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ABSTRACT: In this work, we use molecular dynamics
simulations to investigate coalescence-induced jumping of
nanodroplets on curved surfaces with different wettabilities.
On a curved surface, a liquid bridge will first form between
two coalescing droplets as on a flat surface. However, contrary
to symmetry-breaking-induced jumping on a flat surface,
coalescing droplets would jump earlier than the liquid bridge
gets into contact with the curved surface. Such an early
symmetry breaking is induced by the opposite motion of
coalescing droplets along the lateral direction on the curved Yo 100 300 300 200
surface. We find that surface curvature can effectively facilitate t(ps)

the jumping of coalescing nanodroplets via enhanced

symmetry breaking. The energy conversion efficiency is improved from ~0.15% on a flat surface to ~2.9% on a curved
surface, which is about 20 times enhancement. In addition, we conducted an energy scaling analysis by considering the lumped
effects of both viscous dissipation and contact line friction on the jumping behaviors. We conclude that curvature-enhanced
jumping in the nanoscale can be ascribed to the mitigated contact line dissipation Egj, whereas viscous dissipation E, is
maintained almost at the same level. Therefore, we unveil a scaling law between the energy conversion efficiency # on surfaces
with different curvatures and the product of contact line length and contact time. Interestingly, the increasing surface curvature
could allow the occurrence of coalescence-induced jumping on a less superhydrophobic surface. Hence, a phase map of
coalescence-induced jumping in terms of surface curvature ratio and surface wettability is presented. Essentially, the paradigm of
curved surfaces in the nanoscale used in this study is characteristic of the topography of micro/nanostructured surfaces, on
which coalescence-induced droplet jumping has been experimentally observed. This work justifies the critical role of
nanoroughness in boosting coalescence-induced jumping of nanodroplets and sheds light on the passive control of nanodroplets
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jumping on functional surfaces.

1. INTRODUCTION

When two droplets on a surface begin coalescing, the released
surface energy from coalescence would drive the coalescing
droplet to jump off the surface. This intriguing phenomenon
was first observed during dropwise condensation on a
superhydrophobic surface, which is then termed as “coales-
cence-induced jumping”.'™> This self-propelled jumping
behavior provides us a passive approach to droplet control,
which has been utilized not only in enhancing phase-change
heat transfer®” but also in several other applications including
self—cleaning,3 anti-icing,8’9 and energy harvesting.lo’ll

To promote and employ the jumping behavior of coalescing
droplets in practical applications, two prominent standards are
desired. One standard is coalescence-induced jumping
occurring at a smaller length scale,' ideally in the nanoscale;
and the other standard is coalesced droplet jumping with
higher velocities even on more wettable surfaces. Previous
studies”"? showed that it is technically demanding to have
both of these requirements satisfied at the same time because
the jumping velocities of smaller coalescing droplets would be
significantly depressed because of the even higher level of
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energy dissipation, which may lead to no jumping of
nanodroplets. However, in a recent experimental study,'” the
coalescence-induced jumping of nanodroplets of ~500 nm in
diameter were observed on carbon nanotube-decorated
superhydrophobic surfaces. Several numerical studies using
molecular dynamics (MD) simulations'*™"” also concluded
that certain coalescing nanodroplets could successfully jump
off superhydrophobic surfaces.

Even though the first standard can be relatively easily
satisfied by decreasing the characteristic length of surface
roughness and increasing the apparent advancing contact angle
on a textured surface,'” the jumping velocity of nanodroplets
can still be impeded in that the efficiency of converting surface
energy to kinetic energy in the nanoscale drops abruptly to
only ~19%,"'® which is a significant reduction compared with
that of ~5% in the microscale.”’” To break the jumping
velocity limit because of this low energy conversion efficiency,
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surfaces decorated with micro/nanoridges'’ ™" were already

introduced to improve the energy conversion efficiency
through inducing the early liquid-bridge impact on the
structured surfaces. However, the existence of micro/nano-
ridges would inevitably increase the liquid—solid contact area,
incurring larger adhesive force and restricting their applications
only on the almost nonwetting surfaces. Therefore, an
alternative jumping enhancement method utilizing intrinsic
surface curvature was proposed to alleviate the liquid—solid
contact.”” In this respect, the coalescence-induced jumping of
microdroplets has been successfully observed on the rounded
hydrophobic microfibers,”>™>* which at least partly validated
the efficacy of the curvature-enhanced jumping in the macro/
microscale. Hence, it is reasonable to expect surface curvature
in the nanoscale could facilitate nanodroplet jumping, meeting
both the jumping standards, that is, in a smaller scale and
energy-effective, in the meantime. Furthermore, contact line
friction”>™*° becomes a non-negligible source of energy
dissipation in the nanoscale, necessitating the consideration
of contact line dissipation in the energy efficiency analysis of
coalescence-induced nanodroplet jumping.

