = —ngs = —0.33 to gener-
ate an intrinsic contact angle of 50°. Other simulation con-
ditions are identical to those of Fig. 2(c). Figure 4 presents
the time evolution of the droplet condensation on the nanoar-
rays patterned with hydrophilic and hydrophobic regions. It is
found that the gaseous water particles favourably accumulate
at the hydrophilic tops of the four posts as the condensation
proceeds, as shown in the second panel of Fig. 4. After around
2.5 x 10° time steps of LB calculation, the droplet nucleus ap-
pears on one of the hydrophilic tops after reaching supersatu-
ration for droplet nucleation. The droplet grows by consuming
the gaseous water particles, producing a water density gradient
at the surrounding atmosphere. In the process of LB simula-
tion, the droplet stays at the top of the nanoarrays and remains
anon-wetting Cassie state, which can be readily removed from
the surface. Note that the final wetting state of the condensate
droplet completely differs from that shown in Fig. 2(c), even
though both figures 2(c) and 4 have the exactly identical ge-
ometrical parameters. This indicates that the modification of
local intrinsic wettability on nanoarrays can change the nucle-
ation mode and the subsequent growth pattern of the conden-
sate droplets. The simulation results in Fig. 4 accord with the
experimental observations by Varanasi et al.’®! qualitatively.

4. Conclusions

Droplet nucleation and growth on nanoarrays are sim-
ulated using a 2D multi-component multi-phase LB model.
Different intrinsic contact angles are simulated using various
fluid—solid interaction strengths. By changing the geometri-
cal parameters of the nanoarrays, three types of preferential
droplet nucleation modes are observed. It is confirmed that the
condensate droplets originating from the top-nucleation and
side-nucleation modes display the non-wetting Cassie state,
while the ones growing from the bottom-nucleation mode
present the wetting Wenzel state. The slightly nonuniform ge-
ometrical configurations of nanoarrays can generate realistic
individual condensate droplets. The simulation results com-
pare reasonably well with the experimental observations re-
ported in the literature.

The simulated time evolutions of droplet pressures show
that the downside pressure of the droplet originating from side-
nucleation mode is slightly higher than the upside pressure,
which drives the droplets to move upwards until a non-wetting
Cassie state is reached. However, the downside pressure of
the droplet originating from bottom-nucleation mode is always
lower than the upside pressure in the entire condensation pro-
cess, which keeps the droplets in the wetting Wenzel state.

The hydrophilic/hydrophobic modification of the local intrin-
sic wettability on the nanoarray surface can change the prefer-
ential droplet nucleation positions from the bottom-nucleation
mode to the top-nucleation mode. It is demonstrated that the
patterns of droplet condensation can be manipulated by con-
trolling the geometrical parameters of nanoarrays, and the lo-
cal intrinsic wettabilities on nanoarray surfaces.
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