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Dropwise condensation has much higher heat transfer efficiency than the filmwise condensation, hence it
will be widely applied in power generation, waste heat recovery, refrigeration etc. The spontaneous
coalescence-induced droplet jumping on superhydrophobic surfaces was an effective way to maintain
highly efficient dropwise condensation. In our study, the coalescence-induced droplet jumping process
was numerically studied through transient three-dimensional diffuse interface method. The effect of con-
tact angle and its hysteresis, droplet size, viscosity and gravity on the jumping process was studied in
details, energy conversions were also provided among the droplet surface energy, viscous dissipation,
kinetic energy and gravitational energy. Our study showed that contact angle had negative effect on
the jumping velocity, with the decreasing contact angle, both peak jumping velocities and radius range
for droplet jumping would be reduced. For the capillary-inertial process the normalized droplet jumping
velocity was at the order of 0.2. Although more than half of the released surface energy could be con-
verted into the kinetic energy, only less than 10% of the released surface energy could be converted into
the translational kinetic energy for droplet jumping. The contact angle hysteresis had significant effect on
the droplet jumping, the larger advancing contact angle could help improve the droplet jumping velocity,
while the lower receding contact angle could reduce the droplet jumping velocity. Our results might
provide useful guideline for design of efficient dropwise condensation heat transfer through
coalescence-induced droplet jumping on superhydrophobic surfaces.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Condensation heat transfer is widely used in power generation,
refrigeration, waste heat recovery etc. [1–3], and it has great signif-
icance in improving the energy utilization and relieving pollution
problems. The condensation can be classified into dropwise and
filmwise condensations [4]. In the filmwise condensation the con-
densate will spread into a thin film on the cooling surface, thus
prevent the direct contact between the condensing vapor and
sub-cooled surface, so the heat transfer will be deteriorated. Some
measures have to be taken to improve the filmwise condensation,
such as interrupted plates, flow pattern modulation etc. [5–8]. On
the contrary, in the dropwise condensation the condensate will not
wet the sub-cooled surfaces, its heat transfer efficiency can be one
order higher than that of the filmwise condensation [9]. However,
in order to maintain the stable and efficient dropwise condensa-
tion, the condensate should be removed quickly from the
sub-cooled surfaces. At large diameter of condensate at the order

of capillary length (k ¼
ffiffiffiffi
r
qg

q
¼ 2:7 mm for water at 20 �C), the con-

densate can be removed with the aid of gravity, but droplet accu-
mulation on the sub-cooled surface may hinder the nucleation
frequency, resulting poor condensation heat transfer. In order to
improve the heat transfer efficiency, the condensate therefore
should be removed quickly, furthermore, the decreasing size of
the departure droplet helps improve the heat transfer efficiency
[10].

Boreyko and Chen [11,12] found that the condensate of 30
times smaller than the capillary length could jump from the
superhydrophobic surfaces spontaneously without any external
forces, and the resulting departure speed could be as high as
1 m/s. They also found that the kinetic energy for jumping
came from the released surface energy, the jumping velocity
followed the capillary-inertial law, which was proved on chilled
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Nomenclature

Bo Bond number
C volume fraction of liquid
e energy, J
E� non-dimensional energy
f free energy density, N=m3

g gravitational acceleration, m=s2

h height of droplet, m
M mobility, m4=ðN sÞ
Oh Ohnesorge number
p pressure, Pa
Pe Pelect number
r0 droplet radius, m
Re Reynolds number
t� non-dimensional time
u velocity, m/s
U�;V�;W�

non-dimensional velocity
V0 droplet volume, m3

x; y; z coordinates, m
X�;Y�; Z� non-dimensional coordinates
a constant, 6

ffiffiffi
2

p
e thickness of interface, m
�e non-dimensional thickness of interface
/ chemical potential, N=m2

k capillary length, m
l viscosity, Pa s
�l non-dimensional average viscosity, �l ¼ C þ ð1� CÞ

lg=lw
h contact angle, degree
q density, kg=m3

qd density ratio
�q non-dimensional average density, �q ¼ C þ ð1� CÞqg=qw
r surface tension, N/m
s time constant
w bulk energy density, N=m3

