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Abstract: Pollution flashover accidents pose a great threat to the safe and stable operation of a power
system, and superhydrophobic materials have broad application prospects in the field of pollution
flashover prevention of the external insulation of transmission and transformation equipment. In
this paper, PVDF@PMMA/SiO2 superhydrophobic coatings were prepared using a spraying
method. Superhydrophobicity is defined as an angle larger than 150° and a small roll-off angle
smaller than 10°. The static contact angle of the coatings reached 155°, which meant they had
excellent superhydrophobic properties. The distribution characteristics of water droplets on
superhydrophobic surface were analyzed through a live condensation test, and simulation analysis
was carried out. It was found that the distance between water droplets on the superhydrophobic
surface was larger, which increased the distance of the arc development; the static contact angle was
larger; and the electric field strength at the three-phase junction was lower. Both of them worked
together to enhance the pollution flashover voltage of the coating.
Keywords: superhydrophobic; condensation; simulation model

1. Introduction
In recent years, with the continuous improvement of the voltage level of power systems, the
insulator, which bears the function of mechanical support and insulation, has become the weak link
in transmission line operation [1,2]. Under adverse weather conditions—such as fog, dew, drizzle,
and ice and snow melting—solid, liquid, or gas contaminated particles are easily deposited on the
surface of insulators, which greatly reduces the electrical strength of insulators, thus causing
pollution flashover outage accidents [3–5]. Pollution flashover accidents of transmission lines are
determined by the surface contamination of insulators caused by air pollution and the ability of the
insulators to resist this air pollution under humid weather conditions.
Pollution flashover on an insulator surface mainly undergoes four stages: contamination,
humidity, dry band formation, and local arc generation and development to full flashover. Pollution
flashover on an insulator surface must meet three necessary conditions: voltage effect, surface
contamination, and surface wetting. Current studies show that superhydrophobic coatings can
effectively delay and remove surface condensation [6–10]. Delaying surface condensation makes it
possible to reduce the wettability of insulators, while removing the condensation process has the
ability to take the contamination away from the surface of insulators. Therefore, superhydrophobic
coatings have great potential in improving the lightning voltage level of insulators.
In a high humidity environment, when the surface temperature of the object is lower than the dew
point temperature of the surrounding air, the surface of the object is prone to condensation [11–13].
Compared with the surface of ordinary materials, a superhydrophobic surface has remarkable anticondensation effect. The superhydrophobic surface condensation can be further reduced using
mechanical vibration, pulse current, electrode, and droplet evaporation bounce methods [13–15].
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In this paper, the reason why a superhydrophobic coating can increase pollution flashover
voltage is studied using a condensation test on the surface of the superhydrophobic coating. The low
temperature and high humidity condensation platform was used to form condensation rapidly on
the surface of a resin superhydrophobic coating. The surface condensation of superhydrophobic
coatings under pressure of 1.2 kV for 30 min was observed. By extracting the characteristic
parameters, such as the diameter and number of water droplets, the corresponding uniform
distribution model of water droplets was established, and the electric field distribution on the
superhydrophobic surface was analyzed and compared with an RTV (room temperature vulcanized
silicone rubber) coating.
2. Experiment
2.1. Materials
