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ABSTRACT Previous studies on discharge dynamics have primarily focused on the generation and migration
of the charged particles and neglecting the influence of neutral excited-state particles. In this study,
an integrated approach combining experiment and simulation was used to investigate the effect of neutral
excited particles on discharge development. Firstly, partial discharge was induced by applying voltage to a
pin-plate electrode in a darkroom environment and the emission spectrum of discharge was captured using an
ultra-sensitive spectrometer. Then the formation mechanism of the main neutral excited particles in air corona
discharge was analyzed based on the principle of quantum optics, and the collision cross-section data of
the non-local thermodynamic equilibrium (NLTE) plasma chemical model for air was updated accordingly.
Simulations revealed the process of electron pulses initiates the electron avalanche, which leads to dielectric
breakdown. Results indicated that overvoltage can lead to the formation of electron avalanches at defect
sites, which is capable of causing dielectric breakdown within the nanosecond time scale. The competitive
mechanism of the excitation reactions to ionization reactions results in the dissipation of free electrons’
energy, effectively suppressing the development of electron avalanches and preventing electrical breakdown.

INDEX TERMS High-voltage techniques, insulation, gas discharges, quantum optics, low-temperature

plasmas, plasma transport processes, plasma chemistry, plasma simulation applications.

I. INTRODUCTION alongside the refinement of insulation design facilitated by

In the domain of high-voltage equipment, the quality of
insulation is imperative. The perils engendered by partial
discharge (PD) are substantial, as it precipitates long-term
material degradation which may culminate in catastrophic
failures [1], [2], [3], [4], [5]. In order to fortify the
insulation systems, academicians and industry experts have
embarked on comprehensive research initiatives. These
initiatives include the deployment of a spectrum of detection
technologies for the precursory identification of incipient
faults attributable to partial discharges [6], [7], [8], [9],
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a deeper understanding of partial discharge development
mechanisms [10], [11]. However, the heterogeneity and
unpredictability of defect typologies, spatial distribution,
and dimensional extents introduce additional complexities
to these investigative pursuits [12]. The diverse expanse of
operating parameters and associated mechanisms obfuscates
the formulation of a unified scaling law for electron emission
and gas breakdown [13]. A thorough investigation of PD
mechanisms is imperative for two reasons: one is to refine
theoretical models for PD detection and the other is to
diminish PD’s detrimental effects through advanced technol-
ogy. Conventional experimental techniques face challenges
in fully capturing PD intricacies. Spectroscopic techniques,

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

54510

For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 12, 2024


https://orcid.org/0000-0003-3184-8859
https://orcid.org/0009-0003-2128-0830
https://orcid.org/0009-0002-3556-5776
https://orcid.org/0009-0009-0491-1075
https://orcid.org/0009-0003-6392-6580
https://orcid.org/0000-0001-5160-5753

Y. Feng et al.: Investigating the Influence of Free-Electron Pulses and Neutral Excited Species Formation

IEEE Access

which are non-invasive, highly noise-resistant, and probe
intrinsic properties, are vital for assessing electrical insu-
lation integrity and identifying potential system failures
proactively [14], [15], [16]. Recent studies have proved the
effectiveness of spectroscopy in visualizing and analyzing
partial discharge (PD) phenomena in various electrical
systems [17], [18], [19]. Ultra-sensitive multispectral PD
optical sensors have been designed and demonstrated to
be capable of sensitive detection of early partial discharge
defects [20]. High-fidelity numerical simulations provide
insights beyond the scope of macroscopic studies, progress
in simulation technology has significantly advanced our
understanding and management of PD, though opportunities
for further methodological precision remain.

At the dawn of the 20th century, Thomson’s theories on
electrical discharge laid the foundational understanding for
insulation material breakdown. In recent years, researchers
have employed finite element analysis based on theoretical
frameworks to account for the impact of charged particles on
electric fields, as well as their redistribution during discharge
events. This advanced model has led to a more accurate
prediction of local discharge, providing a more robust
scientific basis for the design, diagnostics, and estimation
of lifespan of high-voltage equipment [21], [22], [23],
[24], [25], [26]. Although computationally less demanding,
these methods struggle to capture the complex dynamics of
discharges. As electrical systems have grown in complexity,
the limitations of simulation models based solely on electric
field intensity have become increasingly evident, particularly
in representing the dynamic behavior of carriers in nonlinear
media. To address this, scholars have integrated the Drift-
Diffusion Model (DDM) with multiphysics fields, combining
fluid dynamics and electromagnetic calculations to create
a simplified plasma dynamics model. This approach has
significantly improved the accuracy of discharge behavior
predictions in electrical insulation systems when applied to
the analysis of discharges.