In this work, we use MD simulations to study the enhanced
jumping of coalescing nanodroplets on curved surfaces. First,
the dynamics of coalescence-induced jumping of nanodroplets
on a cylindrical surface are investigated. Different from the
jumping behavior on a flat surface, the coalesced droplet on a
curved surface could achieve early jumping and early
acceleration upon coalescence. Following a greatly mitigated
deceleration process during the detachment of the to-be-
jumping droplet, the coalesced droplet successfully jumps off
the surface with a higher velocity. Next, by conducting a
scaling analysis of energy dissipation including the effect of
contact line friction, we elucidate the energy conversion
efficiency of coalescence-induced jumping in the nanoscale.
We find that the reduction of contact line dissipation plays a
dominant role over viscous dissipation in improving energy
conversion efficiency on curved surfaces. As expected, the
requirement on surface hydrophobicity for droplet jumping
decreases with increasing surface curvature so that enhanced
jumping on less superhydrophobic surfaces becomes possible
in the nanoscale. The paradigm of curved surfaces in this MD
study actually characterizes the surface topography with
roughness in the nanoscale or microscale, on which
coalescence-induced droplet jumping has been experimentally
validated. The physical insights gained from this work could
clarify the mechanism of curvature-enhanced jumping and
pinpoint a potential way to passively control the dynamic
behaviors of droplets in the nanoscale.

2. MODEL AND METHODS

2.1. Numerical Method. All the MD simulations in this work
were carried out using the open source code LAMMPS.*® The
simulation domain consists of a solid substrate and two spherical
nanodroplets. In this study, the solid substrate is either atomically
smooth (Figure 1a) or curved (Figure 1b) to mimic the surface of a
nanofiber or a nanotube. To investigate the effect of surface curvature,
the radius R of the nanofiber is adjustable, whereas the radius r of the
nanodroplets is fixed at 5 nm. In this work, the nondimensional
curvature @ = r/R was set at 0 (flat surface), 0.25, 1, and 2,
respectively, to tune the surface curvature. In the MD simulations,
each spherical droplet contains 34916 SPC/E water molecules and
the solid substrate is composed of (100) face-centered cubic gold
lattices with a lattice constant of 4.08 A. The two nanodroplets were
initially placed 0.5 nm away from each other on the modeled surfaces.
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Figure 1. Initial configurations of the simulation domain used to
study the coalescence-induced jumping of nanodroplets on (a) a flat
surface and (b) a curved surface. Here, the characteristic length of the
contact line L is defined as the geodesic distance between the two
original droplet-surface contact points A and B along the surfaces,
namely 5. Coalescence-induced lateral movement of nanodroplets is
in the x direction and the out-of-plane jumping is in the z direction.

During the simulation, the substrate atoms are fixed at their initial
positions and the motion of water molecules is integrated by the
Verlet algorithm. The Au—O interaction and O—O interaction are
given by the 12-6 Lennard Jones potential

6, \12 6\
(J)—Lq with d < d,
d d
where ¢;; o, is the finite distance

; is the depth of the potential well, o;

where the potential equals to zero, d. is the cutoff distance of 10 A,
€, stands for the O—O interaction between water molecules, and &,
denotes the Au—O interaction between water molecules and the solid
atoms. In this work, €, is fixed at 0.1553 kJ/mol and the energy
parameter ratio €,,,/€,,, is adjusted to tune the surface wettability. The
long-range Coulombic forces are computed by particle—particle
particle mesh approach®” and are also truncated at 10 A.

Prior to the production run, the system was first equilibrated with
the Nose—Hoover thermostat in an NVT ensemble for 100 ps until
the temperature of the two nanodroplets approaches a steady value of
298 K. During the equilibration, all the water molecules were fixed via
a harmonic potential to avoid the coalescence of the two
nanodroplets. Once the equilibration process was finished, the
position constraints on water molecules were released and then the
system was integrated in the NVE ensemble. All the simulations were
run for a sufficiently long period until the coalescing droplets could
either jump off the surfaces or simply stay on the surface without
jumping.

2.2. Energy Scaling Analysis of Coalescence-Induced
Jumping of Nanodroplets. Jumping of a coalesced liquid droplet
is actually driven by the released surface energy AE, during the
coalescence of two smaller droplets.>>"'>'* This jumping behavior is
resisted by the adhesion work E, and energy dissipation E; in a
combined manner. Hence, in a two-droplet coalescence system, the
final kinetic energy E, of the jumping droplet could be expressed as

)

where E, is the kinetic energy of the merged droplet and it could be
calculated as

Et.j = 4¢;

(1)

E,=AE, - E, - E

4
E = —p1tr3vj2 ~ pr3vj2

(3)
where p is the density of water, r is the initial radius of each droplet,
and the jumping velocity v; is defined as the steady center-of-mass
velocity after the coalesced droplet detaches from the surface.

