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
Abstract—Audible noise from transmission lines is mainly 

generated by corona discharge from defects and water droplets 
on the conductors’ surface. Applying a superhydrophobic coating 
to the conductors can reduce corona discharge, thereby reducing 
the level of audible noise produced. In this paper, corona 
discharge and noise measurements from an untreated conductor 
and a conductor coated with superhydrophobic coatings were 
carried out in AC electric fields and continuous water spray. The 
coated conductors show higher partial discharge inception 
voltages (PDIV) than uncoated ones. PD magnitude and PD per 
cycle of the coated conductors are lower compared with uncoated 
conductors, especially at electric fields above 14 kV/cm. A linear 
correlation between overall sound pressure and total PD 
magnitude is established. The behavior of corona discharges 
from single droplets with various sizes and positions and 
associated droplet vibration were investigated and the local 
electric field enhancement was analyzed by finite element 
analysis to examine the influence of droplet size and position on 
electric field distribution. Superhydrophobic coatings result in 
reduced PD magnitude and number and therefore reduce audible 
noise generated. This is attributed to small sessile droplets 
forming rather than large pendant droplets. 

Index Terms- overhead line conductors, audible noise, corona 
discharge, superhydrophobic coatings, water droplets. 

I.  INTRODUCTION

LTRA-HIGH voltage (UHV) and Extra-high voltage 
(EHV) transmission lines have been increasingly used 
to meet the growing demand for electrical transmission 

capacity [1]–[3]. Though overhead line conductors are readily 
designed to fulfill the electrical and mechanical requirements, 
corona discharge can be induced by protrusions introduced by 
extrinsic factors such as pollution, water droplets, surface 
defects and ice on the conductor surface. These features can,  
due to the resulting elevated local electric field, result in 
corona loss, audible noise and radio interference [4]–[6]. 
Therefore, a number of environmental factors including the  

 Xu Zhang is with the School of Engineering, University of Warwick, 
Coventry, CV4 7AL, UK. (email: Xu.Zhang.1@warwick.ac.uk) 

Ian Cotton, Simon Rowland, Qi Li, Wenyuan Li and Chorphaka 
Plaengpraphan are with the School of Engineering, The University of 
Manchester, Manchester, M13 9PL, UK.  
(email: ian.cotton@manchester.ac.uk; s.rowland@manchester.ac.uk; 
qi.li@manchester.ac.uk, wenyuan.li-2@postgrad.manchester.ac.uk; 
chorphaka.plaengpraphan@postgrad.manchester.ac.uk) 
 Chengxing Lian is with the School of Engineering, Imperial College 
London, London, SW7 2BX, UK. (email: c.lian22@imperial.ac.uk).

maximum electric field and audible noise levels need to be 
considered for overhead line conductor design [7]–[10]. 

Corona discharge occurs with the local electric field 
exceeding an inception field and will result in corona loss and 
acoustic noise [11]. The influence of the average surface 
roughness on the corona inception voltage and the audible 
noise under the dry condition has been investigated [12] [13]. 
Due to the higher surface roughness developed over time, 
conductors which have been in service longer have a lower 
corona discharge onset voltage than newer conductors and 
thus show higher audible noise levels at the same voltage in 
dry conditions. The surface discharge on the polluted surface 
is more likely to propagate in the air while its propagation path 
is mainly along the clean surface [14] [15]. Teich compared 
the corona current characteristics of conductors with various 
surfaces – untreated, hydrophobic and highly hydrophilic 
surfaces under continuous rain [16]. It was found that the 
water spread uniformly on the highly hydrophilic conductor 
while pendant and sessile droplets formed on the other two 
conductors’ surfaces. Correspondingly, the corona current 
generated from the droplets of the highly hydrophilic 
conductor was the least. Xu [5] examined the dynamic 
characteristics of AC corona discharge under conditions of 
rain. Discharges on the upper and lower surfaces had different 
characteristics but both occurred in the positive cycle of the 
voltage waveform. Taylor cone discharge formed in the 
negative cycle of the voltage waveform with relatively stable 
droplet oscillations on the conductor [5]. Furthermore, 
Miyajima explored the influence of the conductor surface 
condition (from hydrophilic to superhydrophobic) and found 
that superhydrophobic surfaces might help reduce the noise 
levels by minimizing the presence of droplets on the conductor 
[17].  

