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Abstract: Coalescence-induced droplet jumping has received more attention recently, because of
its potential applications in condensation heat transfer enhancement, anti-icing and self-cleaning,
etc. In this paper, the molecular dynamics simulation method is applied to study the coalescence-
induced jumping of two nanodroplets with equal size on the surfaces of periodic strip-like wettability
patterns. The results show that the strip width, contact angle and relative position of the center of two
droplets are all related to the jumping velocity, and the jumping velocity on the mixed-wettability
superhydrophobic surfaces can exceed the one on the perfect surface with a 180° contact angle on
appropriately designed surfaces. Moreover, the larger both the strip width and the difference of
wettability are, the higher the jumping velocity is, and when the width of the hydrophilic strip is
fixed, the jumping velocity becomes larger with the increase of the width of the hydrophobic strip,
which is contrary to the trend of fixing the width of the hydrophobic strip and altering the other
strip width.

Keywords: molecular dynamics simulations; mixed-wettability; superhydrophobic surfaces; jump-
ing velocity

1. Introduction

In recent years, coalescence-induced droplet jumping on a superhydrophobic surface
has received more and more attention [1-11], because it has been applied to various
fields, including condensation heat transfer [12,13], self-cleaning [14], anti-icing [15,16],
anti-dew [17] and so forth. However, the jumping velocity affects the efficiency of these
applications. Obviously, promoting jumping velocity (vj) is a beneficial approach in the
applications mentioned above. Therefore, some studies have started to investigate the
influence factors on vj, and explore effective methods to make v; higher.

Zhang et al. [18] made a comprehensive analysis of the published papers of droplet
self-jumping data. They demonstrated that v; had a definite relationship to the contact
angle and droplet radius (r), where v; followed distinct laws for different contact angle
ranges and was more sensitive to a smaller radius. The number of the coalescence droplets
also has an influence on vj [3,19], which has a larger value with three and more droplets
compared to two droplets’ coalescence. Recently, with the development of micro—nano
technology, many studies have focused on fabricating various micro-/nano-structured
surfaces to discover the enhancement of droplets coalescence and jumping. In fact, it
has been demonstrated that the microstructures make the apparent contact angle of the
droplet increase, hence, a faster jumping of merged droplets is achieved [1,5,6,20-22].
It should be noted that this phenomenon is only suited to a droplet size larger than the
microstructure size by at least one order of magnitude [23]. However, when these two
sizes are comparable, what happens? It has surprisingly been found that v; will have a
dramatic improvement, even making the velocity limits for microscale droplets [7-9] with
0j < 0.23u;c and nanoscale droplets [10,11] with v; < 0.127u;. broke. Here, u;. that is equal
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to (7/pr)!/? represents the inertial-capillary velocity, in which + is the surface tension and
p is the density of liquid.

In short, there are many factors that can affect vj, and most studies focus on the
preparation of various structured surfaces. However, another surface named mixed-
wettability surface which is easy to fabricate and has the potential ability to improve v
is ignored, although some researches have proved that the condensation heat transfer
performance could be adjusted with hydrophobic-hydrophilic patterned surfaces [24,25]
and hybrid surfaces [26-32]. It has been found that only Xie [33] this year pointed out the
unique advantages of this surface.

On the basis of the above reasons, in order to further study the influences of the
surface characteristic parameters on vj, firstly, a mixed-wettability superhydrophobic
surface by alternative distribution of two different hydrophobic strips is constructed. Then,
the molecular dynamics (MD) simulation method is applied to study the effects of the
strip widths, contact angles and relative positions of the center of two nanodroplets on
the coalescence. Finally, it is verified that the jumping velocity limit can be broken on
appropriately designed surfaces.

2. Simulation Method

Figure 1 exhibits the simulated system, where the dimensions of the volume in which
numerical simulation is carried out are 50 nm in x direction and 30 nm in both y and z
directions. At the bottom of the box, a solid Au (100%) plate is manufactured. It is divided
into two parts: one is the more hydrophobic area with yellow strips, and the other is the
more hydrophilic area with gray strips. Both these two wettability areas are modeled by
FCC (face-centered cubic), which is universally applied for the metal atoms. The substrate
has dimensions of 50 x 1.224 x 30 nm?, containing 129,178 atoms. Two spherical argon
droplets with equal radius of 8 nm are placed on the substrate, which is also modeled by
FCC. The lattice constants of the substrate and droplets are 4.08 A and 5.4 A, respectively.

Figure 1. Initial configuration of coalescence of two argon droplets on a mixed-wettability superhy-
drophobic surface (the yellow region is the more hydrophobic strip, while the gray region is the more
hydrophilic strip).