Methyl methacrylate (PMMA) was purchased from Shanghai Huizheng Plastic technology Co.,
Ltd., Nantong, Jiangsu, China; polyvinylidene difluoride (PVDF) was purchased from Shanghai
Huizheng Plastic technology Co., Ltd., Nantong, Jiangsu, China; tetraethyl orthosilicate (TEOS) was
purchased from Shanghai Jiachen chemical Co., Ltd., Shanghai, China; dibutyldilaurate (DBTD) was
purchased from Chongqing Zhiyuan Chemical Co., Ltd., Jiangbei, Chongqing, China;
polydimethylsiloxane (PDMS) was purchased from Chongqing Zhiyuan Chemical Co., Ltd.; sodium
peroxydisulfate was purchased from Jingzhou Jianghan Fine Chemical Co., Ltd., Jingzhou, Liaoning,
China; acetone was purchased from Chongqing Zhiyuan Chemical Co., Ltd.; deionized water was
purchased from Chongqing Xinyuan Chemical Co., Ltd., Yongchuan, Chongqing, China; and
distilled water was purchased from Chongqing Zhiyuan Chemical Co., Ltd.
2.2. Preparation of the Superhydrophobic Surface
In this paper, PMMA particles (10–50 μm) and nanosilica particles (15–50 nm) were used to
construct the micro-nano rough structure using a spraying method with PVDF as the matrix. The
nano-SiO2 was prepared using a hydrothermal method [16]. Then, 0.5 g of nano-SiO2, 0.5 g of
polydimethylsiloxane, 0.05 g of dibutyltin dilaurate, and 50 mL of heptane were placed in a three-necked
flask. The nanocomposite solution was allowed to stand for 24 h or more to cause a graft reaction of the
polydimethylsiloxane with the surface of the nanosilica, thereby obtaining hydrophobic nano-SiO2
particles having a low surface energy. The PVDF was used as a binder, acetone was used as a solvent,
and the PMMA microparticles and hydrophobic nano-SiO2 prepared above were used as a filler. The
binder, the filler, and the solvent were mixed in a high-speed mixer (mass ratio
PMMA:SiO2:PVDF:acetone = 1:1:8:10) at a certain ratio and thoroughly stirred, and the stirring
temperature was maintained at 70 °C. Finally, this composite solution was sprayed onto a piece of
glass and cured in a 60 °C oven for 1 h, and a superhydrophobic coating was obtained.
3. Result and Discussion
3.1. Wettability and Dielectric Properties
The hydrophobicity of the superhydrophobic coatings was tested using a contact angle measuring
instrument Drop Meter A-100p (Dongguan, China). The droplet volumes were 5 and 10 μL [17–20], and
the average hydrophobic angle of the coating was measured five times, which were fitted using the
Young–Laplace equation. Figure 1 shows the static contact angle of the surface of the polyvinylidene
fluoride silica sol superhydrophobic coating. As shown in the figure, the water droplets were
spherical on the superhydrophobic surface. According to the contact angle measurement results, the
static contact angle on the superhydrophobic surface was 155° ± 2° for 10 μL water droplets, and 156° ± 2°
for 5 μL water droplets, which indicates that the prepared polyvinylidene fluoride silica sol hybrid
coating exhibited superhydrophobic performance. Meanwhile, the static contact angles on the RTV
coating were 113° (10 μL) and 112° (5 μL), and for the glass, the static contact angles were 34° (10 μL)
and 32° (5 μL).
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Novocontrol broadband dielectric spectroscopy (Montabaur, Germany) was used to measure the
dielectric constant and conductivity of superhydrophobic coatings under the action of a power
frequency voltage. Novocontrol broadband dielectric spectroscopy can measure the relative dielectric
constant, dielectric loss factor, bulk resistance, and complex capacitance. The gold-plated electrode
with a diameter of 30 mm was selected for the test. The structure of the sample test system is shown
in Figure 2. The average thickness of the superhydrophobic coating was 0.35 mm, which was
measured accurately using a vernier caliper with an accuracy of 0.001 mm. The relative dielectric
constant and conductivity of the superhydrophobic coatings at a power frequency were 2.8 and 3.3 ×
10−13 S/m, respectively. The experimental results showed that the superhydrophobic coating had an
excellent insulation performance and met the insulation requirements for a power equipment.