Typically, noise measurements are not carried out in an 
anechoic chamber, and so background noise, for example from 
supply transformers, is not eliminated. Therefore, a semi-
anechoic chamber in the high voltage lab of the University of 
Manchester was built to reduce baseline noise levels. A 
comparison of untreated conductors and conductors with a 
superhydrophobic coating under a continuous water spray and 
an AC voltage was then carried out and reported in our 
previous paper [18]. It was shown that the 2f hum noise and 
overall sound pressure levels can both be reduced with a 
superhydrophobic coating. A comparison of the droplet 
distributions gave some evidence for the cause of noise 
reduction [18]. 
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The durability and reliability of superhydrophobic surfaces 
are essential to their application in power transmission 
systems. Our previous work compared the aging performance 
of a silicone-based superhydrophobic coating and microscale 
structured surface after thermal cycling, outdoor aging and 
corona discharge exposure [19]. The two superhydrophobic 
surfaces both maintained superhydrophobicity after thermal 
cycling and outdoor aging but were degraded after corona 
exposure. Another nano-composite superhydrophobic coating 
was exposed to corona discharge generated by a needle 
electrode and results show that the coating would be aged but 
could recover under low-intensity corona discharge [20]. 
However, the corona discharge in these two aging experiments 
was generated by a high-voltage needle which is likely to be 
more severe than in operational conditions. Therefore, various 
techniques have been developed to create robust 
superhydrophobic surfaces. The combination of micro-
structure and nano-structure to form a superhydrophobic 
surface was reported recently [21] [22]. The microstructure 
was used to protect the nanostructure which provides 
superhydrophobicity, which can maintain a high contact angle 
(above 150°) after abrasion and scratch tests [21]. 
Furthermore, a self-healing superhydrophobic surface was 
created by integrating anodization with the infusion of a 
healing agent fluoroalkylsilane [23]. The superhydrophobicity 
can be restored by the healing agent when heated at 70 ℃ for 
a duration of 30 minutes [23]. Such work on developing robust 
superhydrophobic surfaces is required to support their 
application in practice. 

The literature shows that droplets are the main reason for 
audible noise generation on HV conductors. The relationship 
between the noise level and rainfall rate and electric field has 
been examined, but the influence of the size and position of 
water droplets on the audible noise and corona discharge have 
not been investigated in any detail. This paper aims to 
correlate noise reduction due to a superhydrophobic coating 
on a conductor with corona discharge characteristics and 
changes in droplets’ size and position.  

II.  EXPERIMENTAL METHODOLOGY

A.  Samples 

Test samples were traditional Aluminum Conductor Steel 
Reinforced conductors and Gap-Type High-Temperature Low 
Sag conductors, with diameters of 31.6 mm and lengths of 
4 m, as shown in Fig. 1. These are referred to as ACSR and 
GAP, respectively. The ACSR comprises round strands of 
3.53 mm diameter, and the GAP conductor has strands with a 
flattened external surface. 

A commercial superhydrophobic coating, NeverWet® 
produced by Rust-Oleum, was evenly applied to some of the 
conductors to achieve superhydrophobic surfaces. While this 
coating would unlikely be used in a commercial application as 
it would likely age rapidly, it provides a simple way of 
manufacturing samples in a repeatable manner for the test 
within the HV laboratory environment. Before the application 
of the coating, the samples were cleaned in an ultrasonic 
acetone bath at 25°C for 10 mins. Subsequently, the samples 
were rinsed in deionized water, immersed in isopropanol, and 

left to dry at room temperature overnight. The NeverWet® 
coating containing three layers was sprayed onto the 
conductor, with the detailed procedure given in our previous 
paper [18], to achieve superhydrophobicity. The base layer 
mainly comprises aliphatic hydrocarbons, which can generate 
microstructures on surfaces. The key constituents of the top 
layer consist of acetone, propane, n-Butane, and silicone. 
Silicone particles are incorporated to fill the gaps between the 
microstructures of the base layer, thereby enhancing the 
superhydrophobic characteristics.  

Due to the difficulty of quantifying the static contact angles 
on the curved surfaces of conductors, a flat aluminum alloy 
6082 substrate (a typical overhead line conductor material) 
was used to assess the superhydrophobicity of the coating, 
using a DataPhysics OCA 15EC goniometer. The average 
contact angle of the coated sample was 162.4° (above 150° is 
recognized as superhydrophobic) while uncoated samples 
gave an average contact angle of 85.3°. The droplet 
distribution around the conductor circumference was heavily 
affected by the superhydrophobic coating, which was 
discussed in [18] as shown in Fig. 1. The water droplets are 
mainly distributed on the bottom surface of the uncoated GAP 
and are spread all around the uncoated ACSR. For coated 
conductors, fewer and smaller water droplets are mostly 
retained on the top of the conductors, and the downward-
facing surfaces tend to be dry.  

