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Abstract: The cleaning effect of heavy rain (the rainfall reaches 5 mm every day) on surface
contamination of insulators is more effective than dew, fog, mist, and other light rain conditions
which can initiate leakage currents and increase the likelihood of flashover. It is well understood
that heavy rain can wash away contamination from the surface of high voltage (HV) insulators and
thereby reduce the risk of pollution flashover. This study examines the cleaning effect of natural
wetting conditions on HV insulators on four 500 kV transmission lines in Hunan Province, China.
Historical meteorological data, monthly equivalent salt deposit density (ESDD) and non-soluble
deposit density (NSDD) measurements taken over a period of five years were analyzed to investigate
the relationship between rainfall intensity and insulator cleaning. The measured data show that the
ESDD/NSDD changes with the seasonal variation, which accumulates in dry season (January–April,
about 117–122 days) and is washed off in the wet season (June–October, about 118–127 days).
According to the measured data, the ESDD and NSDD on the surface of insulators were affected
by the rainfall intensity (in the dry season it is about 1 mm/day and in the wet season it is about
5 mm/day). Based on a comparison of the four study sites, we propose a mathematical model to
show the functional relationship between rainfall intensity and insulator self-cleaning capability.
The mathematical model’s coefficient of determination (R2) is greater than 0.9 and the effective rate
of self-cleaning capability reaches 80%.

Keywords: contamination; equivalent salt deposit density (ESDD); non-soluble deposit density
(NSDD); rainfall intensity; insulator; functional relationship

1. Introduction

It is well understood that airborne contamination can strongly influence the voltage that
HV insulators can withstand [1–3]. Therefore, accurate measurement and prediction of natural
contamination on insulator surfaces is important for taking the appropriate measures to prevent
pollution flashover in power systems. Some examples of typical pollution environments are defined
as follows: marine environments, industrial environments, agricultural environments, and desert
environments, since there is the release of some pollution, like marine salts, inert dust, and high degrees
of salt. These environments may appear alone or in some combination. The winter environment,
especially concerning the period with low absolute humidity, dusty, windy and exposure to sand and
salt (from road salting) is most similar to the desert environment. This means that some seemingly
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illogical combinations, such as agricultural and desert conditions, do occur in winter in some areas [4–6].
Due to the high accumulation rates of natural contamination from industry and agriculture on insulator
surfaces in Southern China during the winter months, an insulator cleaning program has been devised
for transmission lines in the region [7,8]. However, the cleaning scheme is always carried out in
December and only once for every year, therefore it is not very effective and the insulator surface could
not maintain cleanliness for the whole year. The accumulation of contamination will increase with the
air pollution after a few months. Thereby, it endangers the safe operation of power networks.

The accumulation of contamination is mainly divided into two processes: contamination of
HV insulators is highest during the dry season and lowest during the wet season, when rainfall
efficiently removes some of the surface contaminants [9,10]. At present, the research mainly focuses on
the pollution accumulation process, studies on air quality index (AQI), size and gravity of particles,
wind speed, electric field intensity, and the force of adhesion, etc. [11,12]. However, there have
been few studies on the effect of rainfall flushing. The existing research relies on artificial rainfall
experiment platforms [13–16]. However, artificial pollution tests on outdoor insulators mostly consider
the parameters of ideal conditions and the test results are not in conformity with reality. Therefore,
it is very important to research the cleaning effect of the natural rainfall, which can be used to predict
the pollution degree and provides a reference for the electric power departments to clean the external
insulation of transmission lines.

