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Abstract. The condensation of water vapor on the substrate surface under elec-
tric field is studied by molecular dynamics simulation, and a series of behaviors
of water molecules during condensation were studied, such as nucleation, growth
and coalescence. In the process of condensation, there will be some small clusters,
whose size increases with the increase of time, and under the action of the move-
ment of water molecules in vapor, the clusters move irregularly on the substrate
surface and coalesced into larger clusters. And the droplets will be stretched along
the direction of the electric field. Interestingly, the condensationwill decrease with
the increase of the electric field strength under the electric field perpendicular to
the surface. The results also show that the orientations of water molecule dipole
are closely related to the direction of electric field, indicating that the electric field
causes the realignment of water molecules. The research shows that the electric
intensity will have great impact on vapor condensation, which provides guid-
ance for reversible adjustment of vapor condensation and the design of intelligent
surface.
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1 Introduction

Vapor condensation is closely related to our daily life and can be utilized for water
collection [1], thermal management [2], water desalination [3] and so on. Therefore,
mechanism of water vapor condensation is very important for the rational utilization
of condensation, and the efficient condensation has also attracted the interest of many
researchers.

A large number of studies show that the roughness and chemical properties of the
condensation surface have important impact on the condensation efficiency [4–9]. The
development of molecular dynamics simulation provides a new method for the study
of water molecular condensation. For example, Xu et al. studied the condensation of
water vapor on the V-shaped groove by molecular dynamics simulation [4], the results
show that the wetting modes of clusters are determined by the intrinsic contact angle and
the cross sectional angle of the surface. Another study by the same team shows that the
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formation and growth of clusters in the process ofwater vapor condensation increasewith
the increase of substrate hydrophilicity [5]. Gao et al. explored the condensation of water
vapor on the nanostructured surfaces with hybrid wettability areas and found that the
nanostructured surfaceswith hybridwettability areas has better heat transfer performance
[6]. Huang et al. discussed the effects of pillar height, spacing and substrate wettability
on argon condensation [7]. However, the influence of external field is ubiquitous and will
have a great impact on the condensation of water vapor, such as electric, temperature,
force.

At present, studies exist mainly on the influence of external electric field on the static
and dynamic behavior of sessile droplets on the surface [10–15] and water evaporation
[16]. The research of Yan et al. [10] shows that the voltage amplitude and frequency
of tangential AC electric field are important factors affecting the dewetting of droplets.
The dynamics behaviors of droplets on flexible graphene sheets under constant and
alternating electric fieldswith different amplitudes and frequencies are studied byKargar
[11] et al., and the results show that droplets elongated in the direction of electric field.
Wang et al. [12] simulated the condensation process of water molecules under the action
of an electric field perpendicular to the surface by molecular dynamics simulation and
found that the condensation could be inhibited by vertical electric field.

Water molecules are easy to be affected by electric field because of the polarity,
and electric field is an easily available clean energy, which provides a premise for its
large-scale utilization, such as electrostatic spray, electrohydrodynamic atomization.
The existence of external field also provides a new method to dynamically regulate the
condensation of water molecules. However, the mechanism of the vapor condensation
under external field is still not well understood. In this paper, the condensation process
of water molecules under constant electric field perpendicular to the surface is studied
by molecular dynamics simulation. The growth of maximum cluster size, number of
clusters, dipolemoment and the temperature ofwatermolecules are calculated to quantify
the condensation process. The research results are also useful for the efficient utilization
of heat and mass transfer.

2 Model and Methods

In this paper, the molecular dynamics simulation software LAMMPS is used to simulate
the condensation process of water vapor under the action of electric field [17, 18]. The
structure of the simulation system is shown in Fig. 1. The simulation system consists of
three parts, including an upper substrate (hot surface), a lower substrate (cold surface) and
water molecules. In order to improve the calculation efficiency, the structure of copper
atoms is used to establish the models of the cold surface and hot surface, in which the
lattice is 3.615 Å, the thickness of the cold surface and hot surface is 10.845 Å, and the
lateral dimension is 253 * 253 Å, consisting of 58800 atoms, [6, 19, 20]. Meanwhile, to
improve the condensation rate of water molecules, 10000 water molecules are placed in
the simulation systems.

The simple point charge/extension (SPC/E) model, which has been validated in
previous studies, is chosen to describe the interaction between the water and water [21–
23]. The calculation method of the interaction between water molecules in the model
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is consistent with our previous research [21, 24]. The interaction between substrate
atoms and water molecules is calculated by Lennard-Jones (L-J) potential, where the
energy coefficient (ε) is 0.2 kJ/mol, and the distance coefficient (σ) is 2.891 Å. The
interaction between the substrate atoms is also described by the L-J potential, in which
εS-S = 4.72 kJ/mol, σS-S = 2.616 Å [25], and there is no interaction between the upper
substrate atoms and lower substrate atoms. In the simulation, the cutoff distances are set
as 12 Å.