The field has seen significant advancements as experts
have expanded the scope of these models to encompass
more complex particle dynamics, moving from single-
species to multi-species particle systems. This expansion has
led to a more profound understanding of charged particle
behavior [27], [28], [29], [30]. These models have been
utilized to study the effects of ion winds and airflow in
corona discharge [31], [32], [33], to analyze the influence of
discharge parameters and pulse characteristics [34], [35], and
to scale up to practical engineering applications [36]. They’ve
also been pivotal in examining the impact of corona discharge
on the potential decay on the surfaces of nanocomposite
materials [37]. Technological advancements have led to
continuous improvements and validations of these models,
enhancing both computational efficiency and applicability,
as well as the precision with which they handle complex
data, thereby deepening our understanding of discharge
phenomena. Improved models based on DDM have revealed
the principles behind discharge trees [38], [39], [40], [41],
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[42], and pulse discharges and have enhanced the accuracy
of predictions regarding low-temperature plasma interactions
with various materials [41], [43], [44], [45], [46], [47].
By integrating fluid dynamics models with ion transport
equations upon the Kaptzov hypothesis, the analytical ability
of the model is improved and has achieved numerical
simulation of the charged particle distribution produced by
corona discharge from a needle electrode over large spatial
scales [48].

Traditional DDM frameworks, which overlook collision
cross-sections in plasma, are inadequate for simulating the
detailed chemical reactions caused by localized discharges.
The generation of active species, discharge pathways, and the
distribution of energy on micro and mesoscales are crucial
in guiding the directed evolution of discharge paths. These
elements are essential for the insulation performance and
life expectancy of electrical apparatuses. Accurate chemical
reaction data is critical for deeper understanding of how these
processes might influence the overall insulation structure
and performance of devices. Moreover, advancements in the
precise control and monitoring of plasma parameters are
crucial for enhancing the performance of electrical devices.
Integrating energy-dependent collision cross-sections into
plasma models based on DDM are essential for accurate
simulations of discharge phenomena.

Researchers at the Budapest University of Technology
and Economics conducted a comparative study of complex
plasma chemical models which include collision cross-
section parameters against their simplified counterparts,
excluding plasma chemistry. Their findings underscore the
critical importance and superiority of utilizing detailed
plasma chemical models for accurately simulating corona
discharge events [49]. Plasma chemical models have already
provided in-depth insights into the mechanisms of localized
discharges, fostering improvements in high-voltage cable
insulation, pollution control, and surface treatment technolo-
gies. These advancements have affirmed the scientific and
practical value of the plasma chemical models that consider
collision cross-section data [50], [51], [52], [53], [54].

It is evident that collision cross-section data is indis-
pensable for unraveling chemical reaction mechanisms and
finely tuning plasma processes, especially when dealing with
collision-dominated chemical reaction kinetics. Interactions
among particles are parameterized through these collision
cross-sections, which are critical for understanding and
predicting energy and matter transfers within the plasma.
In the efforts to create models that can converge to stable
solutions within the limits of computational resources, prior
researchers have often focused on the collision processes of
charged particles while neglecting the effect of the formation
process of neutral excited species on discharge dynamics.
However, the influence of these species on the overall
behavior of plasma is extremely important, particularly in the
analysis of breakdown mechanisms and electron avalanche
phenomena. Although these particles do not directly respond
to electric fields, they can still alter the energy distribution
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of electrons via inelastic collision processes, affecting the
initiation and progress of electron avalanches, and signifi-
cantly impacting the dielectric breakdown characteristics of
the plasma [55].

Simulation by plasma chemical model can be a daunting
task, even merely modeling the ionization processes is a
vast undertaking, and this complexity is further increased
when excited-state reactions are included. Attempting to
incorporate all possible excited states and neutral particle
reactions not only leads to significant consumption of
computational resources but also complicates the model,
making it difficult to parse and optimize. Contact-based
detection methods for these rapid chemical reactions is highly
challenging, as the high-intensity electric field environment
within the discharge region can interfere with contact-based
detection methods, potentially disturbing the discharge itself
and leading to inaccurate data. Therefore, by analyzing the
spectrum emitted from the plasma, diagnose specific spectral
lines associated with key excited-state reactions in a non-
invasive manner. Is an exceptionally effective method for
identifying the key reactions in the progression of PD.

