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Abstract: Flashover of contaminated insulators is a major problem for power systems at high altitude.
Laboratory experiments have shown that the optical diagnostic method can provide extensive
information on the physical process of contamination flashover. In this paper, a study of the local arc
on a wet polluted surface under low pressure by using the optical diagnostic method is presented.
The thickness of the continuous spectrum, spectral line intensity and the spectral composition varies
significantly in different stages of the local arc development. Thermodynamic parameters of the local
arc (including electron temperature, electron density and conductivity) are obtained by analyzing the
spectra. Both the electron temperature and the conductivity increase with the increase in leakage
current and air pressure. Although the electron density does not change significantly with an increase
in leakage current, it increases significantly with an increase in air pressure. The findings of this
work could be used as supplementary information for the investigation of local arc parameters, thus
providing a reliable reference for the calculation of contamination flashover at high altitude.

Keywords: contamination flashover; the local arc; low pressure; optical diagnostic method

1. Introduction

Line insulators are some of the most widely used components in transmission lines,
and their performance directly affects the safe operation of power systems. When con-
tamination that has accumulated on the surface of the insulators contains a conductive
medium, it might cause a contamination flashover accident in the fog and drizzle [1-3].
The contamination status of insulators and the climate circumstance are very close in the
same area [4,5]. When contamination flashover occurs on a single insulator string, other
insulators in this area are also on the edge of flashover [6]. It is known that contamina-
tion flashover of insulators often causes massive blackouts, resulting in huge economic
losses [7-9].

Contamination flashover of outdoor insulators remains a major problem for transmis-
sion lines [10,11]. Especially in high-altitude areas, the contamination flashover voltage of
the line insulators is greatly reduced due to the lower air pressure [12,13]. Additionally,
transmission lines inevitably have to pass through high-altitude areas [14,15]. There-
fore, the study on the flashover process on the insulator surface under low pressure is
of great significance for predicting the flashover voltage and preventing contamination
flashover accidents.
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Contamination flashover is the process in which the local arc develops on the surface
of the insulator, until the high-voltage electrode and ground electrode are connected [16,17].
Hence, it is helpful to understand the physical process by obtaining the thermodynamic
parameters of the local arc. Until now, former researchers mainly focused on the electrical
parameters of the local arc. However, as a special kind of plasma, the local arc is mainly
composed of free electrons and charged ions and has special properties quite different
from resistance.

The thermodynamic parameters that characterize plasma mainly include electron
temperature, excitation temperature, rotation temperature, electron density, thermal con-
ductivity and electrical conductivity. It has been found that these parameters of the local
arc play a very important role in the calculation of contamination flashover. M. Slama,
from the Ampere Laboratory of the Central University of Technology, proposed a dynamic
mathematical equation describing the relationship between the resistivity of the local arc
channel and the arc temperature [18,19]. Based on the law of conservation of energy, W.
Sima, from Chonggqing University, obtained the mathematical expressions of the contami-
nation flashover voltage and arc temperature [20]. It can be concluded that thermodynamic
parameters of the local arc play a very important role in calculating the arc characteristics
and predicting the flashover voltage.

However, there are relatively less experimental studies on the measurement of ther-
modynamic parameters of the local arc. A. Nekahi, from the University of Quebec, used
fiber optic spectrometers to obtain the emission spectra of AC and DC of the local arcs
on iced surfaces. By fitting the three molecular spectra of OH (A-X), NH (A-X) and N?*
(B-X), the relationship between the rotation temperature of the local arc and the leakage
current was obtained, and the results show that the local arc rotation temperature increases
with the increase in the leakage current amplitude [21,22]. S. Li of Tsinghua University also
designed a spectral temperature measurement system to obtain the emission spectrum of
the local arc in the critical flashover stage [23]. However, there is a lack of research on the
thermodynamic parameters of the local arc on the wet contaminated insulation surface
under low pressure.