Fig. 2.  Schematic of an experimental setup. The sample under test is 4 m 
long. 

(a)                                                          (b) 

(c)                                                           (d) 
Fig. 1.  The water droplets distribution without applied voltage on: (a) 
uncoated GAP, (b) uncoated ACSR, (c) coated GAP and (d) coated 
ACSR.[18] 
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B.  High voltage experimental setup 

The high voltage experimental setup is shown in Fig. 2. A 
semi-anechoic chamber with dimensions of 10.5×4.3×3.0 m 
was built in the lab to minimize the background noise from the 
outer room and the 50 Hz HV transformer. More detail is 
given in our previous paper [18]. The inner walls of the 
anechoic chamber have wedges attached, which are filled with 
porous foam to reduce sound reflection. A 150 kV transformer 
was external to the chamber and connected to the conductor 
with a bushing. An earthed mesh cage with a diameter of 
150 cm was placed around the conductor to achieve the design 
conductor surface electric field at a relatively low voltage 
level and ensure the electric field was circumferentially 
uniform [18]. The surface electric field in this test ranges from 
6 kV/cm to 21 kV/cm (rms) and is calculated based on the 
perfect model of cylinders (i.e. without strands) shown in the 
following equation [24].  

ln( / )

U
E

r R r



(1) 

where R is the radius of the earthed cage, U is the applied 
voltage, E is the equivalent electric field and r is the radius of 
the conductor. The typical surface gradient for a 400 kV 
transmission system is around 18 kV/cm (rms) [25]. Spheres 
at the end of the conductors are used to manage the fields and 
avoid localized discharges.  

A Brüel & Kjær Type 4961 multi-field microphone was 
placed at the same height as the conductor to measure noise 
levels. The LAN-XI Data acquisition hardware (Type 3050-B-
040), shown in the red square on the right of Fig. 2, connects 
the microphone and the computer over an ethernet cable. The 
acoustic analysis software PULSE Labshop is used to record 
and analyze the noise waveform. To measure and analyze the 
high-frequency electrical signals generated by the partial 
discharge (PD) events on the conductors, an Omicron MPD 
Partial Discharge Analysis system was utilized, as illustrated 
in the red square on the left of Fig. 2. A coupling capacitor 
(1 nF) was connected in series between the test conductor and 
the measuring system, including measuring impedance CPL 
542 and an MPD 600 unit. Then MCU 504 control unit is 
connected to the MPD 600 unit through fiber optical cable to 
minimize ground loops and reduce interference coupling. The 
camera was used to observe the droplet distribution on the 
conductors. The adjustable nozzles were connected to a 
regulator to spray tap water at a rate of 20 mm/h, which meets 
the wet test standard in IEC 60060-1 [26].  

III.  RESULTS AND ANALYSIS

A.  Partial discharge characteristics 

 Typical phase-resolved partial discharge (PRPD) patterns 
measured when testing uncoated and coated conductors are 
shown in Fig. 3. PD events mainly occur during the rising part 
of the positive and negative cycles of voltage. For a typical 
corona discharge PRPD pattern, small relatively constant 
magnitude but repetitive pulses occur in the negative half 
cycle adjoining the peak voltage and fewer but larger pulses 
exist in the positive half cycle [27] [28]. The reason for the 

corona discharge PRPD pattern is due to the difference in the 
mechanism between negative and positive corona discharge. 
In the case of negative corona discharge, the electrons are 
generated by the electrode and subsequently drift away from 
the ionizing region and move into the drifting region with the 
lower potential gradient. On the other hand, the positive 
corona discharge is initiated by an external ionization event 
occurring in a high potential gradient region and the generated 
electrons are attracted toward the electrode, resulting in a 
lower density of electrons compared with the negative corona 
discharge. Therefore, the electrons during positive discharge 
can gain higher energy and lead to higher discharge magnitude 
and the lower electron density results in a lower discharge 
frequency than the negative corona discharge [11]. PRPD 
patterns shown in Fig. 3 have a phase shift, which may be the 
results of the asynchrony of water drop vibration with 
different sizes and voltage waveform.  
 The partial discharge inception voltage (PDIV) and partial 
discharge extinction voltage (PDEV) were measured three 
times for each conductor in the rain condition. The 
corresponding electric fields were calculated by equation (1) 
and the average values are summarized in Table I. The PDIV 
of uncoated conductors is around 37 kV, lower than PDIV of 
coated conductors. According to our previous results, the 
discharges mainly exist at the tip of the water droplets [18]. 
The distribution of droplets shown in Fig. 1 varies between 
uncoated and coated conductors, with large pendant droplets 

(a)                                                 (b) 

                       (c)                                                 (d) 
Fig. 3.  PRPD pattern of conductors at 20 mm/h for: (a) uncoated GAP, 
(b) uncoated ACSR, (c) coated GAP and (d) coated ACSR. The color bar 
is the same for all plots.  