In Southern China, the rainfall always happens in summer months (April to August, about 90
rain days). During the season, the pollution on the surface decreases due to the rainfall. In some
special geographies such as the coastal areas and islands, the rainfall intensity need reach above 4.0
mm/day, it is able to largely and significantly affect the contamination on the outdoor insulator. In [17],
the coastal and island meteorological conditions were considered and a mathematical model was
introduced, which is used to predict pollution performance of insulators on islands under similar
conditions. The Egypt electric power company have selected six regions in Northern Egypt of different
types of pollutants to monitor. The study was conducted through measurements of: equivalent salt
deposition density (ESDD), surface conductivity, maximum leakage current and flashover voltage.
The results are useful to assess the insulation performance in different environmental situations and
to improve the design, if necessary, and finally to propose an updated pollution map in Northern
Egypt [18]. A paper by Ahmad et al. [19] proposes a new relationship of ESDD with six meteorological
variables: temperature, humidity, pressure, rainfall, wind speed, and wind direction. Multiple
linear regression techniques have been used to predict ESDD from these six relevant meteorological
parameters. A paper by Allister et al. [20] proposes specific data in terms of ESDD and the pollution
index of the Dhahran test site are presented, including significant meteorological parameters (ambient
temperature, relative humidity, quantity of rainfall, pressure, wind speed and wind direction). Quantity
of rainfall appears to be the most influential meteorological parameters responsible for self-cleaning.
However, the underside of insulators, especially those of anti-fog insulators with deep ribs that are less
exposed to wetting, remain relatively un-cleaned. A paper by Lin et al. [21] investigates the influence
of insulator shed profiles on insulator contamination performance in heavy industrial contamination
areas in Shanghai of China.

This paper investigates the role and characteristics of natural rainfall in reducing the surface
pollution on HV insulators. Then, for the important and specific pollution sources, such as the
industrial, local agriculture, transportation, or geographic conditions, the suitable exponential model
of salt losses is considered, which can effectively verify and predict the insulator surface pollution
characteristics. According to the large number of historical and measured data during the five years,
we provide an analysis of the data that will aid power system operators to decide when or whether to
initiate insulator cleaning during winters in Southern China.
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2. Experimental Setup

2.1. Test Locations

To study the effect of natural rainfall flushing on the accumulated pollution, the natural
contamination tests were carried out in Hunan Province and the de-energized glass standard disc
insulators of four 500 kV transmission lines were selected. The specimen insulators were installed
on the cross-arm near the transmission lines, which had a distance of 500 mm–600 mm from the
transmission tower. In each selected area, five adjacent transmission line towers were installed with
about 50 pieces of insulators to study the pollution accumulation on the insulator surface (shown in
Figure 1). The process of pollution accumulation has been analyzed and the data have been measured
for each month from 2011 to 2015. The structural parameters of the insulator are presented in Table 1.
Before the experiment, all of the insulators were cleaned up and naturally dried in a clean place.
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Table 1. Main parameters and profile of insulator tested.

Type Material
Main Parameters (mm) Superficial (mm2)

Profile
D H L S

LXY1-70
Standard disc

insulator
Glass 255 146 320 1510
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D is the shed diameter, H is the configuration height, L is the leakage distance and S is superficial area.

2.2. Meteorological Condition

To decide the effect of rainfall, the major sources of pollution around the test area, and the
pollution level were considered. In this condition, the He-Yun II line, Xing-Yun line, Chuan-Gu I line,
and Gu-Xing I line were firstly selected (shown in Table 2). Figure 2 indicates the average air quality
index for every month, which includes the main air pollutant, particulate matter (PM10), followed by
SO2, and 30% of the total months from 2011 to 2015 reach or exceed the level of slight pollution.
As shown that the air quality is very serious in the winter season and the rainfall in the wet summer
season helps to clear up the air pollution. The test sites are situated in South China, and it has four
distinct seasons: a significant amount of rainfall at the end of spring and the beginning of summer
(the rainy weather reached more than 800 days); and drought at the end of summer and autumn.
Figure 3 shows the average amount of rainfall for every month in 2011–2015. Illustrated in the figure,
the main rainy season lasts from April to October, while the dry season is from November to January
of the next year (this data come from the local meteorological statistical departments). The weather in
spring (February, March, and April) is changeable and wet; more sunny days in summer (May, June,
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and July) and autumn (August, September, and October). The annual average temperature in Hunan
is about 17 ◦C (63 ◦F).

By comparing the air quality index (AQI) with average rainfall, the level of high pollution always
appears in winter when the rainfall days are fewer and the intensity of rainfall is light. Therefore,
the rainfall is the main factor influencing the AQI.

Table 2. Information of the experimental sites.