First, we study the jumping phenomenon on an ideally super-
hydrophobic surface with contact angle 8 ~ 180°. The excessive
surface energy AE, of two spherical droplets could be estimated as

AE, ~ (2 - ()" )amyr* =~ yr? (4)
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where 7 is surface tension of water. Although the surface energy of a
droplet might vary with its increased surface area incurred by the
additional macrotexture,"’ the change of surface energy on curved
surfaces in our work could be ignored because of the nearly constant
surface area, which will be discussed in section 3.2.

The adhesion energy E, becomes negligible as 6 ~ 180°

AE, =2y(1 + cos 0)A, = 0 (3)
where Ay is the contact area of liquid droplet on the solid surface.
Indeed, on a superhydrophobic surface with ¢,/¢,,, = 0.1, the ratio of
adhesion energy to the total released surface energy is less than 0.2%
(see the Supporting Information).

Most of the previous jumping studies assumed the viscous
dissipation of bulk liquid E as the only source of energy dissipation.
However, as the size scale descends to the nanoscale, the effect of
contact line dissipation E; becomes more prominent and cannot be
neglected.*****° Thus, in this work, energy dissipation Ey is
composed of viscous dissipation E,;, and contact line dissipation Ey

(6)

Viscous dissipation E,;, mainly results from fluid convection (or
diffusion) during coalescence, which could be estimated as™?

AEd = Evis + Ecl

A&E=2/Wi/®d9&z29¢ms
0 Q

(7)
where Q is the volume of each droplet, 7, is viscous dissipation time,
and @ is the dissipation function. It has been justified that the lateral
motion (in the x-direction) of the coalescin% droplets dominates the
viscous dissipation during coalescence;'>'” thus, the dissipation

function @ could be estimated as

2

o-3fY

2 \r (8)

where  is the water viscosity, U, is the lumped coalescence velocity
of droplets in the x direction. The viscous dissipation time 7, was
previously defined as the time spanning from the onset of coalescence
to the jumping of the coalesced droplet.'” However, especially on a
curved surface, the coalescence process, which is the origin of viscous
dissipation, might not be synchronized with droplet jumping. Hence,
in this work, based on the lateral motion of droplets during
coalescence, 7, is defined as the whole period of acceleration and
deceleration processes of the coalescing droplets in the x direction,
which could also be directly obtained from our MD simulations (see
section 3).

Substituting eq 8 in to eq 7, the viscous dissipation E,; could be
rewritten as

4 2 2
Evis ~ —TEHU; i & /’lU;c Tyis

)

The contact line dissipation E is determined by the characteristic
contact line velocity u, the characteristic length of contact line L,

contact line friction coefficient 4, and contact line dissipation time
23-25,30
ol

Ey ~ pyu’Ly (10)
where g could be approximated by water’s dynamic viscosity
123! 1n the nanoscale, u should be in the same order of magnitude
as the average coalescence velocity U, in the x-direction, and contact
line dissipation time 7 could be defined as the time period spanning
from the onset of coalescence to the detachment of the coalesced
droplet from the surface. Here, the characteristic length of the contact
line L is defined as the geodesic distance between the two initial
droplet—surface contact points A and B along the surface, namely I;
in Figure 1. Thus, L could be obtained based on the geometry
relationship as
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r -1 %
2—cos ——— @ #F0
L~{ @ J1+2¢
2rp = 0 =0 (11)

Therefore, the contact line dissipation E, could be scaled as

2
Eq ~ puU Ly

(12)

Combining eqs 3—35, 9, and 12 together, the final jumping velocity
could be estimated as

U’ L
o LB (rvis + —rd)
r

) 2

pr pr (13)

In order to nondimensionalize this equation, we also define
characteristic jumping velocity v; and characteristic time 7; as
2
14 _pPr
i ’ L=
H (14)
and the nondimensional velocities v* and U}, nondimensional viscous
dissipation time 7%, nondimensional contact time 77§, and nondimen-
sional contact line length L* are given by

x_ U* U # _ Lyis
1)j - x = 7 Tyis = )
Vi Y 9 Tl
T
* _ Nl *
T = L*=-
T r

(13)
Therefore, eq 13 could be simplified as

® #20 % i
v R 1= U (g + Ly

(16)

Equation 16 could also be used to predict the energy conversion
efficiency 7 as

*2, % * %
- [Jx (Tvis +L Tcl
i (17)