In this study, a plasma chemistry model was used to
simulate the evolution of partial discharge cold plasma
with the formation of a neutral excited state incorporated.
Spectroscopic detection methods were utilized to diagnose
specific types of reactions within the plasma. By accurately
measuring and analyzing the spectral lines emitted from the
plasma, key excited-state reactions that influence plasma
behavior are identified and quantified, providing empirical
support for the construction and optimization of plasma
models.

By analyzing the chemical reactions in PD plasmas, the
study not only provides theoretical guidance for optimizing
electrical appliance design to avoid PD damage but also
provides key data for plasma processes. Furthermore, an in-
depth understanding of plasma properties and behavior can
also provide data support for plasma technology applications
in many fields, such as environmental remediation, material
processing, and energy efficiency.

Il. PARTIAL DISCHARGE EXPERIMENTS AND SPECTRAL
SIGNAL DETECTION AND ANALYSIS

A. EXPERIMENTAL METHODS AND KEY EQUIPMENT
The schematic of the experiment is detailed in Figure 1.

The transformer, capable of handling peak voltages up
to 100 kV at a frequency of 50 Hz, facilitated the precise
adjustment of the alternating current input voltage to the
levels necessitated by the experiment. It incorporated a fine-
tuning control mechanism for voltage modulation and a
digital display for real-time voltage monitoring, ensuring
accurate application of the specified AC voltage peaks to the
discharge process.

Two water resistors, with a nominal resistance of 110 k€2,
were integrated into the circuit primarily as a safety mech-
anism to limit the current surge associated with a specimen
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FIGURE 1. Simplified schematic of the partial discharge detection.

breakdown, thus protecting the circuit from the resultant
transient spikes that could compromise the experimental
setup. The resistor’s high resistance value and thermal
dissipation properties were critical for mitigating the thermal
effects induced by high-voltage operations.

In the circuit, the rectifying silicon stack, rated for a
maximum voltage of 180 kV and a current of 0.5 A, the
function of the rectifying silicon stack is to filter out the
positive half-waves of the alternating current. After the
rectifying silicon stack removes the reverse voltage from the
transformer, the circuit’s capacitors are charged via a water
resistor. This method converts the AC voltage into a DC
voltage of negative polarity that matches its peak value, which
is then applied across the test specimen.

The voltage-regulating capacitor, featuring a capacitance
of 2000 uF and a voltage rating of 50 kV, collaborates with
the previously mentioned rectifying silicon stack and acts to
smooth out the rectified voltage, stabilizing the voltage and
providing a DC output.

The discharge protection sphere gap serves as a safeguard
in the circuit, which is designed to prevent voltage surges
from exceeding the maximum tolerances of the equipment.
The sphere gap distance can be finely tuned to ensure that its
breakdown voltage aligns, which in this study is set to —50 kV
DC, with the capacitor’s maximum voltage rating. When the
voltage surpasses the equipment’s safe operating thresholds,
this adjustable device protects the equipment by discharging
to dissipate energy.

This configuration ensures that the AC is effectively
inverted into a DC voltage with the desired polarity for
application across the test specimen.

To acquire accurate and interference-free spectral data
of partial discharge emissions, the experiments were metic-
ulously designed to generate partial discharge in a quiet,
dark environment devoid of ambient light. Moreover, the
indoor temperature was maintained near 0 °C to ensure the
effective operation of the infrared temperature measurement
device. In the experimental setup, the emitted spectra from the
discharge region were captured by using a Wyoptics 94UV
type convex collimating lens with an effective diameter of
30 mm, which was utilized to collect and direct the light
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emitted from the discharge event into an optical fiber to a
spectrometer for analysis.

The discharge experiments utilized a needle-shaped elec-
trode made from C28000 copper-zinc alloy, with a diameter
of 3 mm and length of 25 mm, ending in a finely machined
tip with a radius of 0.1 mm. This configuration was designed
to concentrate the electric field, reduce the threshold voltage
for discharge initiation, and enhance the safety and efficiency
of the system. The counter electrode, a plate with smooth
rounded edges, was positioned at a fixed distance of 12 mm
from the needle. The details of the electrodes are as shown in
Figure 2.

25.00

.10 —[

12.00

50.00

FIGURE 2. Discharge electrode structure.

Figure 3 shows the key optical signal acquisition equip-
ments used in the study. As shown in Figure 3 (A), the
imaging system used for the experiment is from the Luminar
series developed by OFIL in Israel. It provides an advanced
detection capability, enabling the capture of significantly
brightened images from the inherently weak light emissions
generated by partial discharges.

FIGURE 3. Key optical signal acquisition equipment.