The potential of the embedded atom model (EAM) [34] is employed to describe the
interaction between Au—Au, while the potential of Lennard—Jones 12-6 is used to simulate
the interactions of Ar—Ar and Ar-Au; the function is as follows:

Vl] = 4e {(0’/1’)12 - Ci]'(U'/T)6:| (1)

The specific definitions of ¢, € and ¢;; are the same as those in our previous paper [35],
whose values are 3.41 A, 10.3 meV and 1 for the Ar-Ar interaction [11], respectively. Similar
to Reference [35], the interaction parameter of c;; between Ar-Au is adjusted to obtain
distinctive contact angles.

When both the initial system and interaction force field are well prepared, the equili-
bration process can be performed. In this process, firstly, the system is run in a canonical
ensemble (NVT) for 15 ns with the temperature of 85 K by using the Nose-Hoover ther-
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mostat. Subsequently, the thermostat acting on argon droplets is removed, continuing
to run in a micro-canonical ensemble (NVE) for 12 ns. Finally, the system achieves an
equilibrium state, where the system temperature, pressure and various potential ener-
gies are stable. Then, to reach the droplets coalescence, a horizontal velocity is given to
the droplets. The droplet velocities in the range of 1 to 5 m s~! are tested. The results
indicate that 3 m s~! is the best one for coalescence induced droplet jumping, which is
consistent with the conclusion of Reference [34]. The cutoff radius in this work is set as 30.
The Velocity—Verlet algorithm is carried out to solve the Newtonian motion equations for
every atom. In all simulations, the time step is 6 fs, and atom positions and velocities are
stored and calculated every 1000 time-steps.

In this paper, the contact angle 6}, of the more hydrophobic region is fixed, which is
set to 180°, while 6 of the more hydrophilic region is variable and it is set to 140°, 150°
and 160°. The strip widths of these two regions are Ly, and L, respectively. In order to
study the effects of different strip widths, contact angles and with distances of the center of
two moving nanodroplets on the jumping velocity, three kinds of simulations are executed.
Firstly, both L}, and L; are synchronously altered for these three different 6;; the structures
of the mixed-wettability surfaces are shown in Table 1. In this series of cases, the center of
two droplets is consistent with the center of the more hydrophobic strip, which is always
placed at the center of the plate (as shown Figure 2a). Secondly, under the condition that 0,
is 160°and 6}, is 180°, the two droplets are seen as a whole and the center of it is moved to
the right side. The moving length is shown in Table 2. Here, the structure of the plate is as
the same as the first situation, and Figure 2b shows the initial state of the distance between
moving droplets is 10 nm. Lastly, if both Ly, and L; are different, and the relative contact
angle is also 160° /180°, the configurations of the strip widths are shown in Table 3. In this
situation, the strip width is fixed for the one, which is placed at the center of the plate, and
the other is changed (as shown in Figure 2c).

Table 1. Physical dimensions of the strip width of the mixed-wettability surfaces at
6, = 140°/150° /160° and 6}, = 180° (nm).

Case 1 2 3 4 5 6 7 8 9 10 11 12
Ly 2 3 4 5 6 8 10 12 16 18 20 24
L 2 3 4 5 6 8 10 12 16 18 20 24
i,
i,

L
e

0
Kk 4

BT

(@)

(b) (c)

Figure 2. The configurations of coalescence of two droplets with (a) Ly, = L; = 6 nm; the center of two droplets is consistent

with the center of more hydrophobic strip; (b) the two droplets paralleled moving towards the right by 6 nm on the basis of

(a); (¢) L, = 6 nm, which is fixed, while L; is changed to 10 nm, and the center of the two droplets is consistent with the fixed

strip. The yellow region is the more hydrophobic strip, while the gray region is the more hydrophilic strip.

Table 2. Physical dimensions of the moving length of the center of two droplets at 6; = 160° and
0, = 180° (nm).

Case 1 2 3 4 5 6 7 8 9 10 11

L,=L =5 1 2 3 4 5 6 7 8 9 10 -
Ly=L1=6 1 2 3 4 5 6 7 8 9 10 12
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Table 3. Physical dimensions of strip widths of the mixed-wettability surfaces when the strip widths
are different at 6; = 160° and 6}, = 180° (nm).

Case 1 2 3 4
Ly, 2 3/4/5/6/8/10/12 6 7/8/9/10/12
L 3/4/5/6/8/10/12 2 7/8/9/10/12 6

In these three groups of simulations, 62 mixed-wettability surfaces are created, and
81 cases are used to study the effects of solid-liquid interaction degrees, initial distance
between droplets and strip widths on the droplets coalescence and jumping. All simula-
tions are performed using Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [36], which is an open source code for classical MD simulation. A sample
simulation file for the case of Figure 2a can be found in the Supplementary Material.