In this paper, an optical diagnostic system is designed for investigating the character-
istics of the local arc on the polluted surface under low pressure. A special tracing element
is employed to obtain the spectrum of the local arc. Typical parameters including electron
temperature, electron density and conductivity are obtained by analyzing the spectra of
the local arc. This work can enrich the investigation of the local arc under low pressure
and may provide useful parameters for the calculation of flashover voltage.

2. Experimental Arrangements and Methods
2.1. Test Facilities

In this paper, an optical diagnostic platform of the local arc under low pressure
was established, as shown in Figure 1. The experiments were carried out in the QD660
artificial climate room of Xi’an Jiaotong University. The climate chamber had a cylindrical
structure with a diameter of 4 m and a height of 5.2 m. Its size met the requirements of the
artificial contamination flashover test for insulator strings of AC 110 kV and below. The
artificial climate chamber could be used to achieve any environmental parameter between
—50 °C + 60 °C and 0.05 MPa~0.1 MPa. The power was provided by a 160 kV /4 A, 600 kVA
transformer with a short-circuit impedance less than 5%. The leakage current was measured
by a power-frequency Rogowski coil.

The spraying system consisted of high-pressure water pumps, pipes and atomizing
nozzles. The deionized water was pressurized by a high-pressure water pump, and sent
through a pipeline to atomization nozzles, installed at multiple locations around the wall
of the artificial climate chamber. By changing the size of the nozzle, the diameter of the
droplets ranging from 15 to 2000 um could be obtained. The polluted specimen was
installed horizontally in the center of the chamber, and the spraying system was then used
to wet the specimen before the test.
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Figure 1. Spectrum diagnostic platform.
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The spectrometer was used to record the spectra of the local arc. The wavelength range
of the optical fiber spectrometer was 250-880 nm, which meets the spectral measurement
requirements. In order to increase the light intensity coupled into the spectrometer, a fiber
collimator with a diameter of 45 mm was used to convert the arc radiation light into parallel
light, and then the parallel light was coupled into the fiber through a light collector, as
shown in Figure 2. A four-channel digital delay pulse signal generator (DG535) was used
to trigger the spectrometer to acquire waveform and spectra synchronously.
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Figure 2. Spectral acquisition device.

2.2. Specimen and Test Methods

The development of the local arc over the insulator was random, resulting in low
efficiency and poor repeatability of experimental measurement. Hence, a triangle glass
plate was employed in our experiment, as shown in Figure 3a. The electric field intensity
around the top corner of the triangular glass plate surface was higher than the rest of the
region, as shown in Figure 3b, from our previous study. The local arc developed from
the ground electrode and gradually developed to the high-voltage electrode. The glass
triangular plate was polluted with a 2-cm narrow band for convenient measurement.
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Figure 3. Triangular glass plate and its surface electric field distribution, (a) triangular glass plate used
as test sample, (b) simulation results of the electric field distribution of the triangular glass surface.
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The solid layer method was used to pollute the specimens artificially, according to
IEC 60,805 [24]. The artificial contamination was a mixture of sodium chloride, kaolin and
de-ionized water. The equivalent salt deposit density (ESDD) was chosen as 0.1 mg/cm?,
and the non-soluble deposit density (NSDD) was chosen as 0.1 mg/cm?. In the initial stage
of the local arc, only a single spectral line could be found for the same element, i.e., Na I
and K I, which did not meet the requirement of the spectral line relative intensity method,
which requires “at least two atomic spectrum lines of the same element”. Therefore, under
the premise of not affecting the characteristics of the arc discharge, a trace amount of
lithium was added as a tracer element to the artificial pollution for the occurrence of the
useful spectral lines.