As shown in Fig. 3 (B), The discharge spectra were col-
lected using the AvaSpec-HERO series ultra-high sensitivity
spectrometer. This spectrometer has a wavelength range of
185-1100 nm and a resolution of 1.8nm. It is characterized by
its high sensitivity, allowing for the detection of low-intensity
light signals.
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As shown in Fig. 3 (C), to monitor the plasma temperature
after discharge, the INFRATEC infrared imager was used
to photograph the infrared impact caused by the discharge.
The imager can cooperate with IRBIS infrared thermal image
processing software to accurately detect the temperature of
the discharge area.

The experimental procedure involved a step-up voltage
method, starting with an initial voltage of —1 kV and
increasing it by —1 kV increments until breakdown occurred.
At each incremental peak voltage level, the discharge was
sustained for 300 seconds to ensure steady-state conditions.
The corresponding spectral and imaging data under each
applied voltage were recorded under repeated experiments.

The Luminar series imaging system, capable of ultraviolet-
visible light intensification, was employed to record the
discharge events in a video format, thus facilitating real-
time observation. This imaging modality was selected to
elucidate the spatial distribution and temporal consistency of
the electrical discharges.

The spectrometer was set up to acquire spectral data
with an integration time of 1 s per measurement. To ensure
the accuracy of the spectral data and reduce the impact of
random noise, each data point reported was an average of
10 measurements.

Before data collection, the spectrometer was subjected to
a basic calibration procedure to ensure the fidelity of the
spectral output to actual spectral characteristics.

Although the experimental environment of the darkroom
avoids the interference of ambient light on the data, the back-
ground noise caused by the electromagnetic field interference
and the equipment’s dark current is still a non-negligible
influence factor. Avantes spectrometers come equipped with
software that can filter out background noise. Before each
experiment, background noise can be recorded and filtered
out using this software. In this study, the background noise
has been recorded and eliminated before each measurement.

B. EVALUATION AND OPTIMIZATION MEASURES OF
FACTORS AFFECTINT THE ACCURACY OF THE DETECTION
SYSTEM

The current investigation entailed the quantification of optical
emissions spectra data resulting from partial discharges,
which are intrinsically faint. The identification and reduction
of potential error sources are crucial for ensuring the
precision and reliability of experimental findings. Potential
experimental errors may arise from dark noise inherent to
the detection equipment, insufficient resolution, and ambient
light interference. To mitigate these errors and enhance signal
detection, the following measures were implemented:

1. Selective use a high-sensitivity spectrometer for captur-
ing optical signals emitted during partial discharge events.
Although the use of such spectrometers can slightly reduce
resolution, this trade-off is deemed acceptable within the
context of this study. Optical signals from partial discharges
typically manifest as clear, discrete spectral lines that do
not require high resolution for discernment. The elevation
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in instrument sensitivity assumes greater importance for the
detection of these weak signals;

2. Comprehensive calibration of the spectrometer before
the commencement of experiments was performed to ensure
the accuracy of spectral line data;

3. To attenuate thermal noise and enhance signal detection
fidelity, the laboratory environment was conditioned to
maintain the ambient temperature marginally above the
freezing point. This measure ensured the thermal noise
was minimized without risking condensation, which could
potentially compromise the integrity of the spectrometer.
Moreover, the spectral measurements were performed in a
darkroom environment with stringent light control in order
to against data corruption due to ambient light;

4. Repeated measurements the emission spectral data with
subsequent averaging to ascertain the accuracy and reliability
of the spectral data;

5. Calibration of the collimating lens’s direction and scope
was carried out pre-experiment to ensure the encompassment
of the discharge area within the effective collection range.

C. ANALYSIS OF EXPERIMENTAL RESULTS

The corresponding spectral and imaging data under each
applied voltage are shown in Figure 4. Given the discharge’s
weak visibility, amplified optical images were captured
using a light-enhancing imager. The images indicate that the
needle-plate electrode sustained a corona discharge state at
—5 kV. However, a gap breakdown was observed when the
voltage increased to —6 k'V.

FIGURE 4. Discharge enhanced optical image.

Figure 5 presents an infrared image during a —6 kV
discharge, showing that the peak plasma temperature post-
discharge was below 18 °C. This is attributed to a water
resistor in the circuit, which significantly restricted current
post-dielectric breakdown. During the discharge process, the
limited increase in current results in a negligible temperature
rise in the discharge area, hence peak temperatures remained
under 18 °C. Given that significant currents leading to
corresponding temperature increases are not present in short-
gap partial discharges before complete breakdown, NLTE
plasma simulations are appropriate for modeling these pre-
breakdown processes.
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FIGURE 5. Discharge infrared image under the applied voltage of —6 kV.