On a flat surface, L* is equal to 2 and the time of viscous
dissipation 7,5 and contact line dissipation 7 should be on the same
order of magnitude. Thus, the prominant effect of contact line
dissipation E in the nanoscale could be confirmed as

E

cl

E

~

TTis

(18)

According to eq 11, the contact line length L* will become shorter
with increasing nondimensional curvature ¢. The average horizontal
velocity U}, contact line dissipation time 7} , and viscous dissipation
time 7% are inclined to decrease because of the presence of surface
curvature. Therefore, we expect that the curvature-enhanced jumping
could be achieved in the nanoscale as a result of the reduced viscous
dissipation E; and the mitigated contact line dissipation Eg, which

will be verified in the following discussion.

vis

3. RESULTS AND DISCUSSION

3.1. Dynamics of Coalescence-Induced Jumping of
Nanodroplets on a Flat Surface. To study the effects of
surface curvature on droplet jumping behaviors, the dynamics
of coalescence-induced nanodroplet jumping on a flat surface
were first studied. The energy parameter ratio ¢,/¢,,, was set
at 0.1 to model a superhydrophobic surface. The temporal
evolution of the out-of-plane (vertical) centroid velocity v, of
the coalescing droplet and the distance hy, between the lowest
point of the liquid bridge and the surface are shown in Figure
2a. The snapshots of coalescence-induced jumping of nano-
droplets on a flat surface are shown in Figure 2b. Similar to the
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Figure 2. (a) Evolution of the vertical centroid velocity v, and the
bridge-surface distance h, during the coalescence and jumping of
nanodroplets on a flat surface with &,,/€,,, = 0.1; (b) a series of
snapshots of coalescence-induced jumping of nanodroplets on a flat
surface. The two identical nanodroplets are 10 nm in diameter.

. 5163233 .
results of previous studies,” the jumping process could

be divided into the following four phases.

In phase 1, the two droplets started coalescing along with
the formation and growth of the liquid bridge until the
evolving liquid bridge touched on the solid surface at t = 120
ps. In general, the formation and expansion of the liquid bridge
was believed to be surface-tension-driven and the expansion of
the liquid bridge was ascribed to the negative Laplace pressure
close to the center of the liquid bridge. In a more recent MD
work,”* the coalescence of two nanodroplets was found to be
stochastically initiated by the thermal capillary wave on the
droplet surfaces and then the as-initiated liquid bridge would
expand in a faster linear regime (i.e., thermal regime) before its
diameter dj, exceeds the thermal length scale Iy ~ r.”* Both the
thermal-driven stage (d, o t) and the surface-tension-driven
stage (dy, o t*° in inertially limited-viscous regime15’35) could
be observed in our simulation (see Figures S1 and S2 in the
Supporting Information), which could at least partly verify the
validity of our simulation method.

In phase 2, the coalesced droplet accelerated upwards and its
out-of-plane velocity finally reached its maximum value v,
0.07 A/ps at t = 225 ps. As shown in Figure 2b, the beginning
of acceleration is synchronized with the contact of the liquid
bridge on the surface, which confirms that the bridge-
impacting-induced symmetry breaking is the main driving
factor of acceleration. It is regarded that the observed jumping
enhancement by arranging a ridge underneath the liquid
bridge®® was essentially based on this “bridge-impacting-
induced symmetry breaking” mechanism.

In phase 3, the coalesced droplet started detaching from the
solid substrate whereas the out-of-plane velocity v, decelerated
to a steady value ~0.05 A/ps at t = 360 ps. In phase 4, the
coalesced droplet successfully detached from the surface and
kept moving up with the constant velocity v; & 0.05 A/ps,
which is defined as the jumping velocity or launching velocity
in this study. Correspondingly, the energy conversion

~
~

. 1 S o
efficiency 5 = %mv]-z/zviz 0.15%, which is a significant
reduction compared with that of ~5% in the microscale.”” As
most of the energy dissipation, including viscous dissipation
and contact line dissipation, took place during the first three

phases of coalescence, it is expected that energy dissipation
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could be mitigated if we could shrink the time span of phases
1-3.

3.2. Dynamics of Coalescence-Induced Jumping of
Nanodroplets on a Curved Surface. Via MD simulation of
coalescence of two nanodroplets on a curved surface as shown
in Figure 1b, we studied the effects of surface curvature on
coalescence-induced jumping of nanodroplets. In this section,
the curved surface has the nondimensional curvature ¢ = 2
with energy parameter ratio €,,/¢,,, = 0.1 and the two identical
nanodroplets are 10 nm in diameter as on the flat surface. The
evolution of the vertical centroid velocity v, of the coalesced
droplet and the evolution of the gap hy,, between the nadir of
the liquid bridge and the surface ridge (or apex) are shown in
Figure 3a; and 3b illustrates the snapshots of droplet
coalescence and jumping on the curved surface.