2.3. Calculation of Plasma Parameters

(1) Electron temperature

The electron temperature (T,) of the local arc can not only characterize the state of the
particles in the plasma, but also be used to calculate the conductivity of the local arc. In
this paper, T, of the local arc was calculated based on the spectral line relative intensity
method. Using the two different excited state parameters of the same atom, s and ¢, the
formula for T, is obtained:

- —5040(E; — Ef)
© 7 log(AM/gA), —log(AI/gA),

)

In the formula, E; and E; are the energy of two different excited states of s and . Taking
the atomic excitation energy as the independent variable and the formula log(AI/gA) as
the dependent variable, the Boltzmann diagram is obtained. The relationship between the
slope k of the straight line in the Boltzmann diagram and T, is:

T,=-20 @

In order to ensure high accuracy of the results, the energy level difference between the

two spectral lines should be as large as possible, usually greater than 2 eV. The difference in

excitation energy between the two spectral lines of Li I 610.4 nm and Li1670.8 nm is 2.63 eV,

which meets the requirements of the spectral line relative intensity method. Therefore, Li I

610.4 nm and Li I 670.8 nm were chosen as the characteristic spectral lines, and Boltzmann’s
diagram was employed to calculate the T, of the local arc.

(2) Electron density

Electron density (1.) measurement methods include the Stark broadening method,
Saha equation method, continuous spectroscopy method, Inglis-Teller method, etc. This
paper chose the Stark broadening method with its high accuracy and simple measurement
method to measure #,. The relationship between the broadening value of the spectral line
AA and 1, can be expressed as:

AN = wn, + 1.75an/4(1 — 1.20)w ©)

where w is the Stark stretching factor; p is the Debye shielding factor; and « is the broaden-
ing factor. According to reference [25], the equation above can be changed into:

_ DANGStarkFWHM 0126
fe= " ygsa | W

where AAN,stEwrM 1S the width at half maximum (FWHM) of the Na I 568.8 nm spectral
line, broadened by the Stark effect in nanometres.



Energies 2021, 14, 6116

50f11

(3) Electric conductivity

Because there are a large number of electrons and ions in the arc plasma, it has a
certain electrical conductivity (cs). The Spitzer formula is not suitable to calculate the
conductivity of low-temperature plasma. R. Mohanti and J. Gilligan, from North Carolina
State University, conducted theoretical research on the conductivity of low-temperature
plasma and modified the Spitzer formula [26]. The conductivity s can be calculated with
T, and n,, as shown in our former research [27]:

3.1 x 10721,3/2
o = ®)
In(1+2.2x 10"T2/n,)

3. Typical Emission Spectrograms of the Local Arc

The flashover development process can be divided into four stages: initiation, devel-
opment, critical flashover and flashover. Assuming that the creepage distance is L, in the
initial stage, the local arc length is shorter than 1/10 L and the leakage current amplitude
(im) is less than 50 mA. In the development stage, the local arc length is between 1/10 and
1/2 L and iy, is between 50-150 mA. During the critical flashover stage, the local arc length
is between 1/2 and 2/3 L and i, is between 200 and 300 mA. The optical fiber spectrometer
was set to continuous acquisition mode to acquire the emission spectrum of the local arc
from the initial stage to the flashover occurrence. The time-resolved emission spectrum of
the local arc was obtained, as shown in Figure 4.

(1) The initial stage

In the initial stage of the local arc, i, is less than 50 mA. In the spectrum shown in
Figure 4a, no continuous spectral components can be observed; only the linear spectral
lines of lithium, sodium and potassium atoms with a low relative intensity value can
be found.

(2) Development stage

As iy, continues to increase, the magnitude of the radiation spectrum line increases
significantly. The energy injected into the arc channel continues to increase, and the
collision between electrons and atoms becomes more intense, leading to the appearance of
the atomic line of nitrogen in the spectrum, as shown in Figure 4b.

(3) Critical flashover stage

In the critical flashover stage, the copper atoms participate in the arc discharge, and
three copper atomic lines Cu 510.5 nm, 515.8 nm and 521.8 nm appear in the spectrum.
The dramatic increment in injection energy in the arc channel broadens the continuous
spectrum thickness in the radiation spectrum, which leads to the increase in the ionization
degree of particles in the channel, especially the alkali metal particles. Therefore, the K1I
397.3 nm line spectrum was detected in the line, as shown in Figure 4c.