U viscous dissipation rate
ci capillary-inertial
d dissipation
g gravity, gas
gc gravitational center
j jump
k kinetic
s surface
trans translational
w water

Y. Cheng et al. / International Journal of Heat and Mass Transfer 95 (2016) 506–516 507
superhydrophobic surface, as well as the heated Leidenfrost
surface. On the Leidenfrost surface, the droplet was suspended
over the vapor layer because its temperature was above the boiling
temperature. Dorrer and Ruhe [13] also found that the condensate
could move quickly on the nano-micro scale superhydrophobic
surfaces, leading to high condensation heat transfer. Tian et al.
[14] fabricated the superhydrophobic surfaces with the closely
packed ZnO nanoneedles, and achieved the efficient self-
propelling of small-scale condensed microdrops, the droplets with
diameters below 10 lm occupied more than 80% of the total drop
number of residual condensates. Lv et al. [15] found the condensa-
tion and jumping relay of droplets on lotus leaf, and reported that
the surface energy dissipation was the main reason controlling the
critical size of jumping droplet. Miljkovic et al. [16] found that the
condensation heat transfer could be enhanced by up to 30% due to
the resulting coalescence-induced droplet jumping. Liu et al. [17]
adopted two-dimensional Lattice BoltzmannMethod (LBM) to sim-
ulate the self-propelled jumping of droplets after coalescence on a
superhydrophobic surface, as well as the dropwise condensation of
vapor along vertical hydrophobic flat plates [18]. They [19] also
studied the morphological effects on the self-propelled jumping
of droplets on textured superhydrophobic surfaces, and revealed
that there was optimal roughness spacing for maximum jumping
velocity, their findings could be used to explain the large differ-
ences in measured jumping velocities of small droplets on hierar-
chical textured and nanostructured surfaces in the experiments.
With three-dimensional multi-relaxation-time pseudopotential
Lattice Boltzmann method, Shi et al. [20] studied the
coalescence-induced droplet jumping on superhydrophobic com-
plex textured surface, and revealed the effect of surface conical
posts, droplet number and radius, the surface wettability on the
droplet jumping. Nam et al. [21] conducted full three-
dimensional numerical simulation on the dynamic analysis of
coalescence-induced jumping on superhydrophobic surface, and
they found that 40–60% of the released surface energy could be
converted into total kinetic energy before the coalesced droplets
detached from the substrate. Furthermore, they extended the
study to oil-infused superhydrophobic and hydrophobic surfaces
[22], and they found that 30% and 22% of released surface energy
could be converted into kinetic energy respectively. After detach-
ment, the total kinetic energy could be converted into viscous dis-
sipation energy, gravitational energy. Liu et al. [23] conducted the
three-dimensional phase field simulation of coalescence of two
identical spherical drops on a superhydrophobic surface with con-
tact angle 180�, and proved that the droplet jumping resulted from
the counter-action of the substrate to the impingement of the liq-
uid bridge between coalescencing drops, the jumping velocity was
nearly constant at around 0.2 when scaled by the capillary-inertial
velocity. In the heated Leidenfrost surfaces, the droplets were not
in contact with the surface, instead they were separated from the
surface by a thin vapor layer, hence the contact angle could be con-
sidered as ideal 180�, Liu et al. [24] the measured jumping velocity
at the scale of 0.2 for coalesced droplet on Leidenfrost surfaces,
which was quite close to value on the superhydrophobic surfaces.
On both surfaces, the scaled jumping velocity of 0.2 indicated that
around 4% of released energy was converted into translational
kinetic energy. Through experiments Enright et al. [25] found that
at the droplet diameter of 10 lm the droplet jumping velocity
could be as high as 1.4 m/s, but only less than 6% of the released
surface energy could be converted into translational kinetic energy.
Their values on the energy conversion ratios were much lower than
that obtained by Nam et al. [21,22], because they focused on the
translational kinetic energy after droplet detachment from the
substrate, which were closely related to the droplet jumping. But
Nam et al. [21,22] focused on the total kinetic energy before dro-
plet detachment, it would be further converted into other forms
of energy after detachment, and only a small fraction of total
energy was the translational energy. However, they only focused
on the coalescence-induced droplet jumping within a narrow
range of contact angles and droplet radius.