@ Phase 2-1 Phase 2-2 Phase 4 Phase 5

0'000 100 200 300 400
t (ps)
(b) 10nm l
0 ps 80 ps 150 ps 300 ps 400 ps

Figure 3. (a) Evolution of the centroid velocity v, and the bridge-
surface distance hy, during the coalescence and jumping of
nanodroplets on a curved surface with ¢ = 2 and €,,/¢,, = 0.1;
(b) a series of snapshots of coalescence-induced jumping of
nanodroplets on the curved surface. The two identical nanodroplets
are 10 nm in diameter.

As can be seen in Figure 3, the dynamics of the coalescence-
induced nanodroplet jumping on a curved surface is distinct
from that on a flat surface. On the curved surface, the
coalescing droplet initiated its vertical acceleration upon the
instantaneous contact of the two droplets at t = 0 ps, that is,
without phase 1 as observed on a flat surface. In a faster pace,
the liquid bridge impinged on the surface apex as early as t ~
75 ps, implying another dominant mechanism other than the
bridge-impacting-induced symmetry breaking in this phase.
Here, this early jumping could be ascribed to the opposite
movements of the two coalescing droplets on the curved
surface. On a flat surface, the opposite and lateral movements
of coalescing droplets have a relatively limited influence on
their vertical jumping at least during the initial phase of
coalescence. However, the lateral movements of coalescing
droplets on the curved surface would lead to the instantaneous
contact of droplets on the slope around the surface apex.
During this impacting process, the counteractive momentum
normal to the slope surface would drive the droplet jump much
earlier, even before the liquid bridge gets into contact with the
apex of the surface. Moreover, this early jumping might be
amplified in the nanoscale because coalescing droplets in the
inertial limited-viscous regime were found to behave as rigid
objects.”® From the point of view of symmetry breaking, this

DOI: 10.1021/acs.langmuir.9b01300
Langmuir 2019, 35, 9979-9987


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01300/suppl_file/la9b01300_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.9b01300

Langmuir

early jumping could be attributed to the early symmetry
breaking caused by the translation of the coalescing droplets,
that is, “lateral-motion-enhanced symmetry breaking”. Once
the liquid bridge impinges on the apex of the curved surface,
the coalescing droplet will also be simultaneously accelerated
by the “bridge-impingement-induced symmetry breaking”,
which is confirmed by the steeper ramp of the vertical centroid
velocity v, at t & 75 ps. Therefore, unlike phase 2 on a flat
surface, the acceleration process on the curved surface could be
divided into two subphases, that is, phase 2-1 during which
only lateral-motion-enhanced early symmetry breaking is
dominant before the liquid bridge impacts on the surface;
and phase 2-2 whereas both the lateral-motion-induced early
symmetry breaking and the bridge-impingement-induced
symmetry breaking exert joint effects on the acceleration of
the coalescing droplet.

Following the acceleration phase, the coalescing droplet
reached its maximum velocity at ¢t = 170 ps and was about to
detach from the surface. However, on the curved surface, there
is no deceleration process as phase 3 on a flat surface. To
explain this phenomenon, we compared the evolution of
solid—liquid molecules Njf on both the flat surface and the
curved surface as shown in Figure 4. Here, the nondimensional

. 0.030

L

0.025

0.020

0.015F

Number of liquid-solid molecules N

200 300

t(ps)

0 160 400
Figure 4. Effect of surface curvature ¢ on the evolution of liquid—
solid molecules Nj during the coalescence-induced jumping process.
The red and navy dashed lines denote the ends of phase 2 on the flat
surface and the curved surface, respectively.

number of solid—liquid molecules Nif = Ny /N, that is, the
ratio of the number of water molecules Nj, within the cutoff
distance of the solid substrate to the overall water molecules
N, in the simulation system. It is rational to use the values of
solid—liquid molecules Nj¥ to predict the evolution of adhesion
force. Comparing with Ni¥ on the flat surface, the peak value of
Nt on the curved surface arose much earlier (t = 77 ps on the
curved surface vs t = 162 ps on the flat surface) and the
relatively less solid—liquid molecules Nt at the end of phase of
2-2 (see the dashed lines in Figure 4) led to the significant
reduction of adhesion force during the detachment phase. On
the other hand, the occurrence of the peak value of contact line
length is anteceded on the curved surface than that on a flat
surface, leading to the depressed contact line dissipation during
the detachment process. Consequently, sharply contrary to
that on a flat surface, coalescing on a curved surface exhibits no
apparent deceleration process. Besides, as shown in Figure 4,
both the initial and peak values of solid—liquid molecules N
only vary slightly with respect to ¢, indicating that the change
of surface energy of a droplet on curved surfaces in the energy
analysis of section 2.2 could be ignored.
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Without the deceleration process as phase 3 on a flat surface,
the droplet jumped off the curved surface with its maximum
velocity. The final jumping velocity v; is increased from ~0.05
A/ps on a flat surface to 0.20 A/ps on the curved surface; the
corresponding energy conversion efficiency # is improved by
~20 times from 0.15% on a flat surface to 2.9% on the curved
surface. Note that it only took about half the amount of time
for the jumping droplet on the curved surface to reach the
same height in comparison to that on the flat surface, that is,
215 ps versus 400 ps. In this way, the time span of phases 2-1
and 2-2 on the curved surface, corresponding to phases 1—3 on
a flat surface, has been dramatically decreased.