(4) Flashover stage

After the occurrence of flashover, the arc channel penetrates between the high-voltage
electrode and the ground electrode, resulting in the energy of the power supply injecting
into the arc channel almost instantaneously. The enhancement of the collisions between
electrons and atoms/ions in this channel accelerate the ionization process of oxygen and
nitrogen molecules. Therefore, oxygen ion line O II 485.7 nm and nitrogen ion line N II
began to appear in the spectrum, as shown in Figure 4d.
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Figure 4. Typical spectrum of the local arc in different stages, (a) spectrum of local arc in initial stage,
(b) spectrum of local arc in development stage, (c) spectrum of local arc in critical flashover stage,

(d) spectrum of local arc in flashover stage.

4. Parameters of the Local Arc under Low Pressures

Spectral diagnosis of the local arc on a wet contaminated insulation surface under
low pressure was carried out in this section. Several vital parameters, such as electron
temperature, electron density and conductivity were obtained.

4.1. Electron Temperature of the Local Arc

According to the actual altitude of the transmission line, four typical low-pressure
values of 0.06, 0.07, 0.08 and 0.09 MPa were selected for the experiment in this paper.
The experimental results show that the emission spectra of the local arc under different
pressures are almost the same, similar to Figure 4. However, there is a significant difference
in the ratio of the relative intensity of the discrete spectral lines. Li I 610.4 nm and Li I
670.8 nm were chosen as the characteristic spectral lines. The Boltzmann diagram method,
mentioned in Section 2.3, was used to calculate the local arc electron temperature. The
Boltzmann plots of the local arc emission spectra under different air pressures at 0.1 A are
shown in Figure 5. The slope k of the straight lines can be obtained for Equation (2) to
calculate Te.

Because the statics of T, show a large dispersion, the mathematical expectation value
of the data was used to represent T, at a specific leakage current peak. T, of the local arc

under different pressure is shown in Figure 6.
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Figure 5. Boltzmann plots of the local arc emission spectra under different air pressures at 0.1 A.
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Figure 6. The value of T, at different air pressures.

It can be seen from the figure that when the air pressure is 0.06 MPa, T, is between
3150 K and 3450 K, and when the air pressure is 0.09 MPa, T, rises to the range between
3400 K and 3700 K. It can be concluded that T, increases with the increase in i,, at a certain
pressure. When i, increases, the injection energy of the arc channel also increases, resulting
in the enhancement of collisions between electrons and atoms/ions. Hence, T, increases
rapidly with the increase in y,.

Moreover, it can be concluded that T, increases with the increase in air pressure. Our
previous research results show that the voltage gradient of local arc (E) in a high-pressure
environment is higher than that in a low-pressure environment when iy, is the same [28].
The injection energy per unit length of the local arc in a high-pressure environment is
relatively higher. In such cases, the movement of electrons in the arc channel intensifies
due to higher energy. In other words, the migration speed of electrons increases. With
the increase in air pressure, the number density of air molecules increases, resulting in
the enhancement of inelastic collisions of electrons. Therefore, excitation and ionization
collision frequencies are higher at a higher pressure, resulting in an increase in T.

4.2. Electron Density of the Local Arc

As mentioned above, the Stark broadening method was adopted to calculate 7,. In
the critical flashover and flashover stages, the local arc radiation spectrum contains strong
continuum components. In order to obtain the broadening value, the Lorentz linear
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function was used to perform the Na I 568.8 nm fitting. The value of 1, under different air
pressure is shown in Figure 7.
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Figure 7. The value of n. under different air pressures.

When i, is between 50 mA and 500 mA, and the air pressure is between 0.06 MPa
and 0.09 MPa, the 7, of the arc channel is between 5.2 x 107 cm~2 and 6.3 x 1017 cm~—3.
With the increase in i, the ionization degree of gas particles increases, resulting in the
increase in free electrons. In addition, the radius and volume of the local arc increase
correspondingly. Therefore, 11, does not change much during the development stage of
the local arc. It can also be deduced that 7, increases with the increase in the air pressure.
When the outside air pressure increases, the energy of the arc channel increases and the
local arc channel shrinks, leading to the increase in #e.