TABLE I 
The PDIV and PDEV and corresponding surface electric fields for 

uncoated and coated conductors 
Uncoated 

GAP 
Coated 
GAP 

Uncoated 
ACSR 

Coated 
ACSR 

PDIV(kV) 37.07 46.06 36.76 47.08 

PD 
inception 

field(kV/cm)
6.08 7.55 6.03 7.72 

PDEV(kV) 33.62 43.04 33.61 44.28 

PD 
extinction 

field(kV/cm)
5.51 7.06 5.51 7.26 
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being dominant on uncoated conductors, while small sessile 
droplets mainly exist on coated conductors. The average size 
of water droplets on uncoated conductors is larger than that of 
coated conductors, which may account for the lower PDIV for 
uncoated samples. The position of water droplets on the 
uncoated and coated conductor also likely affects the PDIV. 
The impact of the droplet size and position on PD 
performance is discussed in detail in Section C.  
  PD events were measured for one minute at each electric 
field. The parameters extracted from the PD events data, 
including the average PD magnitude per cycle, average PD 
number per cycle, and the total PD magnitude per cycle (the 
PD number multiplied by the average PD magnitude in one 
cycle), are shown in Fig. 4. The PD magnitude represents the 
amplitude of each individual PD event, while the PD number 
represents the frequency of PD events. As shown in Fig. 3, 
while negative discharges are responsible for determining the 
PD number, positive discharges make a greater contribution to 
the overall magnitude of PD, which likely indicates the 

severity of corona discharge [11]. The PD parameters show 
similar trends for GAP and ACSR conductors. Coated 
conductors have a lower average PD number per cycle for all 
electric fields, probably due to the fewer droplets on the 
coated surfaces. Below 11 kV/cm, there are few PD for the 
coated conductors. As fields are increased above 11 kV/cm, 
there is a rapid increase in discharges on the coated conductors 
but the number remains lower than for uncoated ones.  

The ejection phenomenon (small water droplet emission) 
from sessile droplets on the coated conductor was found at 
11 kV/cm [18], which may cause an increasing PD number. 
However, the pendant droplet on the uncoated conductor can 
eject small droplets in a lower electric field (7 kV/cm), 
resulting in a higher PD number than that for the coated 
conductor. There is no obvious difference between the 
uncoated and coated conductors in average PD magnitude per 
cycle, when the electric field is below 14 kV/cm. The coated 
conductors have a lower average PD magnitude when the 

    (a)                                                                                                    (b) 

   (c)                                                                                                    (d) 

    (e)                                                                                                    (f) 
Fig. 4.  The PD parameters for uncoated and coated conductors. (a) and (b) are average PD number per cycle; (c) and (d) are average PD magnitude per 
cycle; (e) and (f) are total PD magnitude per cycle. The error bars represent the standard deviation of the PD parameters for each field. 
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electric field is above 14 kV/cm, and the highest reduction 
occurs at the highest electric field. The total PD magnitude has 
a similar behavior to the average PD magnitude. Overall, the 
superhydrophobic coating will result in higher PDIV, lower 
PD number and lower PD magnitude, especially above 
14 kV/cm.  

B.  Correlation between PD performance and audible noise 

The unweighted overall sound pressure level (SPL), shown 
in Fig. 5, was relatively constant for uncoated and coated 
conductors below 14 kV/cm. The SPL increases with the 
electric field at around 1.25 dB/kV/cm and 1 dB/kV/cm for 
uncoated GAP and ACSR respectively, but the coated 
conductors show a reduced noise level (by a maximum of 
3.46 dB and 2.19 dB for coated GAP and ACSR respectively) 
compared to uncoated above 14 kV/cm, indicating a 
correlation with PD performance shown in Fig. 4.  

There is a strong positive linear relationship between the 
overall SPL and the total PD magnitude per cycle as shown in 
Fig. 6. The coefficient of determination (R2 > 0.96) confirms 
the strong fitness of the linear parameters for GAP and ACSR 
conductors. The gradients from Fig. 6 are close to each other, 
in the range of 0.012-0.015 dB/nC.  