3.3. Effects of Surface Curvature on Jumping
Velocity. To comprehensively investigate the effects of surface
curvature on the jumping behaviors of nanodroplets, we
further simulated the coalescence-induced jumping of nano-
droplets on surfaces with different curvatures (¢ = 0.25, 1, 2)
whereas the surface wettability is fixed at €,/€,,, = 0.1. The
evolution of the instantaneous vertical centroid velocity v, and
the centroid height of droplet z; are depicted in Figure S.

It can be seen that jumping behaviors of droplets strongly
depend on surface curvature ¢. With the increase of surface
curvature from @ = 0 to @ = 2, the droplets could jump off the
surface with higher velocities and reach higher heights within
the same period of 400 ps. Although the four curves in Figure
Sb are qualitatively similar, the gradual disappearance of phase
1 and phase 3 with increasing ¢ could be clearly perceived. In
Figure Sc, the final jumping velocities v increase with
increasing surface curvature ¢, indicating that enhanced
surface curvature ¢ could be utilized to significantly promote
the coalescence-induced droplet jumping at least in the
nanoscale. However, if surface curvature ¢ rises to an even
higher degree, this jumping enhancement eftect would be
eventually diminished as a result of the almost no solid—liquid
contact for a sufficiently small curvature radius (¢ > 2). Thus,
a critical value of ¢ might exist, only below which the early
jumping because of “lateral-motion-enhanced symmetry break-
ing” could occur and above which the jumping behavior of the
coalesced droplet would be similar to that on surfaces with
ridge/roughness.'” However, it is anticipated that this critical
value should be very large as the curvature-induced jumping
enhancement still works for the case of ¢ = 20 in the
microscale.”® Therefore, we restricted our MD simulation in
the range of ¢ < 2 given the limited computation resources
and the subatomic discreteness of the gold substrate.

According to eq 17, this enhanced jumping of the coalesced
droplet implies that viscous dissipation and contact line
dissipation might be mitigated because of the existence of
surface curvature. To find the evolution of viscous dissipation
E,;, instantaneous lateral velocity v, for different curvatures
were extracted from our MD simulation. As illustrated in
Figure 5d, the coalescing droplets in all cases began horizontal
acceleration at t = 0 ps, and the lateral velocity v, reached the
maximum values at t & 50 ps, then gradually damped to v, = 0
at t & 400 ps.

The almost identical profiles in Figure 5d indicate that both
U (~0.05) and 7%(~14.29) were almost unchanged for the
four jumping cases on different curvatures. According to eq 9,
viscous dissipation E can be taken as a constant and the
reduction of energy dissipation on curved surfaces can only be
ascribed to the reduction of contact line dissipation E. Thus,
eq 17 could be simplified as
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Figure 5. (a) Effect of surface curvature ¢ on the evolution of droplet centroid height
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z; (b) effect of surface curvature ¢ on the evolution of

vertical centroid velocity v, of nanodroplets. (c) Nondimensional jumping velocity of droplets on superhydrophobic surfaces with different
curvatures. (d) Evolution of the horizontal coalescence velocity v, during the coalescence of nanodroplets on surfaces with different curvatures. The

surface wettability is maintained at €,,/€,,, = 0.1.

n~ C — CyjL* (19)

where C,; and C, are constant factors. Equation 19 implies that
surface curvature can improve the energy conversion efficiency
via reducing both the contact line length L* and contact time
7. Indeed, Figure 6 reveals a linear relationship between the

< 003F o ]
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3 . ® ¢=025
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Figure 6. Energy conversion efficiency # on surfaces with different
curvatures follow a linear relationship with 7}L*, that is, the product
of contact line length and contact time. The surface wettability is
maintained at €,/€,,, = 0.1.

energy conversion efficiency 5 and 75L*, which is in line with
the prediction of eq 19. On the basis of our simulation results,
the contact time 7% could be greatly shortened on the curved
surface because of the early jumping and weaker deceleration,
that is, the disappearance of phase 1 and phase 3 on the curved
surface as shown in Figure 3a. Also, the contact line length L*
could be decreased with increasing @ according to eq 11.
Therefore, this significant improvement of energy conversion
efficiency 7 could be explained by the negative linear
relationship between 7 and 73L*. Furthermore, this scaling
analysis also implies that it is the reduction of contact line
dissipation Eg rather than viscous dissipation E,;, which plays
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the dominant role in enabling nanodroplet jumping with
higher energy conversion efliciency # on curved surfaces.