4.3. Conductivity of the Local Arc

Conductivity is one of the basic electrical parameters of the local arc, and it is also
one of the critical parameters for calculating the voltage of the local arc. Compared with
the “three-electrode” method [28], the non-contact spectroscopy method makes it much
easier to obtain o of the local arc propagating over the polluted surface. The o5 of the
arc channel can be calculated from Equation (5) by substituting T. and 7. with the values
in Figures 6 and 7. Figure 8 shows the relationship between ¢ and i, under different
pressure. Since the index value of T, is larger than n, in Equation (5), o5 and T, have the
same changing trend.

T T T T T T T T
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240 | | - ®- 0.07 MPa| 4
- A- (.08 MPa
=-@—-0.09 MPa
.9
220 -
g
2
® 200 | 4
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i I H | ; | ; i ; I
0.0 0.1 0.2 0.3 0.4 0.5

Figure 8. The value of o5 at different air pressures.
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Additionally, s can also be obtained by the calculation of electrical parameters of
the local arc. The calculated results are compared with the spectral diagnosis results in
the following part. In Rizk’s former study, the relationship between E and i,; under low
pressure was obtained, as shown in the following equation [29]:

E=716(p/po)"" i (6)

where p is the actual pressure, py is the ambient pressure. The relationship between o5 and
E can be expressed as follows:
Im
s = TEF2 @)
where r is the arc boundary radius, and the relationship between r and p has been revealed
by Rizk in Reference [29]:
r o p—0.465 (8)

and the radius r; of the arc channel in ambient pressure is also a function of iy, [30].

im

"t =\ 1457 ©)

Thus, we obtain:
j0.56

Os = 516
494(p/po)

By solving Equation (10), o5 at a different pressure could be obtained, as shown in
Figure 9. Compared with Figure 7, the calculated value of ¢ is smaller. Since the plasma
inside the local arc is not completely uniformly distributed, the true value of  is not the arc
boundary radius measured by actual experiments. The local arc channel is populated with
high-density charged particles and the outer area of the channel is a heated and luminous
area consisting of neutral atoms. It is generally believed that the maximum radial light
intensity gradient of the channel is at the intersection of the ionization zone and the neutral
atomic zone. That is, the radius corresponding to the maximum value is taken as the true
radius value of the conductive area of the arc channel. Hence, the value of r in Equation (7)
is larger than the true value, resulting in a smaller value of o5. However, the deviations of
os between the true value and the calculated value is trivial, within an order of magnitude.
We can still consider our proposed approach of the spectral diagnostic method, which is
relatively effective in measuring the local arc conductivity under low air pressure.

(10)

-k - 0.06 MPa |
16 _|--m—0.07 MPa |
- A--0.08 MPa |
--@-—0.09 MPa |

0.0 0.1 0.2 0.3 0.4 0.5
i /A

'

Figure 9. The calculated value of o5 at different air pressures.
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5. Conclusions

In this paper, we carried out the spectral diagnosis of the local arc on the wet contami-
nated insulation surface under low pressure. Key parameters of the local arc, including
electron temperature, electron density and conductivity were calculated by spectroscopic
measurements. The following conclusions were deduced:

(1) The spectra of the local arc are quite similar, even though the air pressure is different.
The spectral characteristics of the different development stages of the local arc can be
easily distinguished.

(2) Thermodynamic parameters of the local arc (including electron temperature and
electron density) are obtained by analyzing the spectra. Electron temperature increases
significantly with the increase in leakage current and air pressure, while, the electron
density does not change much with the increase in leakage current, but it increases
significantly with the increase in air pressure.

(3) The conductivity of the local arc is also calculated by employing the value of electron
temperature and electron density in this paper. The conductivity increases with the
increase in leakage current and air pressure. The deviation of conductivity between
the true value and the calculated value is trivial.

Former researchers have used thermodynamic parameters of the local arc to predict
the contamination flashover. In our further study, the obtained parameters of the local arc
under low pressure will be used for the calculation of contamination flashover voltage of
on-line insulators. This will be explored in our following paper.
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