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Abstract. Droplets on the superhydrophobic surface can fall off the surface spontaneously, which greatly 
promote dropwise condensation. This study considers a continuous droplet condensation process including 
droplet growth and droplet jumping. A droplet growth model considered NCG is developed and droplet 
jumping is simulated using VOF (Volume Of Fluid) model. Al-based superhydrophobic surfaces are 
prepared using chemical deposition and etching method. The Al-based superhydrophobic surface has a 
contact angle of 157°±1° and a rolling angle of 2°±1°. An observation experiment is designed to observe 
droplet jumping on superhydrophobic surface using a high- speed camera system. The result of droplet 
growth model shows a good match with experimental data in mid-term of droplet growth. For droplet 
jumping, simulation and experiment results show that droplet jumping of different diameter has a 
universality in a non-dimensional form. The jumping process can be divided into 3 stages and droplet 
vibration is observed. 

1 INTRODUCTION 
Compared with filmwise condensation, dropwise 
condensation has a higher heat transfer coefficient, 
which can be applied for heat transfer enhancement[1, 2]. 
The key point of maintaining dropwise condensation is 
the quick removal of the condensate from the surface. 
Many studies have proven that droplets on a 
superhydrophobic surface with high contact angle and 
rolling angle can fall off the surface spontaneously, 
which greatly promote dropwise condensation[1-6]. 
Therefore, it is of great importance to study condensed 
droplet growth and jumping behavior on 
superhydrophobic surface. 

Many studies have worked on the mechanism of 
droplet growth both theoretically and experimentally. In 
1960s, Le and Rose et al[3] built a single droplet growth 
model based on heat conduction theory. Abu Orabi[7] 
made an improvement to the growth mode by applying 
thermal resistance theory. Tanaka[8] used group balanced 
theory on multiple droplets growth model and gave two 
types of multiple droplets growth model: direct vapor 
accumulation and droplet coalesce. Considering the 
influence of surface wettability, Kim et al[4] expanded 
droplet thermal model to surface with contact angle 
larger than 90°  and gave the calculation of curvature 
thermal resistance in droplet growth model based on heat 
transfer theory. Miljkovic et al[9] found that the thermal 
contact resistance between Cassie-state droplet and 
substrate has a significant influence on droplet growth. 

Rykaczewski et al[10]. compared two growth models: CB 
(constant base) model and CCA (constant contact angle) 
model on the superhydrophobic surface with an ESEM 
observation for droplets growth. They found that droplet 
diameter increases in a step like fashion of CB and CCA 
mode.   

Massive attention has been paid to droplet jumping 
behavior on the superhydrophobic surface due to the 
great potential for heat transfer enhancement. Chen et 
al[1]. First reported droplet coalescence and jumping 
behavior on a superhydrophobic surface. The self-
propelled jumping phenomenon is triggered by 
coalescence between adjacent droplets and the released 
surface energy is transformed into kinetic energy. 
Further study showed that droplet jumping velocity of 
droplet smaller than capillary size can reach 1 m/s[2]. Lv 
et al[11] found that viscosity dissipation has a significant 
influence on surface energy. Enright et al. [12] observed 
droplet coalescence in sub-10   μm   size.  Results   showed  
that the velocity of the coalescent droplet is up to 1.4 m/s 
with a maximum surface energy conversion rate of 6%. 

Despite significant achievement in droplet growth 
modeling and droplet jumping, a systematic study on 
droplet condensation on the superhydrophobic surface is 
still lacking. For droplet growth, molecule transfer in the 
nucleation stage needs to be taken into consideration. 
For droplet coalescence and jumping, the 
characterization of the jumping process need to be 
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specified and influence factor on surface energy 
conversion needs more attention.  

This work focuses on the mechanism of droplet 
growth and droplet jumping on the superhydrophobic 
surface. A droplet growth model considered NCG is 
developed while droplets jumping are simulated using 
VOF model. An observation experiment is designed to 
observe droplets jumping with different volume on the 
superhydrophobic surface using a high-speed camera. 
Moreover, a chemical deposition and etching method[13] 
is applied to make Al-based superhydrophobic surface. 
The result of droplet growth model shows a good match 
with experimental data in mid-term of droplet growth 
while in the early stage and late stage the model has 
significant differences from experiment data because of 
the coalesce between microdroplets. As for droplets 
jumping, results show that there is a universality of 
velocity change in the process of droplets jumping. 
Surface energy conversion rate of droplet varies little 
with different volume. In the observation experiment, 3 
stages for droplets jumping are confirmed, and droplet 
shaking is observed in the third stage. In the process of 
droplet shaking, the length of the coalesced droplet 
decreases quickly while the height of the coalesced 
droplet increases. The result of observation experiment 
matches well with simulation. 