253 Å

Hot surface atom

Oxygen

Hydrogen

Cold surface atom

(a) (b)

25
3

Å
38

5 
Å

(c)

Fig. 1. Schematic diagram for the simulation system. (a) Front view. (b) Perspective view. (c)
Top view.

In the process of simulation, the periodic boundary conditions are applied in all
directions. Meanwhile, the velocity-Verlet algorithm is used to solve the Newtonian
motion equation with a time step of 1 femtosecond (fs). The particle–particle particle-
mesh (PPPM) method is used to calculate the long-range electrostatic interactions with
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an accuracy up to 10–4. And to improve the calculation efficiency, SHAKE algorithm
is used to fix the bonds and angles of water molecules.

And all the simulations are performed in two stages: First, the equilibration phase is
carried out for a total of 0.2 ns (ns) in a NVT ensemble, and the temperature of water
molecules and substrate atoms are controlled at 500K.Then the thermostat applied on the
water vapor is removed, the temperatures of the lower and upper surfaces in the system
are controlled at 300K and 500K, respectively. In order to observe the condensation of
water molecules faster, the temperature difference of the substrates is set larger. At the
same time, the electric field is applied to the system. In our study, constant electric field
perpendicular to the surface is applied to study the effect of electric field on water vapor
condensation. And the simulation time for condensation is extended to 4 ns to see the
condensation process clearly.

The growth of clusters is an important index to study the condensation process. In
this study, the Stillinger criterion is used to define clusters, two water molecules are
determined to be located in one cluster when the distance between oxygen atoms in two
water molecules is 3.36 Å [26].

3 Results and Discussion

In this study, the condensation process of water vapor is simulated under the action
of vertical electric field, and some snapshots of the simulation systems are selected to
show the condensation process. Only part of the simulation system is shown in Fig. 2
because of the large size of the system. Figure 2 shows the condensation process of
water vapor in different electric fields, and the direction of the electric field points to
the negative direction of the y-axis. Water molecules move irregularly in the simulation
process. When water molecules impact the cold surface, part of the energy of water
molecules is converted into heat energy, resulting in the reduction of the speed of water
molecules, which may be adsorbed on the cold surface or rebound back to the vapor. At
this time, the motions of water molecules are influenced by electric field force, van der
Waals force between substrate atoms and water molecules, and the interaction between
water molecules. Due to the temperature difference between the cold surface and the hot
surface, water molecules tend to adsorb on the cold surface and gradually form clusters
on the cold surface.With the increase of electric field intensity, the condensation of water
molecules is affected.

It can be seen from Fig. 2 that the clusters formed by condensation will be gradually
elongated with the increase of electric field intensity. For example, the stretching of
clusters is not obviouswhen the electric field intensity is 0.4V/nm.When the electric field
intensity is 0.8 V/nm, the deformation of droplets is obvious and becomes cylindrical.
When the electric field intensity is 1.0 V/nm, the condensed clusters will leave the
substrate surface, indicating a great influence of the electric field.

In the subsequent simulation, the condensation of water vapor in the electric field
pointing to the positive direction of Y axis is also simulated. The results show that the
electric field pointing to the positive direction of Y axis also inhibits the condensation of
water vapor, and the effect is more obvious than that in the negative direction. It stretches
the water droplets stretch along the positive direction of the Y axis. Our findings are
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Fig. 2. Snapshots (Front view and Top view) of the condensation process with different constant
electric fields. (a) E = 0.0 V/nm. (b) E = 0.4 V/nm. (c) E = 0.8 V/nm.

consistent with previous studies on sessile droplets, in which the vertical electric field
in the positive and negative directions was found to stretch and deform the droplets,
and the deformation is more obvious under the electric field in the positive direction
[27–29]. At the same time, it is obvious from Fig. 2 that the condensation speed of water
molecules decreases gradually with the increase of electric field intensity. When the
electric field intensity is small, the time that clusters start to form is not much different
from that without electric field. However, clusters appear much later when the electric
field strength increases to 0.8 V/nm. Our results show that the electric field inhibits the
condensation of water vapor.

To more specifically quantify the impact of electric field on water molecular conden-
sation, the growth of the maximum cluster size and the number of clusters in the system
are calculated in the condensation process, and the results are shown in Fig. 3. Figure 3
(a) shows the temporal evolution of maximum cluster size under constant electric fields.
The growth curve of the maximum cluster size increases linearly in some stages, indicat-
ing that the number of water molecules in the system is sufficient to simulate accurately
the condensation process, and the abrupt increase in the curve indicates that adjacent
clusters have merged. Figure 3 (a) shows the merging process of adjacent clusters when
the electric field intensity is 0.0 V/nm. This also shows that the growth of the maximum
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Fig. 3. (a) Temporal evolution of maximum cluster size under constant electric fields, the inset
shows the coalescence process of clusters (E = 0.0 V/nm). (b) Temporal evolution of the number
of clusters under constant electric fields.