Although the droplet size r is fixed and only surface
curvature (1/R) is varied in our MD simulations, the
conclusions based on the nondimensional analysis should be
still valid for droplets with varying sizes on a curvature-fixed
surface. For instance, regarding dropwise condensation on a
nanostructured surface, the nanoembryos would keep growing
before coalescing with neighboring nanoembryos, resulting in
an effective increase of surface curvature ¢ as well. According
to our analysis, the energy conversion efficiency # could be
improved via increasing the nondimensional curvature ¢. Only
when ¢ goes beyond a critical value ¢, could the coalesced
embryos successfully jump off the surface with sufficient kinetic
energy (the value of these critical nondimensional curvatures
@. could be found in the next section). Correspondingly, on a
surface with a fixed curvature (1/R), a critical radius r, of
nanoembryos should exist, above which the energy barrier for
successful jumping could be overcome. In fact, a similar critical
radius r, has been experimentally observed during the
detachment of condensate droplet from a rounded fiber in
the microscale.”® More importantly, once ¢, becomes fixed for
surfaces with constant surface wettability and droplets have
specific physical properties (viscosity, surface tension, etc.), the
only way to reduce the critical radius r_ is to increase surface
curvature (1/R). In other words, a higher surface curvature (1/
R) could promote the coalescence-induced jumping during the
earlier life of condensate embryos. From the point of view of
practical applications, increasing the surface curvature by
introducing nanoroughness on an engineered surface would
lead to the jumping removal of condensate embryos during the
very beginning of their formation, which could be utilized in
designing advanced functional surfaces (self-cleaning surface,
anti-icing surface, etc.) with much delayed condensate flooding
or remarkably depressed ice/contaminants adhesion.
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Figure 7. Effects of surface wettability on the evolutions of (a) droplet centroid height z; on a curved surface of ¢ = 2; (b) vertical centroid velocity

v, of nanodroplets on a curved surface of ¢ = 2.

3.4. Effect of Surface Wettability on Coalescence-
Induced Jumping on Curved Surfaces. As the curved
structures could enhance coalescence-induced jumping on a
superhydrophobic surface, we hope such enhancement effect
could prevail on surfaces with a wider range of wettability.
Thus, by varying the energy parameter ratio of the O—O
interaction to the O—Au interaction ¢,,/¢,,, from 0.1 to 0.5,
the effect of surface wettability on the coalescence-induced
jumping of nanodroplets was investigated on a nanofiber with a
fixed curvature ¢ = 2. Figure 7a,b show the temporal evolution
of the centroid height z; and the vertical centroid velocity v,,
respectively, for nanodroplet jumping on the curved surfaces
with different wettabilities.

As shown in Figure 7ab, on the curved surface with
increasing surface wettability, the coalesced droplet would
garner a decreasing jumping velocity, reaches a lower height
within 400 ps, and even fails to jump when €, /¢,,, = 0.5. This
decreasing jumping velocity could be explained by the
following two reasons. First, on the surface with higher
wettability, the stronger attractive force between water
molecules and the substrate atoms would prohibit the droplet
from jumping off the surface with a higher velocity. The failure
case of g,/e,, = 0.5 could be attributed to the stronger
adhesion work E,, which cannot be neglected on the less
superhydrophobic surface. Second, with the increase of surface
wettability, it apparently takes a longer time for a droplet to
wet and to detach from the surface, which means the contact
time 77 is inevitably increased. Meanwhile, the contact line L*
will also be increased because of the increasing contact area.””
Owing to the increase of contact line L* and contact time 7,
more surface energy will be dissipated via contact line
dissipation E;4. Consequently, stronger adhesion work E, and
more contact line dissipation E; may jointly result in energy-
ineffective jumping or even no jumping.