2.1. Droplet growth model 

The droplet diameter experiences a wide range of change 
during droplet growth, which indicates that the heat and 
mass transfer mechanism is different in different 
diameter. Kn number is used to characterize the 
dominant growth mechanism[14]. The critical value for 
Kn number is set as 0.1. When Kn number is larger than 
0.1, the droplet growth is modeled using a molecular 
dynamic theory[15]. In this stage, droplet grows by the 
coalescence of water molecules in the moist air. When 
Kn number is less than 0.1, droplet growth can be 
modeled by a thermal resistance theory. The radius 
growth rate is given as:       
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2.3 Droplet jumping simulation  

Self-propelled droplet jumping process is simulated 
using a VOF model. 4 groups of droplets with a diameter 
varying  from  600  μm  to  1200  μm  are  set  to  characterize  
the jumping process and surface energy conversion. In 
our case, two droplets are symmetrically placed in the 
center  of  the  plane.  Ambient  temperature  is  20℃  with  a  
relative humidity of 0.7. Water and air property is 
selected according to the ambient temperature. For 

energy analysis, the surface energy and kinetic energy 
are given by  
 surface lg lg=E S   (3) 

 2= 2kE mu   (4) 
The computational domain is a 4x4x2 mm cuboid 

with two droplets placed in the center, as shown in Fig.1. 
Boundary condition in the bottom surface is a non-slip 
wall condition[16] with a static contact angle of 157°. The 
top surface is set as an open condition and wall condition 
is applied to the vertical surface. 

 
Fig. 1. Schematic of computational domain. 

2.3 Observation experiment  

The computational domain is a 4x4x2 mm cuboid with 
two droplets placed in the center, as shown in Fig.1. 
Boundary condition in the bottom surface is a non-slip 
wall condition[16] with a static contact angle of 160.2°. 
The top surface is set as an open condition and wall 
condition is applied to the vertical surface. 

For better understanding of droplet jumping process, 
an experiment is designed to observe droplet jumping on 
a prepared superhydrophobic surface. The result of 
observation experiment is compared with simulation 
result. Droplet jumping process is imaged using a high-
speed camera, as shown in Fig.2. Two droplets are 
placed on the Al-based superhydrophobic substrate by a 
5  μL  micro-injector. Droplets coalescence is triggered by 
air blow and the following jumping process is recorded 
by the high-speed camera. The Al-based 
superhydrophobic surface is fabricated using a chemical 
etching and deposition method[13]. The static contact 
angle of the prepared surface is 160.2°±1.5° and the 
rolling angle is 2°±1°, measured by a JC2000C1 
measuring instrument in ambient temperature. 

 
Fig. 2. Schematic diagram of the experimental system. 

2

E3S Web of Conferences 128, 07003 (2019) https://doi.org/10.1051/e3sconf/201912807003
ICCHMT 2019



 

3 RESULTS AND DISCUSSION  

3.1 Droplet growth model  

The droplet growth model is compared with experiment 
data from previous study[17]. The parameters of the 
growth model are consistent with experiment. As shown 
in Fig.3, the growth model matches well with experiment 
data in middle stage (420-550s). However, there is a 
significant discrepancy in early stage (0–420s) and late 
stage (550-800s). In experiment, there is a nucleation 
time before droplets begin to grow, which leads to a time 
delay compared with the growth model. In the late stage, 
droplet is big enough so that droplet coalescence 
happens between microdroplets, causing a faster droplet 
growth in the experimental situation. 

 
Fig. 3. Droplet diameter vs time. 

3.2 Droplet shape transformation and shaking 
phenomenon during jumping process  

Results of the simulation are compared with images 
captured in the observation experiment. Fig.4 is the 
droplet shape from experiment observation and 
simulation in different time node. A dimensionless 
method is applied to help judge droplet shape 
transformation. 

Droplet shape evolution process: result from 
observation experiment shows that coalescence happens 
with formation of liquid bridge. During the coalescence 
process (0-3 ms), the interspace between the droplets is 
filled with the growing of liquid bridge. Original small 
droplet gradually disappears and the liquid bridge 
changes into coalescent droplet. The liquid bridge keeps 
growing and touches the substrate while the ends of the 
droplets shrink. After the coalescence, the new droplet 
jump off the substrate and its velocity decrease 
continuously under the influence of gravity. Compared 
with the simulation result in dimensionless form, droplet 
shape in same time node matches well though there is a 
difference in droplet volume. The effect of droplet 
volume will be discussed in the following part. 