The effect of the contact angles on the coalescence-induced dro-
plet jumping was seldom addressed due to the singularity behavior
at the contact lines. Liu et al. [23] avoided this problem by assum-
ing the contact angle as 180�, Nam et al. [21,22] tried to resolve this
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problem by adopting the Navier-slip model in their simulations. In
our study we adopted the geometric formulation to approximate
the contact line and studied the effect of contact angle, the reliabil-
ity and accuracy had been proved by Ding and Spelt [26]. Our work
was the extension of their work, the effect of contact angles and
droplet radius on the coalescence-induced droplet jumping was
studied in the wider range, and the energy conversions during
the process was also explored in details. Furthermore, when the
droplet advanced or recede along the solid substrate, the contact
angle hysteresis had great effect on the dynamics of droplet, espe-
cially for the coalescence-induced droplet jumping, this was also
objective of our study.

In the following sections the physical model and numerical for-
mulation would be provided first, followed by the detailed studies
of jumping process of coalesced droplets under different contact
angles and droplet diameters. After that, the energy conversion
during the coalescence would be provided as well as the effect of
contact angle hysteresis on the jumping process. Finally some
conclusions would be drawn, which might be useful for design of
efficient condensation heat transfer surface through coalescence-
induced droplet jumping.
2. Physical model and mathematical formulation

Fig. 1 shows the schematic diagram of dropwise condensation
in the condenser, with vapor flowing inside and the coolant flow-
ing outside. When the vapor released heat to the cooling wall, it
would be condensed into the droplets. When the two adjacent dro-
plets coalesced, the excess surface energy would be released due to
reduction of surface area. Due to the counter action of the substrate
upon impingement of liquid bridge for coalescing droplets, the dro-
plet would jump up from the substrate. The two droplets were
assumed as equal sizes, the original radius of the droplet was r0
with contact angle h. In our simulation, the diffuse interface model
[27] was adopted to study the coalescence-induced jumping pro-
cess of droplets. In this model the divergence-free velocity field
was derived from the mass conservation law of binary mixture,
thus it was applicable for fluids with large density and viscosity
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Fig. 1. Schematic of coalescence-induced jumping on superhydrophobic surfaces.
ratios, the interface was captured from the convective Cahn–Hil-
liard equation.

According to capillary-inertial scaling, the following character-
istic velocity was defined:

uci ¼
ffiffiffiffiffiffiffiffi
r
qr0

r
: ð1Þ

The corresponding characteristic time scale was

sci ¼ r0
uci

¼
ffiffiffiffiffiffiffiffi
qr30
r

r
: ð2Þ

In order to evaluate the relative importance of different forces,
the following dimensionless numbers were adopted:

The Ohnesorge number Oh denotes the relative importance of
viscous effect versus capillary-inertial effect. When the viscous
length scale is 10 nm based on Oh � 1, the capillary-inertial scaling
is no longer observed.

Oh ¼ lwffiffiffiffiffiffiffiffiffiffiffiffiffiffiqwrr0
p : ð3Þ

The Bond number denotes the relative importance of gravita-
tional force over the surface tension. When the length scale is
1 mm based on Bo � 1, the gravitational force plays an important
role, the capillary-inertial scaling is also not observed

Bo ¼ ðqw � qgÞgr20
r

: ð4Þ

Therefore, when the droplet size is at the nano-scale or
millimeter-scale, the coalescence-induced jumping of droplet will
be affected due to viscous or gravitational effects, the detailed
analysis will be provided in the following section.

The mass-averaged velocity was defined as follows:

Uj ¼
R
X CqwUjdXR
X CqwdX

: ð5Þ

The characteristic energy was based on the order of surface
energy rr20, therefore the normalized governing equations were
shown below:

Continuity equation

r � ~U� ¼ 0: ð6Þ
Momentum equation

�q
@~U�

@t�
þ ~U� � r~U�

" #
¼ �r�pþ 1

Re
r � ½�lðr~U� þ r~U�TÞ� þ /rC � Bo~k:

ð7Þ
Interface tracking

@C
@t�

þ ~U� � rC � 1
Pe

r � ðMr/Þ ¼ 0; ð8Þ

here Re ¼ qucir0
l , Pe ¼ ucir0

M/ , /rC and Bo~k were terms caused by surface

tension and gravitational terms respectively.
The coupling between the continuity Eq. (6) and momentum Eq.