cluster size is more obvious with the increase of electric field, except for the electric
field intensity is 0.2 and 0.4 V/nm. From the condensation process, it is found that the
reason for the abnormal maximum cluster size is that there is only one large cluster in
the system when electric field intensities are 0.2 and 0.4 V/nm. While for the simulation
when the electric field intensity is 0 V/nm, there are two large clusters on the cold surface
in the condensation process. Figure 3 (b) shows the temporal evolution of the number
of clusters under constant electric fields. The red circle indicates that the increase of
electric field will destroy the clusters in the system, resulting in a sudden increase of the
number of clusters. It is clear that the greater the electric field intensity, the greater the
increase of the curves in the red circle. The results imply that the formation of clusters
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is inhibited with the increase of electric field intensity. This result corresponds well to
the analysis in Fig. 2.

The polarity characteristics of water molecules show that water molecules are easy
to be affected by electric field. Therefore, the dipole moments of water molecules are
also calculated to quantify the effect of electric field on water molecules and to explain
the growth and deformation of clusters. Figure 4 shows the average of the cos(θ) values
of the water molecules under constant electric field (θ is the angle between the dipole
moment of water molecule and the direction of electric field.). When the electric field
intensity is 0.0 V/nm, the average of the cos(θ) is close to 0.0, indicating that water
molecules are in a disordered state. With the increase of the electric field intensity, the
average value of cos(θ) begins to increase gradually, indicating that the structure of water
molecules rearranges under the action of the electric field, and the dipolemoment ofwater
molecules begin to align the direction of the electric field. At this point, the hydrogen
atoms in water molecules point to the direction of the electric field, while the direction of
oxygen atoms is opposite to the direction of the electric field. This characteristic makes
the clusters stretch and grow along the direction of the electric field.
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Fig. 4. The average of the cos(θ) values of the water molecules under constant electric field.

Next, we collected the temperature of each part of the system in the simulation
process as shown in Fig. 5 (a), which displays the temporal evolution of water molecule
temperature, and the cold and hot surfaces under different electric field intensities. For
the system with electric field intensity of 0.0 V/nm, the temperature of water molecules
begins to decrease from 500K with the collision between water molecules and cold
surface when the temperature of the cold surface is controlled at 300K.When the electric
field is applied, the temperature of water molecules rises instantaneously, indicating that
water molecules acquire energy to raise the water temperature, as shown in the red circle
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in Fig. 5(a). This corresponds to the sudden increase in the number of clusters in Fig. 3
(b). The temperature of water molecules begins to decrease gradually as the simulation
progresses. Figure 5(a) demonstrates that the higher the electric field strength, the higher
the water molecule temperature during the whole simulation process. Obviously, this is
not conducive to the condensation of water molecules. Interestingly, the slope of the
temperature curve corresponding to the simulation system with electric field intensity
of 1.0 V/nm becomes very small after 3 ns. This is because the electric field force plays
a dominant role, the clusters are stretched and leave the cold surface, as shown in Fig. 5
(b) and (c), which is not conducive to heat transfer. The literature also draws similar
conclusions from the released accumulated energy [12].
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Fig. 5. (a) Temporal evolution of the temperature (T) of water molecules in simulations. (b) The
snapshot of the simulation system under the electric field of 1.0 V/nm (Front view), T = 3.5 ns.
(c) The snapshot of the simulation system under the electric field of 1.0 V/nm (Front view), T =
4 ns.

Then, the mean square displacement of water molecules in the Z direction (MSDz)
is also calculated to evaluate the effect of electric field on condensation, as shown in
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Fig. 6. The simulation process in the Fig. 6 is divided into two parts: the first part is
the equilibrium process of condensation system, and then the water vapor begins to
condense under electric field. The results show that under the action of electric field,
the MSDz curve of water molecules in the Z direction gradually decreases with the
increase of electric field intensity, which shows that the diffusion of water molecules in
the Z direction is restrained and the probability of droplet collision with the substrate
is reduced. This is because the strong electric field induces water molecules to form an
ordered structure pointing to the electric field direction, which is not conducive to the
formation of clusters, At the same time, this reveals why the condensation efficiency
decreases with the increase of electric field intensities.
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Fig. 6. The mean square displacement of water molecules in the Z direction (MSDz) under
constant electric field.

4 Conclusion

In this study, the condensation process of water vapor under electric field is studied by
molecular dynamics simulation. The influence of electric field on water vapor condensa-
tion is quantitatively evaluated by calculating the growth of themaximumcluster size, the
number of clusters, the dipole moment of water molecules and the system temperature.
The results show that the existence of vertical electric field promotes the rearrangement
of water molecules along the direction of electric field, which makes the clusters grow
along the direction of electric field. The formed clusters are stretched, which may even
lead to the separation of clusters from the substrate surface. At the same time, the exis-
tence of vertical electric field increases the temperature of water molecules and inhibits
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the condensation of water vapor. And the condensation efficiency of droplets decreases
with the increase of electric field intensity.
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