(a) Superhydrophobic

(b) RTV

(c) Glass

Figure 1. Static contact angle.

The microstructure of the superhydrophobic coatings doped with nanosilica were analyzed.
Field emission-scanning electron microscopy (JEOL (Beijing) Co., Ltd., Beijing, China) was used. The
test results are shown in Figure 2. The image shows that the surface was closely distributed with
unregular scattered micron-scale protrusions. The protrusions were connected to each other.
Furthermore, the coating had a dual micro-nano composite rough structure.

Figure 2. SEM images of a superhydrophobic coating.

3.2. Charged Condensation
The test device is shown in Figure 3. The test sample was fixed on a Peltier temperature control
platform (Tianjin Auto Science Instrument Co., Ltd., Tianjin, China), and the thermal resistance
between the platform and the sample was effectively reduced using thermal conductive silicone
grease. The temperature of the platform was set to 5 ± 1 °C. Also, the ambient humidity of the test sample
was controlled at 85% ± 2% relative humidity using an ultrasonic atomizer (Zhejiang Oulun electric
Co. Ltd, Hangzhou, China). The temperature and humidity of the environment were monitored online
using using a temperature and humidity monitor (Shandong Renke measurement and control
technology Co. Ltd, Jinan, China). The images of the surfaces were photographed using a microscopic
lens. The end of the sample are connected to the electrodes, which we applied 1.2 kV AC voltage, and
the distance between the electrodes is 20 mm.
During the 30 min of charged condensation, the distribution of condensate droplets on the
superhydrophobic surface hardly increased. Because the bonding force between the
superhydrophobic coatings and water droplets was small, and combined with the effect of the electric
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field force, condensate droplets were effectively driven away from the superhydrophobic surface.
Only a few droplet-like droplets were sparsely distributed on the superhydrophobic surface.

Figure 3. Diagram of condensation test equipment.

For RTV samples, the surface condensation was dominated by large droplets. The effect of the
electric field force aggravated the merging process of small water droplets, and at the same time,
large water droplets could merge small water droplets together via vibration. However, due to the
strong bonding force between the RTV coating and water droplets, the large water droplets that had
formed on the surface of RTV were still difficult to separate.
For the blank glass sample, a continuous water film bridged the two electrodes after 30 min of
electrified condensation. Under a 1.2 kV AC voltage, an obvious partial discharge appeared in the
water film. A large number of bubbles were rapidly generated in the water film, and the gas discharge
in the bubbles gradually developed to produce a final surface flashover.
3.3. Distribution Statistics of Surface Water Droplets
The characteristic parameters of the two surfaces in the experiment were extracted, and the
secondary factors were excluded, such that a simplified electric field model was established. Two
kinds of coating surface images were processed using image analysis software (5.1). Figure 4 is the
surface condition of the superhydrophobic sample and the RTV sample when they condensed at a
1.2 kV AC voltage for 30 min. In order to extract more accurate data regarding the distribution of
water droplets on the surface, we binarized the original image. After statistical analysis of the images,
it can be seen from Table 1 that most of the surface of superhydrophobic coatings were small droplets
with diameters of 100–300 μm. Therefore, the influence of these droplets on the electric field must be
taken into account when establishing a simplified electric field model. The surface of the RTV coatings
had mainly smaller diameter droplets with diameters of 100–500 μm, but although the number of
droplets was large, the area they covered was relatively small, which meant they had little effect on
the electric field distribution over the whole coating surface. As a result, the small droplets with
diameters of 100–500 μm were neglected in the establishment of the simplified electric field model. It
was concluded that there were 264 droplets on the surface of the superhydrophobic with a diameter
of 100–1000 μm and a total area (S) of 6.184 mm2. The Sa (average area) of water droplets on the
surface of the superhydrophobic coatings was 0.0234 mm2, and the superhydrophobic coatings were
hydrophobic. Hence, the maximum cross-section of water droplets was reflected in the twodimensional image. Thus, the water droplets on the surface of superhydrophobic coatings could be
calculated. The ra (average radius) was 0.08634 mm, and the total area of all the water droplets on
RTV coating surface was 50.178 mm2. Therefore, the average area of water droplets on the RTV
coating surface was 0.8651 mm2, and the RTV coating was hydrophobic. Therefore, the maximum
cross section of water droplets was reflected in the two-dimensional image, so the average water
droplets on RTV coating surface could be calculated. The ra was 0.52476 mm. The equations used
were as follows, where the S is the total area, n is the number of water droplets, Sa is the average area
of each droplet, and ra is the average radius:

S = nSa

(1)
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Sa = πra2
ra =

(2)

Sa
S
=
π
nπ

(3)

Figure 4. Two types of coating surface conditions under under pressure: (a,b) superhydrophobic
coating and (c,d) RTV coating, where (a,c) are the original condensation pictures and (b,d) are the
image binarizations.
Table 1. Statistical analysis of the water droplets on the surface.