(7) was solved with the standard projection method [27]. First, a
viscous solve was performed using Adams–Bashforth for the
advection term and Crank-Nicolson for the diffusion term, thus
the intermediate velocity could be obtained, then it would be
updated through pressure correction enforced by the continuity
equation. For the Cahn–Hilliard interface tracking Eq. (8), the tran-
sient term was discretized with split semi-implicit method, the
advection term was discretized with a fifth-order weighted essen-
tially non-oscillatory (WENO) scheme. All the spatial discretiza-
tions were performed with the second-order central difference
scheme.
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The interface was assumed to be driven through convection or
diffusion driven by chemical potential gradients [28]. Based on
the volume fraction C and its gradient, a free energy density model
for immiscible isothermal two-phase fluids was used

f ¼ 1
2
erajrCj2 þ e�1rawðCÞ: ð9Þ

The first term represented the excess free energy due to the
inhomogeneous distribution of volume fraction, the second term

represented wðCÞ ¼ 1
4C

2ð1� CÞ2 was the bulk energy density.
The governing equations were discretized with finite difference

method on staggered grid to ensure the coupling between pressure
and velocity, then they were solved with projection method. Due to
the symmetry in horizontal x and y direction, only 1/4 of the two
merged droplets (half of a droplet) were simulated with the
dimensionless volume of 4� 4� 6, as shown in Fig. 2. The lower
boundary (z = 0) was the superhydrophobic solid surface. At x = 0
or y = 0, the symmetric boundary was applied, the other bound-
aries were free boundary conditions. In order to introduce the
effect of contact angle of superhydrophobic surfaces on the
coalescence-induced process, the geometric formulation was used
to compute the contact angle h, as shown below [26]
(a) X-Z view 

(c) X-Y vie

Y X

Z

Fig. 2. Computational domain for numerical simulation (1/4 of domain was selected due t
jumped up in z direction).
tan
p
2
� h

� �
¼ �~n � rC

jrC � ð~n � rCÞ~nj : ð10Þ

At the contact line,~n intersected the solid substrate at an angle of
p
2 � h. At initial stage the two adjacent droplets rest in the static state
on the solid substrate with the prescribed contact angle h. During
the coalescence-induced jumping process, the dynamic contact
angle might vary greatly. For simplification the advancing contact
angle and receding contact angle were assumed to be the same as
the static contact angle inmost of the studies. But in the last section,
the effect of contact angle hysteresis on the droplet jumping process
was provided. After coalescence the droplets would move towards
each other in x direction and started to jump up in z direction.

3. Results and discussion

3.1. Numerical validation

The properties of the droplet was taken as water at 20 �C, the
density and viscosity ratio between the surrounding gas and water
was qg=qw ¼ lg=lw ¼ 0:05. It had been tested that if this value was
further reduced to 0.01, it would exert little effect on the jumping
(b) Y-Z view 
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o symmetry in x and y directions. Two adjacent droplets coalesced in x direction and
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process as well as the energy conversions; hence in order to stabi-
lize the convergent process, the value 0.05 was taken as the density
and viscosity ratio. After the validation study the capillary width
was taken as e ¼ 0:05; the grid number was 61� 61� 91 and time
step was 1:0� 10�4.