This study focuses primarily on the breakdown process.
Therefore, the spectral data for discharge were collected at
an applied pre-breakdown voltage of —5 kV, the spectral
measurements were performed by setting the spectrometer
integration time to 1 s, with multiple readings taken. The
collected discharge spectra data were consistently similar
across these measurements, as shown in the following
Figure 6 and Figure 7.
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FIGURE 6. Corona discharge emission spectrum in the 185-1100 nm
range under the applied voltage of —5 kV.
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FIGURE 7. Corona discharge emission spectrum in the 185-500 nm range
under the applied voltage of —5 kV.

During the experiment, it was observed that when the
applied voltage exceeded to —5 kV, electrical breakdown
occurred, and below this voltage threshold, the system
remained in a state of corona discharge. Spectral line
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distributions during this corona discharge phase were similar.
The transition phase between PD and BD occurs between —5
kV and —6 kV.

To study the evolution from corona discharge to electrical
breakdown, analyzing the spectral lines at —5 kV is
beneficial. This is because —5 kV provides a snapshot of the
spectral features of a stable partial discharge, which is close
to the breakdown voltage. Analyzing these spectral lines can
give insights into the precursory phenomena leading up to the
breakdown, and help identify the specific conditions under
which the stable corona discharge begins to transition into an
unstable electrical breakdown state.

The research identified specific spectral lines through
the observation and analysis of spectrograms. These lines
mainly correspond to the electronic transitions of nitrogen
molecules (N7) from the C3T1, (an excited state) to the B> I,
(another excited state), which are characteristic lines of the
second positive system of N, molecules [56], as shown in the
following figure 8:

141
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FIGURE 8. Energy transitions of N, first positive system.

During the corona phase of PD, the discharge process is
dominated by non-equilibrium electron collision excitation
rather than thermal ionization. Thus, the excitation of N2
molecules from the ground state X 12; to the excited
state C3T1,, energy level is primarily induced by collisions.
At the initial stages of partial discharge, when electron
density is low, the probability of non-radiative transitions
for N2 in the C3 I1, excited state is minimal, and de-
excitation primarily occurs through spontaneous radiation.
As reported in the study by Valk [57], the average lifetime
of the N2 C3I1, excited state is about 41.9ns. Although
this timescale is relatively brief, the ionization of the N2
C3I1, state has a limited impact on the development of the
discharge. This is mainly because, although these excited
neutral molecules may de-excite to other excited states and
emit photons, the energy of these photons is typically below
the ionization potential of nitrogen and oxygen molecules.
Moreover, any high-energy level photons with wavelengths
nearing or shorter than 100 nm are rapidly absorbed by
gas molecules within picoseconds. In addition, due to the
relatively weak intensity of corona discharge, the number
of photons generated from such excited states is limited.
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Therefore, in the simulation of the partial discharge process,
the influence of de-excitation from the N2 C3I1,, state on the
development of the discharge is neglected.

Through spectral analysis and the study of quantum
chemical reactions, a deeper understanding of the electronic
state transitions of N molecules during the discharge
process, especially the formation of the C3II, state, has
been achieved. This will provide theoretical support for the
revision of collision cross-section data in simulation models.

IlIl. PLASMA SIMULATION STUDY

A. SIMULATION MODEL DETAILS AND PARAMETER
ADJUSTMENT

Based on the observations from the needle-plate electrode
discharge experiments previously discussed, this study has
opted to employ an NLTE plasma dynamics model that
incorporates chemical reactions. The model employed in this
study captures the dynamic behavior of plasma by coupling
three fundamental components: the evolution of the electric
field, particle transport mechanisms, and the reaction cross-
sections that dictate the rates of various chemical processes.

1) ELECTRIC FIELD

In the calculation of the electrostatic field, the presence
of space charge significantly influences the electric field
distribution. Additionally, the charged particles produced by
the plasma reaction impact the allocation of space charge.
Hence, the computation of the electrostatic field necessitates
the resolution of the electric field under the charge and
charged particle influence via the Poisson equation. The
charge is then determined by calculating the number density
of electrons and other charged particles. Equations (1) and (2)
describe the computation process of the electrostatic field:

— V.-, VV =p (1)

N
p= q(z KNk — ne) 2
k=1

where, ¢gg is the relative dielectric constant of air. &; is the
relative dielectric constant of the medium, and V is the
potential. p is the charge of a node in space. n. is the electron
number density. g is the charge amount of the basic point
charge (1.602e™1° C). z; represents the number density of
particles of a certain substance within a unit volume. It is
used to denote the number of particles present in a specified
volume. 7 is the number of electrons lost by these particles,
indicating the number of electrons each particle has lost due
to ionization. In an un-ionized state, a particle is typically
electrically neutral, meaning that the number of positive
charges (determined by the number of protons in the nucleus)
is equal to the number of negative charges (determined by
the number of electrons surrounding the nucleus). When a
particle loses electrons, it becomes a positively charged ion.
For each electron lost, an additional unit of positive charge
is acquired. Therefore, if a particle loses n; electrons, it will
carry n units of positive charge.