Coatings
Superhydrophobic
coating
RTV coating

100~300 μm

300~500 μm

500~1000 μm

1000~2000 μm

＞2000 μm

249

12

3

0

0

348

52

35

20

3

3.4. Analysis of Simulation Results
3.4.1. Static Contact Angle
According to the static contact angle measured in Section 3.1, we built the simulation models
with COMSOL. The surface electric field distribution of the superhydrophobic, RTV, and blank glass
samples is shown in Figure 5. For the superhydrophobic coating, the electric field intensity
distribution near the water droplets is shown in Figure 5a. It can be seen that the maximum electric
field intensity was located at the junction of the gas, liquid, and solid phases, and the maximum
electric field intensity was 3.13 × 105 V/m. The distribution of electric field intensity of the RTV coating
is shown in Figure 5b. The highest electric field intensity of the RTV coating also appeared at the
junction of the gas, liquid, and solid phases, and its value was 3.79 × 105 V/m. The electric field intensity
distribution of the blank glass is shown in Figure 5c. The highest electric field intensity of the blank glass
also appeared at the junction of gas, liquid, and solid phases, which was 4.26 × 105 V/m. Therefore, the
simulation results show that the static contact angle had a significant effect on the electric field
distribution near the water droplets. With the increase of the static contact angle, the electric field
intensity at the junction of the gas, liquid, and solid phases decreased significantly, which reduced
the risk of partial discharge.
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(a) Superhydrophobic coating

(b) RTV coating

(c) Blank glass
Figure 5. Simulation of electric field strength distribution on sample surfaces

3.4.2. COMSOL Simulation
We use COMSOL simulations to simulate the electric field between the water droplets with
different spacings in order to explore the effect of spacing on the electric field and even the whole
macro-discharge. When the distance between the water droplets was set to 1 mm in the figure below,
the blue represents the lowest electric field, and the higher the field intensity was, the darker the red
was. The simulation of the electric field distribution between two droplets is shown in Figure 6a.
From the figure, it can be seen that the maximum electric field appeared at the surface of the
droplet passing through the line of the droplet center, and the value was 3.8678 × 105 V/m. The
intensity of the electric field decreased evenly and reaches the lowest point in the center.
When the distance between water droplets was changed to 3 mm, the electric field changed and
is shown in Figure 7.

(a)

(b)

Figure 6. (a) Simulation of the electric field distribution when the space between water droplets was
1 mm; (b) Simulation of the field intensity when the space between water droplets was 1 mm.
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(a)

(b)

Figure 7. (a) Simulation of electric field distribution when the space between water droplets was 3
mm; (b) Simulation of electric field intensity when the space between water droplets was 3 mm.

It can be seen from the graph that the field strength decreased from 3.8678 × 105 to 2.6986 × 105 V/m,
a drop of nearly one third. The field strength remained relatively constant at a position of about 0.65
mm in the middle.
Based on the above two experiments, we can see that when the gap between water droplets
became larger, the electric field decreased correspondingly, and the possibility of arc generation was
reduced. The reason why superhydrophobic materials can greatly increase the pollution flashover
voltage is that the superhydrophobic materials leads to the larger distance between water droplets
remaining on them, and it is more difficult to generate enough electric field strength under the same
electric field to trigger an arc phenomenon, which increases pollution flashover difficulty. The contact
angle due to the hydrophobicity is also an important reason.
4. Conclusion
(1) The micro-nano composite rough structure was constructed using PMMA particles and nanoSiO2 particles, and the superhydrophobic coating was prepared by spraying with PVDF for a
low surface energy treatment.
(2) The average static contact angle of the superhydrophobic coating was 155°, and the relative
dielectric constant and conductivity were 2.8 and 3.3 × 10−13 S/m, respectively, at a power
frequency. The prepared coating had excellent superhydrophobic and dielectric properties.
(3) Based on the condensation test platform, we analyzed the distribution characteristics of water
droplets on the superhydrophobic coating. The water droplets on the superhydrophobic coating
were sparse, and the particle size was relatively small, which was beneficial for improving the
dielectric properties of the coating. There were fewer water droplets on the surface of the
superhydrophobic coating, the particle size was smaller, and the spacing was larger, which was
beneficial for improving the dielectric properties of the coating.
(4) According to the results of the simulation, the electric field intensity at the interface of the gas,
liquid, and solid phases on the surface of superhydrophobic coatings was relatively low, which
reduced the risk of partial discharge compared to the RTV coating.
In conclusion, we prepared PVDF@PMMA/SiO2 superhydrophobic coatings and analyzed the
condensation properties on the surface, the results of which formed a basis for a simulation model of
the electric field. This research is helpful to explain the excellent pollution flashover performance of
superhydrophobic coatings.
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