For the two adjacent droplets with equal radius r0, if the contact
angle was 180� under ideal situation, the released energy upon
coalescence would be [23]

De ¼ 4rpr20ð2� 22=3Þ: ð11Þ
If all the released surface energy was converted into the trans-

lational kinetic energy, the vertical jumping velocity would be

uj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2De=ð8=3qpr30Þ

q
¼ 1:11uci: ð12Þ

In order to validate our developed numerical model, the simu-
lated results were compared with the available experimental data
[24] and numerical data [23,25]. In Fig. 3(a) the transient vertical
axial length of the merged droplet was compared with the exper-
imental data from Liu et al. [24], their experiment was carried
out on Leidenfrost surfaces. For the convenience of comparison,
the vertical height and time were normalized with the droplet
radius and characteristic time in Eq. (2). Because of the prescribed
overlapping of two droplets before coalescence, the initial axial
length at t = 0 was not zero. Due to the rotated view from the
high-speed camera in experiment by Liu et al. [24], the axial length
could not be assessed immediately after coalescence, so the reli-
able data started from around t = 0.54. During the range of time
from 0.54 to 3.2, the predicted transient variations agreed quite
well with the experimental data, furthermore, the numerical stud-
ies showed that maximum vertical height occurred at around
t = 2.7, as measured through the experiment.
Fig. 3. Comparison of current numerical results with available data (Solid lines
were fitted curves).
Liu et al. [23] and Enright et al. [25] had simulated the
coalescence-induced droplet jumping process on the ideal flat sur-
face with contact angle 180�, our simulated jumping velocities
were compared with their results. It could be found that for mod-
erate Ohnesorge number in the capillary-inertial process, our pre-
dicted jumping velocity agreed well with their results, all of the
velocities ranged from 0.2 to 0.3. The variation trends of the jump-
ing velocities from our simulation and their results were also con-
sistent, i.e. with the increasing droplet size or decreasing
Ohnesorge number, the jumping velocity increased first due to
decreasing viscous effect at small droplet size, after reaching the
peak it started to decrease due to the increasing inertial effect at
moderate droplet size, and increasing gravitational effect at large
droplet size (large Bond number).

3.2. Morphological variations during capillary-inertial jumping
process

Fig. 4 shows the coalescence-induced jumping process at con-
tact angle h ¼ 150� and r0 = 100 lm At this radius the Ohnesorge
number Oh = 0.0118 and Bond number Bo = 0.00135, hence the
capillary-inertial process dominated, viscous and gravitational
effect only played a secondary role. At t = 0, the two adjacent dro-
plets were overlapped with the diffuse interface, because the rela-
tive large curvature near the liquid bridge, the surface tension force
of the droplets would drive the flow towards the liquid bridge,
then the bridge became wider in vertical direction. At t = 0.4, it
reached the substrate, due to the repulsive forces by the substrate,
the droplets started to move upward against the substrate. It was
noted that the topological configuration of the droplet was three-
dimensional, the reduction of the footprint in one view might be
compensated with the increase in another view due to mass con-
servation. After t = 0.6 the merged droplet started to shrink in x
direction and continued to move upward in z direction. The contact
area between the merged droplet and the substrate was decreasing
until zero at t = 3.20, at this point the droplet departed from the
substrate. Due to the inertial effect the droplet maintained an
upward motion and continued to oscillate between oblate and pro-
late. The top view of the merged droplets was also shown in Fig. 4,
in y direction there was no confinement for the droplet, the topol-
ogy and motion were kept symmetrical due to the symmetry of
droplet.

3.3. Transient variations of vertical velocity

3.3.1. Effect of droplet radius
During the capillary-inertial process for the coalescence-

induced jumping, the viscous effect controlled the process at small
droplet radius due to large Ohnesorge number, while the gravita-
tional effect controlled the process at large droplet radius due to
large Bond number. In Fig. 5(a) the transient variations of average
vertical velocities were shown with the droplet radius ranging
from 100 nm to 0.5 mm. It would be found that when the droplet
radius was 100 nm, the maximum vertical velocity was around
0.11, which was so low that the coalesced droplet could not jump
upward from the substrate. If the droplet radius was increased to
10 lm, due to reduced viscous dissipation, more excess surface
energy could be released into kinetic energy, hence the maximum
vertical velocities could be as high as 0.28. When the droplet radius
was increased to 100 lm, the maximum vertical velocity was
increased to around 0.29. It was noted that although there was lim-
ited difference for the normalized vertical velocities at the droplet
radius of 10 lm and 100 lm, the absolute maximum vertical
velocity at r0 = 100 lm was only around 1/3 of that r0 = 10 lm
because the characteristic velocity was in inverse proportional to
the square root of the radius, as seen in Eq. (1). If the droplet radius
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was increased further to 0.5 mm, after coalescence the coalesced
droplet would move upward due to the impingement against the
substrate, but quickly it would move downward due to the gravi-
tational force, hence the overall vertical droplet velocities would
drop quickly from positive to negative values. This phenomenon
could be explained from energy conversions in the later section.