 

 
Fig. 4. Droplet shape evolution during jumping process 

Droplet shaking phenomenon: after the coalescent 
droplet takes off from the substrate, a droplet shaking 
phenomenon is found both in observation experiment 
and simulation cases. Fig.5 shows the ratio of droplet 
width and height with dimensionless time. There is a 
quick increase in droplet height during coalescence 
while the width decreases. After the leave from 
substrate, both the height and the width change without 
an obvious rule. The cause of droplet shaking is the 
asymmetry of the coalescence, as shown in Fig.1. The 
shrinking of the coalescent droplet in y direction causes 
the increasing in x and z direction. However, droplet 
shape in z direction is unavailable due to the limitation 
of equipment. The effect of viscosity and gravity need to 
be further studied. 

 
Fig. 5. Ratio of droplet height and width. 

3.3 Characterization of droplet jumping process  

The jumping velocity obtained from simulation is shown 
in Fig.6, from which three stages of droplet jumping 
process can be divided[5]: (a) liquid bridge extension. 
The liquid bridge forms between two droplets and 
extends to the substrate. The velocity in this stage 
changes a little because the liquid bridge has not touched 
the substrate. (b) Rebounding. After the liquid bridge 
touched the substrate, the coalescent droplet begins to 
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form. The velocity of the droplet shows a rapid increase 
with surface energy released and transferred into kinetic 
energy. However, there is a turning point at the end of 
this stage. This is the effect of gravity and viscosity 
when the droplet is about to jump from the substrate. (c) 
Free motion. In this stage, the droplet is completely 
separated from the substrate and the velocity 
continuously decreases under the influence of gravity 
and viscosity. 

 
Fig. 6. Ratio of droplet height and width. 

Volume effect on droplet velocity: jumping velocity 
of different droplet volume is plotted in Fig.7 (a). The 
maximum velocity decreases as the droplet volume 
increases. And smaller droplet gets to the maximum 
velocity faster than larger droplets, which suggests a 
faster surface energy conversion rate. Considering the 
surface energy and kinetic energy equation, the 
relationship between jumping velocity U and droplet 
diameter can be given as: 

 lg~U
d


   (5) 

This also suggests that jumping velocity decreases 
with the increase of droplet diameter, which corresponds 
to the simulation result. A dimensionless analysis is 
applied to the velocity-time scheme based on Boreyko 
and Chen’s study[1, 2]. The dimensionless velocity v and 
time τ are calculated as: 
 v r    (6) 

 3r     (7) 
As shown in Fig.7 (b), the dimensionless curves from 

different volume show the similarity, which suggests that 
there is a uniformity in droplet jumping behavior in 
simulation cases. This finding can help predict droplets 
jumping velocity in two symmetric droplets coalescent 
cases. 

 
(a) 

 
(b) 

Fig. 7. Velocity vs time curve: (a) Normal case; (b) 
Dimensionless case. 

Energy conversion: the energy conversion and the 
jumping velocity are plotted in Fig.8. Fig.8 (a) is 
variation trend of surface energy and kinetic energy. 
Compared with surface energy, the kinetic energy is 
much smaller. To further study the conversion of these 
two energy, the ratio of kinetic energy and surface 
energy is calculated and plotted in Fig.8 (b). The energy 
conversion ratio of the 4 cases in this work is around 
5.5%, which is independent of droplet volume. It is 
demonstrated that a constant percentage of surface 
energy is converted to kinetic energy, independent of 
droplet volume. 

In previous part the relationship between droplet 
diameter and jumping velocity is given in equation (5). 
The maximum jumping velocity is shown in Fig.8(c) and 
a polynomial fitting is applied to the data. The fitting 
function is given as: 
 0.20452 0.02967,   0.977U R

d
     (8) 

The fitting result matches well with the velocity 
relationship, suggesting a credible prediction for droplet 
jumping velocity. 
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(a) 

 
(b) 

 
(c) 

Fig. 8. Energy conversion of different volume: (a) Surface 
energy and kinetic energy; (b) Energy conversion ratio; (c) 
Maximum jumping velocity. 

4 CONCLUSIONS 
In this work, a theoretical model was developed to reveal 
the effect factors for droplet growth on the 
superhydrophobic surface. The growth of microdroplets 
is simulated firstly by a molecular dynamics based 
model and then a thermal resistance model. The newly-
built model matches well with experiment data in middle 
stage but has a significant difference in early and later 

stage, which can be explained by the nucleation time and 
microdroplets coalescence in the experimental situation. 
Next, droplet jumping phenomenon is simulated using a 
VOF model to characterize the droplet shape evolution 
process and effect factors on energy conversion. Lastly, 
an observation experiment was conducted to verify the 
results of the simulation. The result of simulation 
matches well with experiment and droplet shaking was 
observed in the jumping process. It was found that the 
energy conversion ratio is around 5.5%, independent of 
droplet diameter, which causes a decrease in jumping 
velocity with the increase in droplet diameter. These 
results can help describe the droplet jumping process 
which is crucial to modeling the dropwise condensation 
on superhydrophobic surface. 
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