As described in the introduction, the audible noise contains 
low-frequency and high-frequency components. Therefore, the 
correlation between partial discharge behavior and sound 

pressure in the frequency domain needs careful examination. 
The PD events measured over time by the Omicron MPD 
system were subjected to a Fast Fourier Transform (FFT) to 
obtain the PD amplitude in the frequency domain. The sound 
pressure (SP) in the frequency domain was also derived with 
FFT and summarized in Fig. 7. The data shown in Fig. 7 is 
based on the surface electric field of 18 kV/cm (rms) because 
it is equivalent to the average field strength seen on a 400 kV 
(rms) system twin bundle RUBUS conductor [29].  

It can be seen in Fig. 7 that several peaks of PD amplitude 
and sound pressure amplitude were found in the frequency 
domain, ranging from 50 Hz to 600 Hz (red square) for both 
uncoated and coated conductors. This shows a correlation of 
PD and acoustic noise in the low-frequency domain. The 
electrical breakdown of the air around the droplets caused by 
corona discharge can result in high-frequency crackling noise 
[30]. However, few PD amplitude and sound pressure 
amplitude peaks were found in the high-frequency domain. In 
our previous paper, it was found that low-frequency noise is 
more dominant in the frequency spectrum compared with 
high-frequency noise [18].  

According to Li [31], the peak at 50 Hz is mostly due to the 
modulation of AC voltage. More PD amplitude and sound 
pressure amplitude peaks are found for coated conductors than 
with uncoated conductors in Fig. 7. In the rain condition, at 
least two types of discharge exist on the normal conductors 
including discharges when droplets hit the conductor and 
discharges from the tip of deforming droplets [5]. For the 

(a)                                                 (b) 
Fig. 5.  Overall sound pressure level of uncoated and coated conductors. 
(a) GAP conductors, (b) ACSR conductors. 

Fig. 7.  The frequency spectrum of the sound pressure (SP) and the PD 
magnitude at 18 kV/cm. (a) and (c) are uncoated GAP, (b) and (d) are 
coated GAP, (e) and (g) are uncoated ACSR, (f) and (h) are coated 
ACSR. 

(a)                                                       (b) 

(c)                                                      (d) 
Fig. 6.  The correlation of overall sound pressure level the total PD 
magnitude per cycle of uncoated and coated conductors. (a) uncoated 
GAP, (b) uncoated ACSR, (c) coated GAP and (d) coated ACSR. 
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coated conductors, the droplet gains charge on contact with 
the conductor by contact electrification [32]. Then another 
source of discharge is found between the charged droplet and 
the conductor when it bounces off the coated conductor. This 
is not seen on uncoated conductors. This may be the cause of 
more peaks in the frequency spectrum.  

To understand the relationship between noise generation 
and discharge behavior, the voltage waveform, PD events and 
single pendant droplet vibration are synchronously shown in 
Fig. 8. It was achieved by employing a pulse generator to 
generate a pulse to trigger simultaneously the high-speed 
camera and oscilloscope which was connected to a PD test kit. 
In addition, the potential role of space charge is illustrated in 
Fig. 8. In one voltage cycle, there is one large positive 
discharge and several negative discharges with a low 
magnitude, similar to the PD behavior under continuous water 
spraying. The higher magnitude discharges on the positive 
cycle with a frequency of 50 Hz may also reflect the PD 
amplitude peak at 50 Hz in Fig. 7. The positive discharge is 
not seen at the highest voltage because the drop vibration lags 
the voltage variation. At the falling part of the positive voltage 
waveform, the positive corona discharge occurs when the drop 
is pointed or cone-like, as shown in Fig. 8 (a). At this time 
molecules in the air are ionized, generating electrons and 
positive ions in the ionization zone around the conductor. The 
electrons are attracted toward the conductor electrode, and the 
positive ions are repelled and accelerated in the drift zone in 
the direction of the electric field. The collisions between the 
positive ions and neutral molecules will generate sound 
pressure pulses [33], [34]. When the voltage is below the 
discharge extinction voltage, there is no discharge activity. 

The positive ions continue to drift away from the conductor. 
Then the voltage is changed in polarity but not enough to 
trigger negative discharge. The positive ions are attracted by 
the conductor in the negative voltage cycle, as shown in 
Fig 8 (c). As the voltage rises, the negative corona discharge 
occurs with the Taylor cone [35]. The electrons generated by 
ionization move outwards from the conductor and attach 
oxygen molecules to form negative ions, which will be 
accelerated in the drift zone and then move towards the 
conductor when the voltage changes to positive. Therefore, in 
one AC voltage cycle, the ions are attracted and repelled twice 
the frequency of the voltage frequency, which is the reason for 
the generation of sound pressure at 100 Hz. The other low-
frequency noise peaks are mainly the harmonics 
corresponding with the partial discharge peaks [31].  