Transmission Line Location Pollution Source Total Rainfall per Year (mm)

He-Yun + II line Zhuzhou Transportation 1523.6
Xing-Yun line Changsha Local agricultural 1377

Chuan-Gu I line Hengyang Industrial 1853
Gu-Xing I line Zhuzhou Geographic Condition 1523.6
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Figure 3. Average monthly rainfall for five years (2011–2015).

2.3. ESDD and NSDD Measured Method

The samples were polluted by the natural environment. Before pollution, all samples were
carefully cleaned so that all the traces of dirt and grease were removed. The samples were then dried
naturally. The ESDD/NSDD were obtained by weighing a dried filter paper, pouring a sample of
insulator wash water through it, then redrying and reweighing the filter. The conductivity and the
temperature of the water containing the pollutants gives the ESDD. The change in weight (in mg or µg)
divided by the surface area wiped (in cm2) gives the NSDD. The details for the measuring procedure
are fully described in Annex C of IEC Standard 60815 (2008) [22].
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The insulator strings were hung on the left and right sides of towers, the contamination on
the second to the forth insulator units were measured. The test time was from 2011 to 2015,
and contamination was measured on the 28th of every month.

3. Results and Discussion

3.1. Seasonal Variation

3.1.1. ESDD/NSDD Trends during Different Periods of the Year

According to the Figures 2 and 3, the data show that the airborne contamination which is present
in the atmosphere are seasonally dependent, where the majority of contamination accumulates during
the drier winter months (January–April) and is washed during the wet summer months (June–October).
The average values of the measured ESDD and NSDD between 2011 and 2015 also show seasonal
variation: contamination accumulates in the dry season and is washed off in the wet season. Therefore,
the contamination deposit densities change with the amount of rain, as shown in Figure 4a–e.
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Figure 4. Averaged monthly rainfall intensities and corresponding contamination deposit densities for
each year (a) 2011; (b) 2012; (c) 2013; (d) 2014 and (e) 2015 in the test period (He-Yun Line).
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In Figure 4a–e, the ESDD and NSDD reach the peak value (ESDD/NSDD maximum data from
Table 3) in February during the period from 2011–2015. At the same time, the rainfall intensity is
very small (about 0.91 mm/day~4.0 mm/day) in this month. Then, the wet season (starts from
March) comes and the extreme value of the average monthly rainfall intensities appears in June or
July. The value of ESDD reaches the lower level (about 0.015 mg/cm2) in these months. However,
the NSDD does not reach the least value, it still decreases until the rainy season is over in September
or October. The least NSDD value is 0.05 mg/cm2~0.12 mg/cm2.

Table 3. The extreme values in Figure 4 (during 2011–2015).

Year
ESDD (mg/cm2) NSDD (mg/cm2) Rainfall intensity (mm/d)

Maximum Minimum Maximum Minimum Maximum Minimum

2011 0.197 0.018 0.507 0.126 16.42 0.92
2012 0.177 0.012 0.426 0.052 19.81 0.91
2013 0.237 0.011 0.516 0.074 24.61 0.25
2014 0.274 0.015 0.489 0.054 11.89 0.22
2015 0.187 0.016 0.416 0.077 10.70 0.76

By comparing the two years (2012–2013) with other years, the effect of rainfall with heavy intensity
and long duration directly flushing out the NSDD was more obvious. Since there were more heavy
rainy days in the summer during the two years (19.81 mm/day and 24.61 mm/day). The changes of
ESDD and NSDD also reflected the relationship between contamination and rainfall intensity.

Based on statistics of actual rainfall, ESDD and NSDD during 2011~2014, the variation trend of
ESDD/NSDD with the duration and season in 2015 is predicted. As shown in Figure 5, the predicted
values are fitted with the actual values in 2015. The curves show that the air pollution concentration is
higher and it promotes the particle accumulation on the insulator surface from October to February in
next year. Thus, the actual value and predicted value all reach the maximum (ESDD: 0.187 mg/cm2 and
0.214 mg/cm2, NSDD: 0.416 mg/cm2 and 0.470 mg/cm2). Then, the actual value and predicted value
all reach the minimum during the rainfall season from March to October in 2015 (ESDD: 0.016 mg/cm2

and 0.018 mg/cm2, NSDD: 0.077 mg/cm2 and 0.083 mg/cm2).
According to the ESDD and NSDD trend during different periods of the year, the trend of the