On the basis of the MD simulations, we plot out a phase
map as shown in Figure 8 for 20 coalescence cases with
different surface curvatures ¢ and surface wettability &,/
where green rounded points denote the cases that coalesced
droplets could successfully jump off the surface and the red
square points denote the failed cases. As mentioned in section
3.4, the critical nondimensional curvatures @. of successful
jumping for different surface wettabilities could be found in
Figure 8. It is reasonable that ¢ is dependent of surface
wettability (&,,/€,,) because a higher surface curvature is
required for successful jumping on a more wettable surface.
Furthermore, this phase map shows that the threshold of
hydrophobicity for successful jumping is reduced via increasing
surface curvature @. Nanodroplet jumping becomes possible
on a less superhydrophobic surface (&,,/€,,, = 0.4) if surface
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Figure 8. Phase map of coalescence-induced jumping in terms of
surface curvature ratio and surface wettability.

curvature ¢ > 1. Thus, adjusting the surface curvature turns
out to be an effective method to enhance droplet jumping in
the nanoscale.

As discussed in the introduction, some of previous studies
have made tremendous efforts to enhance coalescence-induced
jumping on structured superhydrophobic surfaces.'” ™' One of
these methods is to integrate a single micro/nanoridge under
the liquid bridge so that the early-contact between the liquid
bridge and the surface ridge would improve the energy
conversion efficiency.'’~"? Similar to these designs, increasing
surface roughness curvature can effectively facilitate the bridge-
impingement-induced symmetry breaking as we discussed
before. Importantly, the curvature-induced enhancement has
two advantages that the other methods do not have. First, for
the flat surface with micro/nanoridges, the enhancement effect
of the ridge would be maximized when the ridge structure is
arranged underneath the liquid bridge between two coalescing
droplets. However, on a curved surface, droplets’ positions are
not specifically required because both the bridge-impingement-
induced early symmetry breaking and the lateral-motion-
enhanced symmetry breaking could take synergistic effect
everywhere on the curved structures like nanowires and
nanofibers. Second, as a previous study pointed out,'’ the
existence of macrotexture ridges would increase the liquid—
solid interface and additional surface energy can be stored in
the deformed droplet, which eventually leads to the improved
energy conversion efficiency. However, the incurred increase of
solid (ridge)—liquid contact area during the detachment phase
would limit this method only on nonwetting surfaces with
ultrahigh contact angles so that the effect of adhesion force
could be depressed. In contrast, the liquid—solid contact area
on curved surfaces has only slight changes as evidenced in
Figure 4, that is, the maximum number of liquid—solid
molecules on the curved surfaces is almost equal to that on the
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flat surface. In this scenario, the adhesion force is not an
additional prohibitive factor for effective coalescence-induced
jumping. Moreover, the intrinsic surface curvatures prevailing
in nature should be more complex (e.g., surface curvatures
might exist in three dimensions) rather than the two-
dimensional surface curvature in our modeling, which might
further enhance the jumping behavior of nanodroplets. In
addition, the asymmetric curvature of nanofibers might affect
the jumping direction of small droplets, which has been
observed in a recent experimental study in the microscale.”” In
short, compared with the design of a flat surface with micro/
nanoridges, the surface curvature-enhanced jumping moderates
the demanding requirements on surface superhydrophobicity
and the specific spatial arrangement of droplets, shedding light
on integrating advanced micro/nanostructures on engineered
surfaces for practical applications.

4. CONCLUSIONS

In this work, we investigated the coalescence-induced jumping
of nanodroplets on curved surfaces by MD simulations. First,
the study of droplet jumping dynamics on curved surfaces
shows that the onset of jumping on a curved surface is
antedated and coalesced droplets jump off the surface with a
higher velocity within a shorter period. By varying the surface
curvature from @ = 0 to ¢ = 2, we demonstrated that surface
curvature could improve the energy conversion efficiency of
coalescence-induced jumping by about 20 times. To explain
this curvature-enhanced jumping in the nanoscale, energy-
based scaling analysis was performed to identify the
significance of contact line dissipation in nanoscale energy
conversion. Specifically, the almost independent coalescence
time and the lumped lateral velocity for different surface
curvatures imply that the reduction of contact line dissipation
should be the underlying mechanism of curvature-enhanced
jumping in the nanoscale. Finally, the effect of surface
wettability on coalescence-induced jumping on curved surfaces
was investigated to generate a phase diagram, presenting the
threshold of surface superhydrophobicity for successful
jumping on curved surfaces with different wettabilities. It is
found that curvature-induced jumping enhancement could
occur on a less superhydrophobic surface if the surface
curvature @ > 1. Thus, we envision this curvature-enhanced
jumping could be utilized in a wider range of practical
applications because of its less strict demands on droplets’
positions and surface superhydrophobicity. Furthermore, the
paradigm of curved surfaces in this MD study actually
characterizes the surface topography with roughness on the
nanoscale or microscale, on which coalescence-induced droplet
jumping has been experimentally observed. We believe our
study of curvature-enhanced jumping of nanodroplets offers
new insights into nanodroplet behaviors especially on nano-
structured morphology.
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