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ABSTRACT: Coalescence-induced jumping on superhydrophobic surfaces has
attracted extensive interest. It has recently been discovered that spontaneous
removal is also possible for the nanodroplets. However, current studies focus on
an ideal coalescence of two equally sized nanodroplets; the dynamics of
nanodroplets and the mechanism of coalescence are not well understood when
considering other practical factors. This work numerically investigated the
practical coalescence processes of nanodroplets using molecular dynamics
simulation, and systematically discussed the effects of nanodroplet number,
initial size, and initial size ratio by analyzing the variation of jumping velocity
and energy conversion efficiency. On the basis of all calculated results, we
provided forecasts for jumping velocity and energy conversion efficiency of two
coalescing nanodroplets with different sizes; the results show that both the
jumping velocity and the energy conversion efficiency decrease roughly with
increasing nanodroplet size and decreasing size ratio. The simulation results in
this study demonstrate the possibility of coalescence-induced jumping of multiple nanodroplets with different sizes, and are very
useful for predicting jumping velocities for nanodroplet coalescence events.

1. INTRODUCTION
Water vapor condensation is a ubiquitous phenomenon in the
natural world, and it has a widespread range of applications,
such as water harvesting,1,2 power generation,3 seawater
desalination,4 and thermal management.5,6 Surface physico-
chemical properties greatly influence the condensation heat
and mass transfer performance.7−9 Dropwise condensation
shows a higher heat transfer performance than filmwise
condensation, with an order of magnitude enhancement.10

On nonwetting hydrophobic surfaces, droplets undergo a series
of processes during dropwise condensation, including the
formation, growth, coalescence, and gravity-induced removal.
However, on superhydrophobic surfaces with micronanos-
tructures, there exists a unique outcome for merged droplets:
due to the minimal adhesion, the excess surface energy is
partially converted into kinetic energy, which leads to droplets
jumping away from the surface irrespective of gravity.11−14

This distinctive self-jumping motion can frequently remove
droplets and refresh the condensation substrates, and has been
utilized in a variety of fields such as self-cleaning,15 anti-
icing,16−18 electrostatic energy harvesting,19 and condensation
heat transfer enhancement.20,21

Lately, the condensation on superhydrophobic surfaces and
the coalescence-induced jumping have received considerable
attention due to their great potential, and were intensively
investigated through experiments,16,17,20−32 theoretical anal-
yses,22,26,33−38 and numerical simulations.8,39−41 In the
previously mentioned studies, the minimum jumping droplet
size, as a crucial evaluation parameter, has obtained an ever-
deepening understanding since it was first proposed. Previous
experiments consistently observed that droplets must grow to a

size on the order of 10 μm before jumping is enabled upon
coalescence. However, recent studies experimentally reported
that the coalescence-induced removal can happen to water
droplets with a diameter of 1−2 μm.22,29 Despite these
remarkable achievements, it is challenging to conduct experi-
ments to observe coalescence-induced departure of nano-
droplets due to the limited spatial and time resolution of
optical microscopes. More recently, some simulations, which
mainly aimed at the coalescence process of two equally sized
nanodroplets suspending on substrates, demonstrated that
coalescence-induced removal is also possible for the nano-
droplets.39−41 However, in reality, coalescence commonly
takes place for multiple droplets with different sizes. The
detailed dynamics and mechanism of these practical
coalescence events for nanodroplets need to be thoroughly
investigated.
In this work, we conducted a systematic quantitative

description and analysis for the dynamic behavior of coalescing
nanodroplets on nanopillar surfaces, through molecular
dynamics simulation. Unlike the previous simulation studies,
several practical factors are taken into consideration, including
the number, the initial size, and the initial size ratio of
nanodroplets. We analyzed the effects of these factors on the
dynamics and energy conversion of nanodroplets, and
provided forecasts for jumping velocity and energy conversion
efficiency of two coalescing nanodroplets with different sizes.
This study demonstrates that coalescence-induced jumping
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happens not only on two equally sized nanodroplets but also
for multiple multisize nanodroplets, which extends our basic
comprehension of coalescing droplets at the nanoscale. We
believe the work is useful to understand the mechanism of
practical coalescence process for nanodroplets.