ESDD/NSDD value basically met the rule of seasonal variation.
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3.1.2. Comparison of ESDD/NSDD Levels at Different Time of the Year

Due to the different washing effects of rainfall intensity on the surface contamination of insulators,
the washing effect is different on ESDD and NSDD. The variations trend of ESDD and NSDD were
studied, Figure 4b shows that NSDD decreases significantly while the change of ESDD is smaller
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during the rainy season. The value of NSDD declined 75% and the value of ESDD only declined 50%.
Because the ESDD was washed in the initial phase of rain days in April to May and the maximum
value of ESDD is smaller than the maximum value of NSDD in the February. Therefore, the value
of NSDD is faster declined than the value of ESDD. Generally, the value of ESDD appears to trend
downward in March, when the rainfall intensity is not strong. From June to July, the rainfall intensity
is strong, but the ESDD decreases gently, while during August to September the ESDD is almost
unchanged. The value of ESDD reaches the balanced value and the value (about 0.01 mg/cm2).
Since the upper piece of the insulator has sheltered the one below, the residual contamination is not
easy to be washed-off by rainfall. In the initial period of rainfall, the NSDD decreased gently with
the rainfall duration. From April to July the variation trend is very clear. In the later rainy season,
the NSDD still decreased, but the effect of wash-off is not obvious. This is because the effect of weather
on the NSDD lags behind that of the ESDD.

It can be seen from the above experiment results that, the soluble pollution was flushed at the
initial phase of rainfall, and was taken away by the run-off, which formed on the surface of the
insulator. Even with small amounts of rainfall, the soluble pollutants can be cleaned effectively.
Meanwhile, the wash-off law of insoluble pollutants was different, which can only be washed off by
the mechanical force of the moving water and washed away when the surface run-off rate reaches the
relevant speed. In other words, the wash-off of insoluble pollutants needs enough rainfall intensity.
The main component of ESDD are soluble pollutants and NSDD are insoluble pollutants. Therefore,
the ESDD was not only soluble in water, but also suffers from the mechanical force of rainfall during
the wash-off process.

3.1.3. The Effect of Washing in Different Test Sites

In order to investigate the insulator natural contamination trend under different physiognomies
of test sites, the ESDD/NSDD values on the four typical of pollutions were measured in 2014. On the
basis of the ESDD and NSDD test data, the results show that different areas have different cumulative
contamination features.

Comparative analysis has been conducted on contamination data based on the four 500
kV transmission lines (as shown in Figure 6). It is easy to determine that, in the four sites,
the contamination in the industrial area (Figure 6c) is more serious (the maximum of ESDD and NSDD
are 0.658 mg/cm2 and 0.410 mg/cm2) than other test sites, and the carbon emissions/particulate
matter from automobile traffic on a nearby highway in the He-Yun line (transportation) is the second
most serious (the maximum of ESDD and NSDD are 0.50 mg/cm2 and 0.31 mg/cm2). The two
areas have a common feature, in that the pollution accumulation on the HV insulators has a sharp
increase in NSDD and ESDD during the dry season. When the wet season (June–October about
118–127days) is coming, there is a sharp decrease in NSDD and ESDD. Figure 6d shows that there
are fewer contamination sources in the geographic condition (the maximum of ESDD and NSDD are
0.358 mg/cm2 and 0.250 mg/cm2) than other sites. However, the contamination decreased gently
over the rainfall duration. Since, in the geographic condition, the transmission lines run across
forests and mountains, the surrounding environment can greatly weaken the cleaning effect on salt,
and the NSDD/ESDD value still reaches 0.4 mg/cm2 and 0.28 mg/cm2, respectively. As shown in
Figure 6b, the contamination level in local agriculture conditions (the maximum of ESDD and NSDD
are 0.41 mg/cm2 and 0.256 mg/cm2) is in the middle for the four test sites, the main source are
fertilizers and soil particles from nearby farmland. Therefore, the power department should make
different insulator cleaning plans with different types of pollution found at each site.
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Figure 6. The contamination deposit densities for 2014 in different test sites: (a) He-Yun
(Transportation); (b) Xing-Yun (Local agricultural); (c) Chuan-Gu (Industrial) and (d) Gu-Xing
(Mountainous region).