54515



IEEE Access

Y. Feng et al.: Investigating the Influence of Free-Electron Pulses and Neutral Excited Species Formation

2) DRIFT-DIFFUSION AND CHEMICAL REACTIONS

The electron transport equation quantitatively characterizes
the evolution of the electron number density and the electron
energy density within plasma during reactive processes. The
equations are as following equations (3) and (4):

One

a_t +V.Fe=Re—(u~V)ne (3)
ang
E+V-F5+E-I‘e=Rs—(u-V)na )

ng is the electron energy density. R, is the electron source
term, representing the number of electrons generated per unit
time within a unit volume of the plasma. u is the macroscopic
convection velocity of the neutral background gas. The
calculation formula of R, is as following equation (5):

M
Re = > xjotjNy L] )
Jj=1

wherein, x; is the Mole fraction of the target substance of
reaction j. o; is Townsend coefficient of reaction j, which
describes the probability of gas ionization per unit path length
by an electron under the influence of an electric field for
reaction j. Ny, is the total density of neutral particles.

I'. is the electron flux. The calculation formulas are as
following equations (6) (7):

I'e = —(ue - E)ne — V(Dene) (6)
I'e = —(ue -E)ng — V(Deng) @)

We is electron mobility. D, is the electron diffusion
coefficient. u. is the electron energy density mobility.
D, is the electron energy density diffusion coefficient.
The relationship between D., w¢, D, satisfies Einstein
relationship, as following equations (8), (9), and (10):

De = peTe ®
5

He = gﬂe )

De = pTe (10)

In this study, u. was used to determine D, e and
D¢. The calculation formulas of electronic temperature
and the average electron energy are as the following
equations (11) and (12):

2

Te= 2% (11)
3

i=l (12)
Ne

The dependency of electron energy density on the electric
field strength is pronounced in the context of the high-
pressure atmospheric conditions of the simulation. This
relationship permits the utilization of a local field approxi-
mation approach to compute the electron energy density.

In plasma chemical processes, the reactants are subject to
the principle of conservation of mass. The mass conservation
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equation for each species involved in the reaction (13) is
articulated as following:

0 .
P We) + p - V)wi =V - ji + R 13)

p is the density of the mixture. wy is the mass fraction. Ry
is the reaction rate expression of species k.

The diffusive flux ji is typically defined as the mass of
species k passing through a unit area per unit time due
to diffusion, and it is directly proportional to the diffusion
velocity Vi under the assumption that the molar mass of the
species remains constant. The relationship can be expressed
as equation (14):

Je = owicVi (14)

According to the law of conservation of mass, wy should
satisfy the equation (15):

Zk wi = 1 (15)

In practical scenarios, the spatial distribution of mixtures
can exhibit a high degree of complexity. Attempting to
account for all the detailed local variations can render
the calculation process extremely complex and analytically
intractable. Therefore, to simplify the problem and make
it solvable, research often resorts to using the average
values of mixtures because their effects on overall macro
characteristics tend to cancel each other out. To simplify the
problem and make it solvable, this study resorts to using
the average values of mixtures allowing for an effective
description and prediction of the macroscopic behavior of the
entire system without sacrificing significant accuracy.

The numerical value of Vi can be expressed by the
following equation (16):

Vi VMy VT
Vi =Dim—— +Dim—— + Dy —— — 2k pik,mE (16)
Wk M T

Dy, typically represents the diffusion coefficient of
substance k. My, denotes the average molar mass of the
mixture, and 7 signifies the system temperature (300 K).
DE is the thermal diffusion coefficient for the k® species,
while z; indicates the number of charges carried by substance
k. py,, refers to the mobility of substance k within the
mixture. Since the plasma in this experiment is in a cold state
with a nearly uniform temperature distribution, the effects of
thermal diffusion can be disregarded and DE is therefore set
to 0. In the simulation model developed for this paper, wy is
selected as the buffer gas (Air). The density of the mixture,
0, is determined using Equation (17):

ra
" RT

R represents the ideal gas constant (8.314 J/(mol-K)),
and pa denotes the absolute pressure, which in this context
corresponds to the background gas at atmospheric pressure
of 1 atm.