2. METHODS
The simulation system consists of nanodroplets and nano-
structured surfaces. The droplets are constituted of water
molecules, and simpler copperlike atoms are used to construct
the substrates. Figure 1 shows initial configurations of our

simulation systems: two types of models were built to study
the effects of droplets’ number, size, and size ratio on merged
droplet behavior. Nanostructured substrates, whose horizontal
dimensions correspond to 253.0 Å × 253.0 Å, consist of a
square pillar array with height H = 18.1 Å, width W = 19.9 Å,
and interpillar spacing S = 16.3 Å. The implementation
methods of these models are the same as in our previous
studies.8,40,42 The periodic boundary conditions only applied
in the horizontal direction, while the fixed boundary condition
and bounce-back boundary condition are applied in the lower
and upper boundaries, respectively. The popular velocity
Verlet algorithm with a time step of 1.0 fs was used to integrate
Newton’s equation of motion; the long-range Coulombic force
was computed by PPPM (particle−particle particle−mesh)
approach. Water was modeled by the TIP4P model; to
improve the calculation efficiency, the SHAKE algorithm was
used to fix the bond distance and angle of water molecule.
Gravity is not taken into consideration since the droplets are
much smaller than the capillary length.
A large-scale atomic/molecular massively parallel simulator

(LAMMPS) package is used to conduct all simulations. The
TIP4P model is employed for water molecules, the interaction
energy well-depth between water molecules εW is equal to
0.6487 kJ mol−1. The intermolecular interactions among
copper-like atoms, and those between copper-like atoms and
water molecules, are all modeled by the 12−6 LJ potential, the
interaction energy well-depth between substrate atoms and
water molecules εSW is set equal to 0.6 εW. The van der Waals
and Coulomb interactions are truncated at 8 and 12 Å,
respectively. In this work, the simulation details are almost
identical to those of our previous studies.8,40,42 The Nose-́
Hoover thermostat in an NVT ensemble is applied to heat
water molecules and substrate atoms, respectively. After the
system reaches the desired temperature, we remove the Nose-́
Hoover thermostat, and then the entire system is integrated
with the NVE ensemble.
First, in order to verify that the departure of the nanodroplet

is caused by coalescence instead of the ultraweak solid−liquid
interaction, we conducted a reference simulation for the same

surface. As shown in Figure 2, in the same settings and
potential field, a single nanodroplet is initially placed on the

nanopillar surface. From these time-lapse images, it is observed
that although the contact angle is large, the nanodroplet always
resides on nanostructured surface for a long period of
simulation time, indicating the single nanodroplet cannot
independently depart from solid surface in this force field.

3. RESULTS AND DISCUSSION
3.1. Coalescence of Multiple Identical Nanodroplets.

Current simulation research mostly focuses on the coalescence
of two equal-sized droplets. In this section, we studied the
coalescence processes of multiple identical nanodroplets on
nanostructured surfaces. Six cases are established to investigate
the different variation of nanodroplets’ morphology; the
number of nanodroplets N ranges from 2 to 7. Figure 3

illustrates typical coordinate snapshots of each case, and it is
noticed that the coalescence-induced jumping exists in all
simulations. This indicates that droplet jumping not only
happens on two nanodroplets but also for multiple nano-
droplets, which is first observed and extends our basic
understanding of coalescing droplets at the nanoscale.
Similar to our previous observations,40 for these Cassie-state

nanodroplets, the coalescence process can be divided into four
stages: I, formation and expansion of the liquid bridges
between nanodroplets; II, impact of the liquid bridge on the
substrate; III, reduction of the coalescing nanodroplet’s base
area; IV, upward departure of merged nanodroplets. To
quantitatively describe the whole coalescence process and

Figure 1. Initial configurations of simulation domains in various
coalescence situations. Cooper-like atoms are in red; oxygen atoms
and hydrogen atoms are in blue and white, respectively. (a) Multiple
identical nanodroplets. (b) Two unequally sized nanodroplets.

Figure 2. Time-lapse images for the morphology of a single
nanodroplet during wetting process.