3.2. The Influence of Rainfall Intensity to Flush

The contamination accumulation process on insulators shows seasonal variation. During the
washing process, the washing effect of rainfall intensity on surface contamination of insulators was
useful. According to the measured contamination data of the four test sites, the values of ESDD and
NSDD from February to September were selected to study the effect of washing in 2012. During the
wet season, the rainfall intensity increased with the months and the degree of contamination was
affected by the rain wash-off. Several experimental data results show how the residual contamination
deposit densities change with rainfall intensity, as shown in Figure 7.
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Figure 7. Residual contamination and rainfall’s intensity for all four test sites (a) He-Yun; (b) Xing-Yun;
(c) Chuan-Gu and (d) Gu-Xing for 2012.

In Figure 7a–d, the washing effect on insulators contamination is mainly effective in the initial
rainfall. The residual contamination deposit densities diminish largely when rainfall intensity is still at
a relatively low level (range from 1.5 mm/day to 4.0 mm/day), especially in He-Yun transmission
line and Xing-Yun transmission line (Figure 7a,b). The value of ESDD decreases from 0.35 mg/cm
to 0.10 mg/cm and the value of NSDD decreases from 0.45 mg/cm2 to 0.21 mg/cm2 during the low
rainfall intensity, then diminish in a small range with increasing rainfall intensity. Finally, the ESDD
and NSDD stop changing after the rainfall intensity reaches a high level (about 10 mm/day). The four
test sites’ data all show that the value of ESDD and NSDD is very small (only 0.012 mg/cm2 and
0.10 mg/cm2, respectively) when the intensity reaches 10 mm/day. Therefore, the value of rainfall
intensity is the common threshold across all sites. The intensity of rainfall of 10 mm/day is regarded
to be the standard value, and it helps the power department to measure the effective rainfall days for
every month.

Based on the measured values in the four test sites, the functional relationship between the
intensity of rainfall and measured value was obtained by the curve fitting, as:

ESDD = MESDDe−aI (1)

NSDD = MNSDDe−bI (2)
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where MESDD and MNSDD are the ESDD and NSDD values in the February; and a and b represent the
test sites’ respective washing rates.

By comparing the data from ESDD and NSDD, the residual contamination trends are stable with
the increase of rainfall intensity. Through the treatment and analysis of a lot of test data, the relationship
between rainfall intensity and pollution on the surface was obtained. Thereby, measuring the rainfall
intensity can effectively predict the level of pollution and the trend of accumulated contamination
during the rainy season.

3.3. Pollution Wash-Off Model

The wash-off model is based on the following first-order equation describing the pollutant mass
remaining on a surface at time t after rainfall:

dM/dt = −ckM (3)

where M represents the pollutant mass on the insulator surface per unit area (mg/cm2); c represents the
transport coefficient (cm−1); k represents the average event rainfall intensity (mm/day). By integration
M = M0e−ckt is the pollution mass after the accumulation of contamination where M0 is the initial mass
on the surface per unit area at t = 0. Thus, the rate of mass per unit area removal M is:

M = −dM/dt = ckM0e−ckt (4)

Equations (3) and (4), or similar equations, were formulated by Sartor and Alley [23–26].
In order to simplify the model, the area was assumed to be completely cleaned by the previous
rain (all of the insulators were cleaned and naturally dried in a clean place).

The effect of rainfall intensity on the washing surface and umbrella skirt edge of insulators is
completely satisfied by washing modeling verified by experiment [27,28]. The residual wash-off ESDD
and NSDD on the surfaces of insulators decreases with the intensity and duration of the rainfall,
which meets the power function, exponential function, or other functions. The results show that the
pollution wash rate has a positive correlation with the quantity of pollutants:

Mt = Mt−1 − Mt−1e−ckt (5)

where, Mt is the pollutant mass on the insulator surface per unit area (mg/cm2); M0 is the initial mass
on the surface at t = 0; C is the transport coefficient; k is the average rainfall intensity (constant); and t is
the duration of rainfall (the duration of rainy days in every month). With this formula, the pollution
mass exponentially decays with the duration and rainfall intensity.