Therefore, the superhydrophobic surfaces can be 
potentially applied to the conductor to reduce the audible noise 
and corona discharge because of their positive linear 
correlation described above. It is also feasible to employ this 
correlation to detect and monitor the corona discharge by 
acoustic detection which is a non-direct contact and non-
intrusive technique [36] [37]. 

C.  Influence of droplet size and position on PD 

With the superhydrophobic coating applied on the 
conductors, the fewer and smaller sessile droplets become 
dominant on the coated conductors compared with the larger 
and more pendant droplets prevalent on the uncoated 
conductors, as shown in Fig. 1. The previous sections of this 
paper illustrate the correlation between noise performance 
with corona discharge behavior under the continuous water 
spraying. Thus, this section will investigate the discharge 

Fig. 8.  A model for the movement of ions during synchronous pendant water vibration and corona discharge behavior in an AC voltage cycle; the red 
arrow represents the ions’ movement direction. 
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behavior of single pendant and sessile droplets with various 
sizes to correlate the noise reduction with corona discharge.  

Single pendant and sessile droplets with volumes of 
0.01 ml or 0.03 ml were chosen to examine the influence of 
the droplet position on the discharge behavior. The volume of 
water droplets was calculated from the diameter and height of 
the droplet cones on the conductors, measured by image 
software (ImageJ). The minimum and maximum droplet 
volume is 0.005 ml and 0.03 ml. We chose 0.01 ml and 
0.03 ml droplets as a typical example to investigate the size 
effect on discharge activity. Each single droplet was placed on 
an uncoated GAP conductor with a length of 10 cm within an 

earthed cylindrical cage of 5 cm radius to study its partial 
discharge behavior. 

The PDIV, PD magnitude and number per cycle for each 
case are summarized in Table II. It is shown that the PDIV of 
the sessile drop is higher than the pendant drop of the same 
size, which corresponds to the higher PDIV of coated 
conductors shown in Table I. Furthermore, the average PD 
magnitude and PD number per cycle of the sessile droplet are 
lower than that of the pendant droplet, partly explaining the 
lower PD magnitude and PD number for coated conductors 
with continuous rain. The smaller sessile droplet shows a 
higher PDIV and lower PD magnitude and number than the 
larger one. Therefore, the droplet distribution and size both 
influence the discharge behavior. 

The partial discharge is strongly related to the droplet’s 
oscillation and the corresponding voltage and frequency. We 
note there will be a difference in droplet response under 50 Hz 
and 60 Hz, so the power frequency does matter in this 
case [15]. The vibration of the 0.01 ml pendant and sessile 
drop corresponding with the AC voltage is shown in Fig. 9 
and Fig. 10. Meanwhile, the greatest height during the droplet 
vibration is also plotted with the red points representing the 
droplet deformation. The sessile drop shows the highest height 
of 1.95 mm in the positive cycle, while it is 2.42 mm for the 
pendant droplet in the negative cycle. The ratio of the highest 
and lowest height can be used to describe the deformation 
degree. It is 1.41 for the pendant droplet and 1.17 for the 
sessile droplet, calculated from Fig. 9 and Fig. 10, also 
showing more severe deformation of the pendant droplet. The 
pendant drop will be elongated more than the sessile drop with 
the same size in one voltage cycle. In terms of the size effect, 
a 0.03 ml sessile droplet has a lower PDIV and higher PD 
magnitude and PD number than a 0.01 ml sessile droplet, as 
shown in Table II. The droplet vibrates in two directions in 
one voltage cycle and shows different vibration modes with 
others, which may relate to the size of the droplet and contact 
angle and surface conditions [15], [40]. The highest height 
during the whole cycle is 2.99 mm and the highest and lowest 
height ratio is 1.36, higher than that of a 0.01 ml sessile 
droplet.  

To investigate the local electric field enhancement around 

Fig. 11.  The 0.03 ml sessile drop vibration and corresponding voltage. 
The red points represent the highest height of the drop at that voltage. The 
axes of all plots are the same. 

Fig. 9.  The 0.01 ml pendant drop vibration and corresponding voltage. The 
red points represent the highest height of the drop at that voltage. The axes 
of all plots are the same. 