7)
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The diffusion coefficient Dy, is calculated according to
Equation (18):

2 VT3My + M)/ 2 - 10°M M)
PACKOmILX

Dim =2.66- 10~
(18)

where, M}, and M,, are the molar masses of substances k
and m respectively, oy and oy, are the potential characteristic
lengths for substances k and m respectively, and ux
represents the dipole moment of substance X. These relevant
parameters and variables must be determined as prerequisite
conditions for the calculations prior to solving the model.

Assuming that there are Q reactions producing substance
k, then the reaction rate expression for substance y is given
by Equation (19):

0
v =25 [ [ e (19)

n=c

In the context, l,’f represents the reaction rate constant
for the n™ reaction forming substance k, ¢, denotes the
concentration of the nM reactant, v, signifies the order
of the n™ reaction with respect to the formation of
substance kand Qindicates the total number of reactions
contributing to the formation of substance k.

Due to the plasma being in a cold state for the simulation
study, the impact of elastic collisions on gas pressure
and temperature is disregarded. Consequently, the research
focuses primarily on three types of reactions: inelastic
collisions, ionizing collisions, and excitation collisions.

The reaction rate constant for inelastic collisions is denoted
by A and has been established within the study. This is
attributed to the fact that corona discharges are predominantly
driven by the acceleration and collision processes of electrons
and due to the greater mass of heavy particles, they generally
attain lesser acceleration and consequently gain minimal
energy from collisions. During corona discharge events,
collisions among heavy particles are typically considered
thermal collisions, implying that their relative velocities are
close to a thermal equilibrium velocity distribution. Hence,
in addressing the reactions of heavy particles within corona
discharges, it can be assumed that the inelastic collision
cross-section remains constant. This assumption simplifies
the calculations while still providing a reasonable depiction
of the system’s behavior.

Ionizing collisions and excitation collisions involve the
microscopic mechanisms of interactions between electrons
and heavy particles. During local discharge processes, the
kinetic energy of electrons is significantly influenced by
the electric field. Therefore, to accurately calculate their
reaction rates, it is essential to consider the collision cross-
section. The determination of the reaction rate, represented
by A, entails convolving the collision cross-section with
the Electron Energy Distribution Function (EEDF). As it is
contingent on the electron temperature (7%), this relationship
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is articulated in Equation (20).
o0
A(Te) = / EEDF (¢) -0 (¢) -v(e)de (20)
0

o (&) represents the imported collision cross-section data.
The expression for electron velocity, v(e), is provided in
Equation (21):

v(e) = 2 1)

me

me denotes the mass of an electron, which is (9.1 x 10731
kg).

In this study, measurements and analyses of the spectral
characteristics of local discharges were conducted, from
which the main excitation reactions occurring during the
partial discharge process were deduced. Moreover, a review
of the relevant literature was undertaken to obtain data on the
collision cross-sections associated with these reactions.

For the simulation of the partial discharge phenomena,
a total of 26 collision cross-sections were incorporated. This
included 23 fundamental reactions related to gas emissions,
as identified by S. Pancheshnyi et al., and an additional three
major excitation reactions during the corona discharge phase,
which were ascertained through spectral analysis of discharge
experiments, the details of these reactions, along with other
physical parameters, are presented across Tables 1, 2 and 3
[58], [59], [60], [61], [62], [63], [64], [65], [66].

TABLE 1. [58], [59], [60], [61], [62], [63], [64], [65], [66] Reactant
parameters incorporated in the simulation.

Molar mass Chargcteristic Mir}imum
substance (kg/mol) potential length potential energy
(angstrom) (K)
e
N. 0.02801 3.621 97.53
Not+ 0.02801 3.621 97.53
Nyt 0.5602 4371 197.53
(0)3 0.032 3.458 107.4
Os 0.048 4.002 400
(¢} 0.016 2.750 80
Oyt 0.032 3.458 107.4
Oyt 0.064 4,732 525
N,Ox+ 0.06002 4.621 150.53
O,- 0.032 3.458 107.4
O- 0.016 2.750 80
N; a'll, 0.02801 3.621 97.53
N, CTl, 0.02801 3.621 97.53
Ny c'Z,* 0.02801 3.621 97.53