Figure 3. Time-lapse images of the coalescence process between
multiple identical nanodroplets. The upper row of each subfigure
represents the front view, and the bottom row represents the top-
down view. (a−f) correspond to the number of nanodroplets N = 2, 3,
4, 5, 6, and 7, respectively.
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elaborate on the effects of the number of droplets, we
statistically extracted droplet centroid height from molecular
coordinates, and its temporal evolution with time is shown in
Figure 4a, where the slope of each curve, namely, the variation
rate of centroid height, represents the instantaneous vertical
velocity of coalescing nanodroplets. To observe the variation
trend and difference more clearly, details in the initial stage are
illustrated in the inset. At the same moment, as the number of
droplets increases; droplet centroid height and its variation rate
increase first (N = 3), and then decrease later (N = 4, 5, 6, 7).
From an energetic standpoint, further description and

analysis are provided here. In principle, the dynamics of
coalescing nanodroplets is governed by every energy term.
During the droplet coalescence process, the energy conversion
efficiency is defined as η = EK/ΔES, where EK represents the
kinetic energy of the droplet at the jumping moment, and ΔES
represents the surface energy released during coalescence. ΔES
and EK are calculated as follows: ΔES = 4πR0

2·σ(N − N2/3),
= ·E N m vK m

1
2 0

2, where R0 is initial radius of the droplet before

coalescence, N denotes the number of droplets, Nm denotes
the number of water molecules in droplets, and m0 is the mass
of a single water molecule. In order to illuminate the effect of
droplet number on energy conversion during coalescence,
droplets’ jumping velocities v are first obtained in the same way
as in our previous studies,40 and then we obtained the energy
conversion efficiency of each case. As shown in Figure 4b,
compared with two coalescing droplets, jumping velocity
increases and reaches its maximum value when N = 3, which is
ascribed to the greater released surface energy. However, for
more droplets, more viscous dissipation energy will be
generated because of the more complex internal flow. As a
result, jumping velocity decreases with increasing droplet
number later (N = 4, 5, 6, and 7). Meanwhile, the energy
conversion efficiency decreases with increasing droplet
number, which also demonstrates that less and less released
surface energy converts into droplet kinetic energy.
3.2. Size Effect on the Coalescence of Two Identical

Nanodroplets. By varying initial droplet radius, size effects on
the coalescence of two identical nanodroplets are investigated
in this section. With other parameters fixed, five types of
droplets with different initial radii are established to find
different variations of droplet morphology. Typical coordinate
snapshots of each case are shown in Figure 5, which
demonstrate that, for the small-sized droplets, these is a
dramatic change in morphology and dynamic behavior.

Similarly, in order to provide a quantitative analysis on the
effects brought by the initial droplet size, we recorded atomic
coordinates, statistically extracted droplet centroid height, and
calculated the droplet jumping velocity and energy conversion
efficiency. To observe and compare the variation tendency of
the droplet centroid height more intuitively, the intercept of
each curve, namely, the initial centroid height, is kept the same
by translation, as shown in Figure 6a. The results show that
centroid height and its variation rate decrease with increasing
initial droplet size, which indicates that smaller droplet size
promotes a higher jumping velocity, and this tendency is also
supported by Figure 6b. Taken together, these results suggest
that coalescing nanodroplet dynamics is dramatically influ-
enced by its initial size: both the jumping velocity and the
energy conversion efficiency increase with decrease of initial
size. These special observations can be explained by a
combination of surface adhesion and viscous effects: in the
nanoscale, the surface adhesion is mainly herein associated
with the attraction between water molecules and substrate
atoms. Surfaces exert a low attraction force on small-sized

Figure 4. (a) Temporal evolution of centroid height for multiple droplets during coalescence. The inset shows the graphic details in small
coordinate values. (b) Variation of jumping velocity and energy conversion efficiency with number of droplets.