3. Results and Discussion

Figure 3a show the dimensionless jumping velocity, vj/u;, scaled with the inertial-
capillary velocity. On the flat surfaces with the contact angle of 180°, the maximum
dimensionless jumping velocity was reported as 0.127 [10,11]. However, the result of this
paper shows that the velocity limit is broken on the mixed-wettability superhydrophobic
surfaces with equal width of L, and L;. For this design, vj/u;. exceeds the limit only at
larger strip width, and the maximum (vj/u;c = 0.21) occurs when 6; is 140° and both Ly,
and L are 10 nm. When the center of two droplets is moved, vj/u; is shown in Figure 3b.
For the larger move length (8 nm), vj/u;c will exceed the limit; thus, there is a best position
for the maximum velocity. For the cases when L, and L; are different, vj/u;c is shown in
Figure 3c,d. As L; is increasing, regardless of whether Ly, is large or small, vj/u;c is generally
less than the velocity when Ly, = L;. On the contrary, when L is fixed, vj/u;. can always
exceed the limit with the increase of Ly,.

0.25 T T T

. '9|=140°' —a—Lp=L1=5nm

—o— G=150°

—o—Lp=L|=6 nm
0.20 1

(b) | . 1 . . .
0 2 4 6 8 10 12
moving length (nm)
T T T T T T 0.25 r T T T T T
—=—Lp=2nm ——[|=2 nm
—o—L,=6 nm —e—L|=6 nm
o 1 0.20 - b
o hu | 20.15
a o E W
\ - ST —a
o 1 0.10 - b
L 1 0.05} 1
©_ . . . . [C) , , . .
2 4 6 8 10 12 2 4 6 8 10 12
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Figure 3. Dependency of the dimensionless jumping velocity of the coalesced droplets with respect to the effect of (a) strip

widths and contact angles when Ly, = Lj; (b) moving length of the center of two droplets when Ly, = L;; (c) hydrophilic strip

width when the hydrophobic strip width is fixed; (d) the hydrophobic strip width when the hydrophilic strip width is fixed;
where the dashed line denotes the limit value 0.127.
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3.1. Mixed-Wettability Superhydrophobic Surfaces with Equal Strip Width

For the design of mixed-wettability superhydrophobic surfaces with equal widths of a
hydrophobic strip and a more hydrophilic strip, the jumping velocity is raised only for a
larger strip width, and both the minimum and maximum velocities appear when both L,
and L are 4 nm or 10 nm in these three contact angle situations (as shown in Figure 3a).
The reason for this trend is that the narrow strip has little influence on the apparent contact
angle (as shown in Figure 4a), so it is nearly the same as a uniform surface with the contact
angle of 180°. However, the energy dissipation caused by adhesion is larger than that
surface, which makes the velocity decrease at the smaller strip width (L, = Lj < 4 nm).
With the strip width continuing to increase (L}, = L; < 10 nm), the apparent contact angle is
decreased (as shown in Figure 4b), making the height of the mass center of the droplets
smaller. Figure 4c—f extract the heights of the mass center to exhibit the relations between
contact angles and strip widths, which shows that the larger the strip width is, the smaller
the height of mass center is. Moreover, the larger strip width makes the liquid bridge
impact the solid plate with a larger velocity, just as shown in Figure 4g. Subsequently,
the larger impacting velocity generates more intensively upward counterforce, which
makes the coalesced droplet shrink and jump in a faster speed. Therefore, the curves from
Figure 4c—f reveal that the merged droplets can deviate from surfaces more easily with
Ly = L} = 10 nm than other strip widths, and the situation of L}, = L} = 4 nm has the most
gentle trend. It is also found that both the contact angle and height of mass center have an
inversely proportional relationship when both Ly, and L;j are 10 nm in three different 0; just
as shown in Figure 4g, which reveals that the maximum velocity appears when 6; is 140°
and the minimum velocity appears when 6; is 160°. If the strip width continues to increase,
the velocity will slightly decrease (10 nm < Ly, = L} < 12 nm) and then remains stable (L}
=L} > 12 nm). The stage of decreasing is caused by the coaction of energy dissipation of
adhesion and the height of the mass center. It is clear that the larger the strip width is, the
greater the adhesive work is; however, the height of the mass center has little variation
from Figure 4c—f, which means the counterforces are nearly identical in the situations of
Ly =L} =10 nm and Lj, = L; = 12 nm. Therefore, the jumping velocity will decrease due
to the greater energy dissipation. The reason for the stable stage is that for a wider strip
(Lp = L; > 12 nm), the more hydrophilic contact areas of the liquid bridges just impacting
the substrate are almost the same (as shown in Figure 4h,i); thus, the energy dissipation
caused by adhesion is approximately equal, the same as the height of the mass center of
the coalesced droplet. Both of these two factors make the velocity stable.
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Figure 4. (a,b) Contact angles for L}, = L; =2 nm and L, = L; = 10 nm. (c—f) Evolution of droplets height of the mass center
on different surfaces. (g) Transient component velocity in y-direction perpendicular to the surface and the value of jumping
velocity in three different strip widths at contact angle of 140°. (h,i) The states of liquid bridge just impacting the substrate
when L, =L =12nmand L, = L; = 14 nm.
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3.2. Mixed-Wettability Superhydrophobic Surfaces with Center Moved