3.3.2. Effect of contact angles
For the real superhydrophobic surfaces the contact angle would

not be ideal 180�, hence it was necessary to study the effect of
contact angle on the vertical velocities, as seen in Fig. 5(b). When
the contact angles varied from 180� to 120�, there was limited
difference in the vertical velocities during the initial coalescence
process. However, after reaching themaximumvelocities, the verti-
cal velocities at 150� and 180�would decrease mildly with the pos-
itive values, indicating that at these twocontact angles the coalesced
droplet could jump up from the substrate. However, when the con-
tact angleswere reduced to 140� or even 120�, the vertical velocities
would oscillate strongly between the positive and negative values,
which meant that the coalesced droplet could not jump up.

3.4. Jumping velocities under different contact angles

From the transient variations of vertical velocities in Fig. 5, the
jumping velocity could be extracted at which point the merged
droplet departed from the substrate. It was noted that the jumping
velocity occurred later than the maximum vertical velocity. Fig. 6
shows the jumping velocities under different contact angles. It
was found that the contact angle had significant effect on the dro-
plet jumping velocity. At contact angle h ¼ 180�, the maximum
jumping velocity was around 0.29, while when the contact angle
was reduced further to h ¼ 150�, the maximum jumping velocity
was only 0.22.

For all three contact angles, under small droplet radius the
jumping velocity was reduced with decreasing droplet radius,
because the viscous effect was dominant, the released excess sur-
face energy was quickly dissipated through viscous dissipation,
and little energy was converted into the kinetic energy. However,
under large droplet radius the jumping velocity was also reduced
with increasing droplet radius, because the gravitational effect
was dominant, a fraction of the excess surface energy was con-
verted into the gravitational potential energy, thus less kinetic
energy was obtained. It could also be found that the lower limit
of the droplet radius for jumping was increased dramatically from
�10 nm at h ¼ 180� to � 10 lm at h ¼ 150�.

3.5. Energetics of droplet jumping

During the coalescence-induced jumping process, the surface
energy Es would be converted into the kinetic energy Ek, gravita-
tional energy Eg and viscous dissipation Ed. In order to reveal the
process, the energy conversions among them were studied in
details as follows. It was noted that in the following definitions
all the variables were dimensionless, and the energy was normal-
ized with rr20:

The surface energy came from the free energy density model in
our simulation

E�
s;s ¼

Z
X�

1
2
�eajrCj2 þ a

4�e
C2ð1� CÞ2

� �
dX: ð13Þ
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The first term in the bracket was the excess free energy due to
the inhomogeneous distribution of volume fraction C, the second
term was the bulk energy density. X was the whole computational
domain including the liquid droplet and gas around it.

The total kinetic energy was defined as

E�
k;total ¼

Z
X�

1
2
½C þ ð1� CÞqd�jU�j2dX: ð14Þ

The translational kinetic energy in vertical jumping direction
was defined as

E�
k;trans ¼

Z
X�

1
2
½C þ ð1� CÞqd�jU�

z j2dX: ð15Þ

The gravitational energy was related to Bond number and the
height increase relative to the original location

E�
g ¼ BoDZ�: ð16Þ
The dissipation function for the continuum fluid was defined as

U� ¼ 2
@U�

@X�

� �2

þ 2
@V�

@Y�

� �2

þ 2
@W�

@Z�

� �2

þ @V�

@X� þ
@U�

@Y�

� �2

þ @W�

@Y� þ @V�

@Z�

� �2

þ @U�

@Z� þ
@W�

@X�

� �2

:

ð17Þ
The viscous dissipation was related to the Ohnesorge number,
and was the time integration of dissipation function as

E�
d ¼

Z s�

0
½C þ ð1� CÞqd�OhU�dt: ð18Þ

For a spherical cap with an apparent contact angle h, theoreti-
cally the normalized surface energy is [29]