According to Equations (1)–(5), the fitting parameters about the rule of wash-off on the insulator
surfaces were obtained. As shown in Table 4, the fitting results (coefficient of determination, R2) noted
that salt losses with cleaning duration and rainfall intensity fitted to the exponential function. At the
same time, the exponential model reflects that the residual contamination deposit densities decrease
significantly when the rainfall duration is within a certain value, and tends to be stable after that.
Table 4 shows that the pollution transports with the rainfall intensity coefficient ck for ESDD is close
in each year, and based on the R2 value, the fitting results are reasonably good with most R2 > 0.90.
During the washing process for every year, the relation coefficients are directly affected by the data
of average rainfall, rainy days, and rainfall intensity. Therefore, the coefficients determine the effect
of rainfall wash-off of the contamination on the surface of insulators. For NSDD, the effect of heavy
intensity and long duration rainfall directly flushing out the NSDD was very obvious during the two
years (2012 and 2013). On the other hand, it is possible that the low rainfall intensities observed during
the winter months accelerate the pollution accumulation by forming multilayered water (and entrained
pollution) films on the insulator surface. Although, the relation coefficient is not very close and the
fitting result is not very good. The trend of the cleaning pollution is satisfied with the rule of wash-off
on the insulator surface.
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Table 4. Fitting results of the cleaning model of insulators.

Transmission Line Date
ESDD NSDD

Mt-1 ck R2 Mt-1 ck R2

He-Yun II line

2011 0.3212 0.028 0.9612 0.7884 0.016 0.9359
2012 0.4847 0.031 0.9639 1.0936 0.023 0.8772
2013 0.5461 0.031 0.9894 1.0234 0.021 0.8798
2014 0.5234 0.024 0.9398 0.7468 0.016 0.9528
2015 0.4361 0.021 0.9236 0.6461 0.013 0.9504

Xing-Yun line
2014

0.505 0.023 0.9015 0.9101 0.018 0.9106
Chuan-Gu I line 0.5849 0.019 0.8751 0.6768 0.011 0.9428
Gu-Xing I line 0.4601 0.015 0.8169 0.6125 0.016 0.8937

Based on the data of ESDD and NSDD, the cleaning model of insulators was established.
The model can be used to predict the variation trend of contamination on the surface and a time
plan regarding when to clean the insulators in the future is put forward as well.

4. Conclusions

The test observation in Hunan Province lasted for five years and the experiments have been
carried out to study the washing effect of rainfall intensity. From the investigation, the major results
can be summarized as follows:

(1) Based on the historical meteorological data, monthly equivalent salt deposit density
(ESDD), and non-soluble deposit density (NSDD) measurements taken over a period of five years,
the contamination accumulating on the surface of insulators presents seasonal changes: contamination
accumulates in the dry season (January–April) and is washed off in the wet season (June–October).

(2) The effects of rainfall on flushing the ESDD and NSDD are very different. The main component
of ESDD are soluble pollutants which suffer from the mechanical force of rainfall. Meanwhile, the main
components of NSDD are insoluble pollutants, which are only influenced by mechanical splashing.
Thus, the measured NSDDs change more slowly than the ESDDs with the increasing rainfall intensity
and duration.

(3) By analyzing the contamination data of 2014 on the term of ESDD and NSDD, the result
of the primary contamination law has been determined. In the four test sites, the contamination in
industrial areas is more serious than other test sites and there are fewer contamination sources in these
geographic conditions than in other sites.

(4) Based on the functional relationship between the rainfall intensity and measured value,
the residual ESDD and NSDD decrease with increasing rainfall intensity and a rapid decline takes
place at a relatively low level of rainfall intensity and then diminishes in a small range with increasing
rainfall intensity. Therefore, the washing effect of insulator contamination mainly works during the
initial period of rainfall.

(5) Based on the data of ESDD and NSDD, the cleaning model of insulators was established.

Overall, upon monitoring rainfall intensities throughout the year, and knowing background
ESDD/NSDD levels, the proposed model can provide operator decision support to decide if, or when,
we need to clean contaminated insulators.
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