For the cases of the center of the two droplets being moved to the right side, typical
time-lapse snapshots of coalescence process are illustrated in Figure 5a—c, where the
coalescence-induced droplet jumping takes place more difficultly with the center of two
droplets moving by 5 nm, and more easily with the center moving by 10 nm. This can be
explained from two aspects: on the one hand, the snapshots show when the center moves,
the liquid bridge impacts the surfaces with different wettability, and this will certainly
affect the coalescence and jumping process; on the other hand, from the evolution of the
droplets height of the mass center, which is plotted in Figure 5d, the height of the mass
center before the coalescence has some differences, and absolutely it will affect the upward
counterforce. Both kinds of factors make the jumping velocity exhibit the trend in Figure
3b. When the impact area is more hydrophobic, it is more feasible for the progress of
coalescence, and when the height of the mass center is lower, the distance for liquid bridge
impacting on the surface is shorter and the impaction becomes stronger. These two reasons
make the jumping velocity larger, and the situation of moving length with 10 nm holds
these two factors indeed.

_ moving length 'with 0 nm '
—— moving length with 5 nm
—— moving length with 10 nm

500 1000 1500 2000

(Ps) 0

960 1248 t (ps)

Figure 5. Snapshots of the coalesced droplets at [, = L; = 6 nm, 6] = 160°: (a) the center is unmoved; (b) the center is moved
by 5 nm; (c) the center is moved by 10 nm; (d) evolution of the droplets height of mass center with different moving distance.

3.3. Mixed-Wettability Superhydrophobic Surfaces with Unequal Strip Width

For mixed-wettability surfaces with unequal strip widths, so long as the width of
the more hydrophobic strip is fixed, increasing the width of the other strip will make
more adhesive dissipation; nevertheless, if the width of the more hydrophilic strip is
fixed, adjusting the width of the other strip can decrease the dissipation. Therefore, the
trends of the jumping velocity in these two situations can be explained by the energy
theory. This phenomenon can also be analyzed another way: when the expanding liquid
bridge impacts the substrate, the high pressure on the surface will be built up undoubtedly.
The high pressure accelerates the coalescence process, which results in the coalesced
droplets bouncing from substrate quickly. The stage of the pressure exceeding the average
value actually corresponds to the moment of the component velocity v, exactly increasing
from its minimum to its maximum, which was also discussed in Reference [10]. The average
pressure on the surfaces with different strip width as a function of time are illustrated in
Figure 6, where these three configurations have nearly equal average pressure, but a higher
peak pressure obviously occurs for the surface with L, = 6 nm, L; = 2 nm, indicating a
stronger bridge impact and leading to a higher peak of v,.
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Figure 6. The average pressure on the surfaces at §; = 160° with (a) L, =L; =2nm, (b) [, =2 nm, Ly =6 nm and (c) L, =6

nm, L} = 2 nm. The left ordinate of the yellow region denotes the time when the pressure starts to increase, while the right

one denotes the time the pressure returns to the previous value.

4. Conclusions

In this paper, coalescence-induced droplet jumping on mixed-wettability superhy-
drophobic surfaces is studied numerically by using the molecular dynamics simulation
method. The effects of the strip widths, contact angles and the relative positions of the
center of two droplets on the jumping velocity are deeply investigated. It is found that the
jumping velocity on mixed-wettability superhydrophobic surfaces can exceed the one on a
perfect surface with the contact angle of 180°. It is also discovered that the larger the strip
width is, the higher the jumping velocity is, and the less the wettability differences between
two strips is, the lower the jumping velocity is, and when the width of more hydrophilic
strip is fixed, the jumping velocity will increase with the width of the other strip increasing,
which is contrary to the trend of fixing the width of the more hydrophilic strip and altering
the other strip width.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2227-971
7/9/1/142/sl. Case 1: Supplementary Equilibrium Codes and Supplementary Running Codes.
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