E�
s;t ¼ pð2� 2 cos h� cos h sin2 hÞ: ð19Þ
The original surface energy before droplet coalescence at

h ¼ 150� in our simulation should be 1
2pð2�2cosh�coshsin2 hÞ¼

6:20, after coalescence the surface energy of droplet at equilibrium
state should be 4.95.
3.5.1. Energy conversions under different droplet radius
Fig. 7 shows the transient variation of energy during the

coalescence-induced jumping process. It could be found that the
calculated initial surface energy under different droplet radius
was around 6.06, quite close to the theoretical value 6.20. At
r0 ¼ 100 nm the released surface energy was converted into kinetic
energy and viscous dissipation. Due to the large viscosity, the
kinetic energy would be dissipated very quickly, so the merged
droplet would rest on the substrate soon. The maximum kinetic
energy was around 0.1, which was a little fraction of the excess
surface energy, and finally it was dissipated through viscous
dissipation.
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Fig. 7. The transient variations of energy during the coalescence-induced jumping
process of droplet at h ¼ 150� .
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different contact angles at r0 ¼ 100 lm (Oh = 0.0117).
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At r0 ¼ 100 lm, it could be found that the excess surface energy
was converted into the kinetic energy, then the merged droplet
started to jump up from the substrate. The maximum kinetic
energy was around 0.5, which accounted for almost half of the
excess surface energy. With the maximum kinetic energy, the ideal
velocity should be around 0.7, while the actual jumping velocity
was only around 0.22, which was only around one third of the ideal
velocity. The large discrepancy could be explained from the
following two aspects, as seen in Fig. 8, in this figure the transient
variations of the translational vertical and total kinetic energy are
provided under different contact angles. (1) The maximum kinetic
energy and jumping velocity upon droplet coalescence did not
occur at the same time. For example, the maximum kinetic energy
occurred at around t = 1.8 for contact angle h ¼ 150� and 180�,
while the droplet jumping occurred at t = 3.20 and t = 2.55 respec-
tively. (2) The kinetics for droplet jumping came from the vertical
kinetic energy only, while from Fig. 8 it could be found that the
maximum translational kinetic energy was less than 20% of the
maximum total kinetic energy, i.e. less than 10% of the excess sur-
face energy. It meant that most of the kinetic energy was converted
into the oscillations of the droplets, and would not contribute to
the droplet jumping. This result was consistent with the findings
from Nam et al. [21,22], Liu et al. [23,24] and Enright et al. [25]
on the energy conversions.
3.5.2. Energy conversions under different contact angles
From the analysis above, it could be found that the contact