TABLE II 
The PDIV and PD magnitude and number of droplets with various sizes 

and positions 
PDIV (kV) Average PD 

magnitude per 
cycle (nC) 

Average PD 
number per 
cycle 

0.01ml pendant 
droplet 

28.80 5.07 37.79 

0.01ml sessile 
droplet 

30.10 2.32 6.63 

0.03ml sessile 
droplet 

28.20 4.43 51.59 

Fig. 10.  The 0.01 ml sessile drop vibration and corresponding voltage. The 
red points represent the highest height of the drop at that voltage. The axes 
of all plots are the same. 
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the droplet, 2D Finite Element Analysis (FEA) models of the 
most severe droplet deformations in Fig. 9 - Fig. 11 were built 
in COMSOL. These are shown in Fig. 12. The simulation 
results show that the highest electric fields exist at the tip of 
the droplet. This was also seen in [39]–[41]. The maximum 
electric field around a 0.01 ml sessile droplet is lower than for 
a 0.01 ml pendant droplet and a 0.03 ml sessile droplet, 
corresponding to the droplet deformation degree. The higher 
local electric field can also result in a lower PDIV and higher 
PD magnitude and number. 

Overall, the PD behavior related to the single droplet 
vibration process shows that small sessile droplets lead to 
higher PDIV, lower PD magnitude and lower PD number 
compared to the large pendant droplet, which explains the 
weaker corona discharge of coated conductor, thus resulting in 
the noise reduction with superhydrophobic coating.  

IV.  DISCUSSION

The PD behavior under continuous water spraying shows 
that the total PD magnitude of the coated conductors is lower 
than the uncoated conductors, resulting in lower audible noise, 
especially when the electric field is above 14 kV/cm as shown 
in Fig. 4 (c)-(f). The ejection phenomenon was found to take 
place around 11 kV/cm [18]. The water droplet starts to 
vibrate and eject smaller drops from the main droplet, likely 
generating more discharge events. As the electric field 
continues to rise, the volume of droplets is reduced due to the 
continuous ejection process. However, there is no stable 
Taylor cone formed at this electric field. At lower fields then, 
no obvious PD magnitude reduction is found on coated 
conductors. At 14 kV/cm, a dynamic balance of the droplet 
ejection and water accumulation under the continuous rain 
was established to form a relatively stable Taylor cone, as 
shown in Fig. 13. The volumes and the positions of the 
droplets are almost constant from 14 kV/cm for each case 
studied. Therefore, the PD magnitude shows a reduction for 
coated conductors because of the fewer and smaller droplets 
on the coated surfaces. Relative PD magnitude reduction 

decreases more significantly with the rising electric field. The 
statistical droplet distributions on uncoated and coated 
conductors presented in our previous paper showed that the 
mean droplet diameters on coated GAP and ACSR conductors 
were decreased by 47.8 % and 12.8 % respectively compared 
with uncoated conductors [18]. 

The corona discharge activity corresponds with the droplet 
vibration process and so relates to the droplet size. Hu built a 
pendant water droplet deformation model based on the shape 
change under the alternating electric force and gravity to 
investigate the influence of droplet size on corona inception 
voltage [42]. The results show that the highest height of 
pendant droplets increases, and the corona inception voltage 
decreases with the larger droplet radius. For the sessile 
droplets studied in this paper, larger droplets exhibit different 
vibration modes with a higher degree of deformation than 
small droplets, resulting in lower PDIV, as shown in Table II. 
According to the modeling in Fig. 12, larger droplets have a 
higher local electric field around the droplet tip and are 
therefore more prone to induce corona discharges than smaller 
droplets. 

The deformation degree of droplets is dependent on the 
droplet resonant frequency and the electric field frequency. 
When the two frequencies are close, the vibration amplitude of 
droplets will be large [5]. Fujii [43] studied the vibration 
behavior of uncharged and charged water droplets under a 
50 Hz electric field and concluded that the vibration frequency 
of uncharged droplets is 100 Hz while it is 50 Hz for charged 
water droplets. The charged water droplets will be under the 
electric force (Coulomb’s force) under the AC electric field, 
which is expressed as 

sinf qE qE t  (2) 

where q is the amount of charge. 
Therefore, the vibration frequency of charged water 

droplets in the corona discharge situation will be the same as 
the applied voltage frequency (50 Hz), as shown in Fig. 9-
Fig. 11. According to [38] [44], the natural vibration 

                         (a)                                                         (b) 

                         (c)                                                         (d) 
Fig. 13.  The droplets distribution on coated conductors at different 
electric fields. (a) is coated GAP under 11 kV/cm [18], (b) is coated GAP 
under 14 kV/cm, (c) is coated ACSR under 11 kV/cm [18] and (d) is 
coated ACSR under 14 kV/cm. (a) and (c) illustrate droplet emission. 