Figure 5. Coalescence process of two identical nanodroplets with
increasing initial radius on the same nanopillared surfaces. (a−e)
correspond to the initial droplet radius R0 = 33.2, 45.7, 51.2, 58.1, and
63.9 Å, respectively.
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droplets, leading to a low surface adhesion during coalescence.
Additionally, for large-sized droplets, the internal flow and
molecular interactions are more complex, which gives rise to
more dissipation energy. As a result, the jumping velocity and
the energy conversion efficiency of nanodroplets increase with
decrease of initial size.
3.3. Coalescence of Two Unequally Sized Nano-

droplets. In this section, we investigated the effects of initial
size ratio on the coalescence of two unequally sized
nanodroplets with radii R1 and R2. The initial size ratio r is
defined as r = R1/R2, where R1 and R2 are the radii of small and
large droplets, respectively. Here, three sets of simulations, a
total of 16 cases, are conducted. Group 1: R1 is fixed as 25.8 Å,
and R2 is set to 33.2, 38.6, 45.7, 51.3, 58.1, 63.9, 71.8, and 76.9
Å, respectively. Group 2: R1 is fixed as 38.6 Å, and R2 is set to
45.7, 51.3, 58.1, 63.9, 71.8, and 76.9 Å, respectively. Group 3:
R1 is fixed as 51.3 Å, and R2 is set to 63.9 and 76.9 Å,
respectively. The simulation results of group 1 are selected for
discussion and analysis, because there are sufficient cases and
data. Figure 7 shows typical coordinate snapshots of several
cases in group 1.
Figure 8a shows the droplet centroid height of each case in

group 1. To observe and compare the variation tendency of the
droplet centroid height directly, the intercept of each curve,
namely, the initial centroid height, is kept the same by
translation. It is observed that, in the initial stage, centroid
height and its variation rate decrease with decreasing initial size
ratio r roughly, and the inset in Figure 8a provides a clear view
to this tendency. However, for those small-sized droplets (R2 =
33.3 Å and R2 = 38.6 Å), there is a drastic deceleration during
the upward movement stage. This is because the viscous force
is dominant over the inertial force for nanodroplets; the small
kinetic energy of small-sized nanodroplets is greatly dissipated
by the collision from water molecules in the gas-phase region.
Similarly, the energy conversion efficiency is calculated as
follows: η = EK/ΔES, where ΔES = 4π·σ [(R1

2 + R2
2) − (R1

3 +
R2

3)2/3], = ·E N m vK
1
2 m 0

2. As the initial size ratio r decreases,

both the jumping velocity and the energy conversion efficiency
decrease roughly, this dependency relationship is illustrated in
Figure 8b. By combining the previous results, we provide
forecasts for jumping velocity and energy conversion efficiency
of two coalescing nanodroplets of different sizes, which are
shown in Figure 8c and 8d, respectively. With the increase of
initial droplet size or the decrease of initial size ratio, both the
jumping velocity and the energy conversion efficiency decrease

roughly; however, this decreasing tendency slows down when
the initial size of the droplet increases.

4. CONCLUSIONS
To summarize, practical coalescence processes of nanodroplets
were studied numerically using the molecular dynamics
simulation. The coalescence-induced jumping events of
multiple nanodroplets with different sizes were observed. We
systematically investigated the practical influence factors,
including the number, the initial size, and the initial size
ratio of the nanodroplets. Dynamics and energy conversion of
coalescing droplets were analyzed for each case: the jumping
velocity increases first and decreases later with the increasing
number of droplets, but the energy conversion efficiency
decreases all the time. Due to the increasing dissipation energy,
both the jumping velocity and the energy conversion efficiency

Figure 6. (a) Temporal evolution of centroid height for different sized droplets during coalescence. (b) Dependency of jumping velocity and
energy conversion efficiency with respect to initial droplet size.

Figure 7. Time-lapse images of the coalescence process between two
unequally sized nanodroplets with radii R1 and R2. The geometric
structure parameters in each substrate are kept the same. (a) R1 = 25.8
Å, R2 = 45.7 Å. (b) R1 = 25.8 Å, R2 = 58.1 Å. (c) R1 = 25.8 Å, R2 =
63.9 Å. (d) R1 = 25.8 Å, R2 = 76.9 Å.
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decease with the increasing droplet size and decreasing size
ratio. We believe the fundamental insights are useful to
understand the mechanism of practical coalescence process for
nanodroplets.
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