angles had significant influence on the coalescence-induced dro-
plet jumping process. For detailed analysis the transient energy
variations were provided at three typical contact angles, namely
at h ¼ 140�; 150�; 180�. It was noted that at h ¼ 140�, the coa-
lesced droplet could not jump up.
3.5.2.1. Released surface energy. Fig. 9 shows the transient varia-
tions of the released surface energy under three different contact
angles. At the initial stage of r0 ¼ 100 nm, the released surface
energy decreased greatly, then approached almost a constant after
t = 3.0, the coalesced droplet came to rest on the substrate because
of the strong viscous effect. At larger droplet radius, the released
surface energy decreased with the oscillations, this was caused
by the variations of the morphology of coalesced droplet, as seen
in Fig. 4. After coalescence the droplet would oscillate between
the oblate and prolate, leading to the oscillations of the released
surface energy.
3.5.2.2. Viscous dissipation. Viscous dissipation played an important
role in coalescence-induced droplet jumping. Fig. 10 shows the
transient variations of viscous dissipations under three different
contact angles. At small droplet radius r0 ¼ 100 nm, all the
released surface energy would be converted into the viscous dissi-
pation quickly, hence, contrary to the variation trend of released
surface energy, the viscous dissipation would increase quickly at
the initial stage and then approach an constant. While at large dro-
plet radius, the viscous dissipation would increase consistently
because of the dynamic movement of the coalesced droplet.
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Fig. 9. Transient variations of surface energy under different contact angles.
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Fig. 10. Transient variations of viscous dissipations under different contact angles.
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3.5.2.3. Kinetic energy. Fig. 11 shows the transient variations of the
translational kinetic energy under three different contact angles,
instead of the total kinetic energy, because the translational kinetic
energy was directly related to the jumping of the coalesced dro-
plet. It was found that at small droplet radius r0 ¼ 100 nm, only
a very small fraction of kinetic energy could be obtained, and
quickly they would come to zero due to strong viscous effect. At
large droplet radius r0 ¼ 100 lm and 0:5 mm, the translational
kinetic energy was quite higher than that at small droplet radius.
It was noted that at h ¼ 140�, the translational kinetic energy
dropped quickly after reaching the maximum, because at this con-
tact angle, the coalesced droplet could not jump up.
3.5.2.4. Gravitational energy. When the droplet radius was large,
the gravitational energy would have great effect on the droplet
jumping. Because at the droplet radius r0 ¼ 100 nm and 100 lm,
the gravitational energy was negligible, only the transient variation
of gravitational energy at r0 ¼ 0:5 mm was provided in Fig. 12. It
was noted that the gravitational energy was directly related to
the height increase of droplet, as at h ¼ 140� the coalesced droplet
could not jump up, its gravitational energy would decrease greatly
to almost zero after reaching the maximum. On the contrary, at
h ¼ 150� and 180�, the gravitational energy would increase rapidly
first because the coalesced droplet could jump up.
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Fig. 11. Transient variations of translational kinetic energy under different contact
angles.
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Fig. 12. Transient variations of gravitational energy under different contact angles
at r0 ¼ 0:5 mm (Oh = 0.0053).
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Fig. 13. Effect of contact angle hysteresis on the transient vertical velocity at
r0 ¼ 100 lm (Oh = 0.0117).
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3.6. Effect of contact angle hysteresis on the jumping process

In the previous studies above, the static contact angle was
assumed, however, in the interaction between the droplet and
solid substrate, the contact angle hysteresis played an important
role. Fig. 13 shows the effect of contact angle hysteresis on the ver-
tical velocity during the coalescence-induced droplet jumping with
the constant static angle at r0 ¼ 100 lm. It could be found that the
advancing contact angle could promote the droplet jumping, while
the receding contact angle could defer the droplet jumping.
The dynamics of the droplet jumping was determined by the
competing effect of the advancing contact angle and receding con-
tact angle. At the low static angle h ¼ 150�, it could be found the
receding contact angle played a more important role than the
advancing contact angle. When the receding contact angle
decreased, the jumping velocity would also decrease, and if the
receding contact angle was lower than 140�, the coalesced droplet
could not jump up. At high static angle h ¼ 160�, it could be found
that the advancing contact angle played a more important role, and
the increasing advancing contact angle could promote the jumping
velocity of coalesced droplet.
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4. Conclusions

The diffuse interface method was adopted to simulate the
coalescence-induced jumping process of two adjacent droplets
with equal sizes, the effect of contact angles, droplet size, viscous
and gravitational effects on the droplet jumping was investigated
in details. The energy conversions among surface energy, viscous
dissipation, kinetic energy and gravitational energy were provided.
The main conclusions were summarized as follows:

1. Contact angle had negative effect on the jumping velocity, both
peak jumping velocities and radius range for droplet jumping
would be reduced when the contact angle was decreased.

2. At contact angle h ¼ 150�, for the capillary-inertial process the
normalized droplet jumping velocity was at the order of 0.2. If
the droplet radius was reduced, the jumping velocity would
decease due to the greater viscous effect; While if the droplet
radius was increased, the jumping velocity would also decrease
due to the greater gravitational effect.

3. For the capillary-inertial process at r0 ¼ 100 lm, up to 50% of
the excess energy could be converted into the kinetic energy,
but only less than 10% of the excess energy could be converted
into the translational energy for droplet jumping.

4. The contact angle hysteresis had great effect on the
coalescence-induced droplet jumping. The larger advancing
contact angle could improve the droplet jumping velocity, while
the lower receding contact angle could reduce the droplet
jumping velocity.
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