                        (a)                                                          (b)

(c)
Fig. 12.  The local electric field distribution around droplets on the 
conductor. (a) 0.01 ml pendant droplet, (b) 0.01 ml sessile droplet and (c) 
0.03 ml sessile droplet. 
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frequency, f0, of water droplets can be expressed as  
13 3

2
0 3

(cos 3cos 2)
( )

2 24

n
f

V

   

 

 
  (3) 

where γ is the coefficient of the surface tension (0.073 N m-1

at 20°C); ρ and V are the density and volume of the droplet, 
respectively; n represents the number of oscillation modes of 
the droplet (3 and 4 for 0.01 ml and 0.03 ml sessile droplets 
respectively [45]); α is a constant of order unity (0.81)[45], 
and θ is the contact angle of uncoated surface which is 85.3°.  

According to equation (3), the natural angular frequency of 
0.01 ml and 0.03 ml sessile droplets are 84 Hz and 75 Hz. 
Thus, the angular frequency of the bigger sessile droplet is 
closer to the applied electric field frequency, resulting in a 
larger deformation degree. Qi compared the vibration 
magnitude (the tip of the droplet to the base of the electrode) 
of sessile water droplets with various sizes ranging from 2 µl 
to 8 µl under 50 Hz AC electric field and found that the bigger 
droplet has the larger vibration magnitude [41]. It was also 
found that the bigger droplets have a lower nature angular 
frequency [5]. The pendant droplets have a higher vibration 
amplitude due to their physical nature and gravity compared 
with the sessile droplets. Therefore, the change from large 
pendant droplets to small sessile droplets due to applied 
superhydrophobic coatings may drive the audible noise 
reduction with the lower PD number and PD magnitude.  

In addition to reducing corona discharge and audible noise, 
as described in this and our previous paper [18], the 
application of superhydrophobic surfaces can also be 
beneficial to anti-icing, anti-frosting and anti-corrosion for 
transmission lines [46]. A superhydrophobic aluminum 
surface was developed by chemical etching to fabricate a 
hierarchical micro/nanostructure and it can delay the freezing 
time to 5100 s compared with the ordinary aluminum freezing 
time (260 s) [47]. The ice adhesion strength can also be 
reduced from 710 kPa to 45 kPa [48] and the frost formation 
can be delayed for 140 min on a superhydrophobic conductor 
surface [49]. In natural conditions, the wind will cause 
conductor vibrations including aeolian vibrations and 
galloping vibrations [50]. Wind-induced conductor vibrations 
can further reduce droplet accumulation on superhydrophobic 
conductor surfaces, which can contribute to reducing corona 
discharge, audible noise, ice/frost deposition, and overall 
improve transmission line performance.  

V.  CONCLUSIONS

Partial discharge behavior of conductors with a standard 
finish and conductors coated with superhydrophobic coatings 
under continuous water spraying was measured alongside 
audible noise emissions under AC voltages. The measured 
PDIV of coated conductors is higher than uncoated ones. 
Compared to the uncoated conductors, the coated conductors 
have a lower average PD number per cycle, PD amplitude per 
cycle, and total PD amplitude per cycle, which also results in 
lower audible noise levels, especially when the surface electric 
field is above 14 kV/cm. A linear correlation between overall 
sound pressure levels and the total PD magnitude per cycle 

was established for uncoated and coated conductors. The PD 
magnitude peaks are also correlated with sound pressure peaks 
in the frequency domain. A comparison of the corona 
discharge behavior corresponding to droplet vibration shows 
that the PDIV of a single pendant droplet is lower, and the PD 
number and magnitude per cycle are higher than that of a 
sessile droplet of the same volume. Large sessile droplets 
(0.03 ml) have a lower PDIV and higher PD amplitude and 
number per cycle than small sessile droplets (0.01 ml). These 
observations explain the lower PD number and magnitude of 
coated conductors in continuous rain. FEA results show that 
the local electric field is highest for the small pendant droplet 
and the lowest for the small sessile droplet. The large sessile 
droplet generates a higher electric field than the small sessile 
droplet. Therefore, the droplet size distribution and location 
changing from large pendant droplets on uncoated conductors 
to small sessile droplets on coated conductors results in a 
lower PD number and magnitude.  

These observations provide the explanation for the audible 
noise reduction on conductors with superhydrophobic coatings 
and give confidence for their application. In addition, in 
practical applications, there will always be wind or conductor 
vibration happening on the conductors, which will likely 
further reduce the accumulation of water droplets on the 
superhydrophobic conductor and thereby decrease the corona 
discharge and audible noise. 
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