3) BOUNDARY CONDITIONS AND MODELING

In this simulation, a 2.5D axisymmetric model was imple-
mented, incorporating several boundary conditions tailored
to the specific physical scenario. The axis of symmetry is
governed by axisymmetric boundary conditions, ensuring
that physical quantities exhibit rotational symmetry about
this axis. Insulating boundaries are applied where no charge
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TABLE 2. [58], [59], [60], [61], [62], [63], [64], [65], [66] Units for magnetic
properties.

react equation Quantity A(eV)

Nyte=>2e+N," ionization 154
N27+3+N2:>2N2 Attach

N, +2e=>N,+e Attach

0,+e=>2e+0," ionization

0, +e=>20, Attach

O, +e=>20 Attach

20,+e=>0,1+0y Attach

N, 4+N,+0=>N,"+0,
N2A+N2+N2=>N4++N2
N4+ 02:>02++2N2
N27+ 02:>02++N2
2N, "+ 0,=>N,0,"+N,
NzOzJr+ 02:>O4++N2
O, + O+ Oz=>04++ 0,
027+ Oz+ N2:>()44r+ Nz
O+ 0, =>30,

04+ O+ 0,=>30,+ 0,
04+ O+ Noa=>30,+ N,
O, + O+ 0,=>20,+ 0,
O, O+ Np=>20,+ N,
O+ O+ Np=>05+ N,
O+ Oz+ ()2:>O3+ 02

mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer
mass transfer

No: X', +e= e+Ny: @', Excitation 9.191
No: X', +e= e+Ny: CI1, Excitation 11.03
No: X', +e=e+No: ci/Z," Excitation 12.935

TABLE 3. [58], [59], [60], [61], [62], [63], [64], [65], [66] Table of
secondary electron emission characteristics.

Secondary emission The average energy of

Equation coefficient the secondary electron
N=N 0.02 5
N, =>2N, 0.02 5
0,"=>0, 0.05 2.5
0,=>20, 0.02 2.5
NzOz ' :>N2+OZ 0.02 3
0,=>0, 0 0
0=>0.50, 0 0
05=>1.50, 0 0
0=>0.50, 0 0

transfer is expected, effectively treating the external air
boundaries as non-conductive, this can be expressed by the
following formula (22), (23):

—n-Te=20 (22)

—n-T'e=0 (23)

The model distinguishes between grounding and metallic
contact for wall boundaries:

Metallic contacts are modeled with constant potential
boundaries to simulate perfect electrical conductivity can be
expressed by the following formulas (24), (25):

dv
V=Vo— IRy — Rbcbz (24)
1p=/(n-1i+n-1e+n~1d)ds (25)
02

54518

V represents the surface voltage, Vo is the initial voltage, I,
denotes the total current passing through the closed surface
d£2, Ry, corresponds to the virtual resistance of the simulation
circuit, Cy, is the virtual capacitance of the simulation circuit,
Ji refers to the ion current density, J is the electron current
density, and Jq signifies the displacement current density.

While grounding conditions are assigned to specific sur-
faces, serving as reference points for zero electric potential,
can be expressed by the following formula (26):

V=0 (26)

As boundary conditions for the plasma wall interface, the
following flux boundary conditions for electron density and
electron energy density on the reactive wall are given as
formulas (27), (28):

1—r (1_
n-I'e= (—ve,th) te — [Ziziyili -m+n-T'y]

1+r\2
(27)
n~F£=1_r(§!_’eth)§ —[Zieiyili-m+em- I'y)]
T4r \G o) s ™ taéiviti l
(28)

In the research of a cold state plasma, it can be assumed
throughout the calculation process that both the thermal
emission flux, denoted by I'y, and the average energy of
thermal ions, represented by &, are zero. n is the vector normal
to the wall, and v, t, is the thermal velocity of electrons, the
value is related to the electron temperature. In this study, Ve th
can be calculated using the following Equation (29):

2kg T,
Peth =,/ ——-n (29)
me

te represents the normal electron flux density, £, denotes
the normal energy flux density, and ¢, is determined by
Equation (30):

3 3
cé‘ = ElekBTe = Ei’lekBTe -n (30)

z; corresponds to the number of electrons lost in the i
type of reaction, &; represents the energy lost in the i type
of reaction, I'j denotes the incident flux of the it class of
particles, and > ; z;y;I'i - nand >, &;9;T'; - n pertain to the
total secondary electron emission flux and secondary electron
energy flux density, respectively, for surface reaction i. ¥; is
determined via Equations (31) and (32):

0
vi=M[]er (31)
n=1

£
1 [8RT VI or \ ¢
= () ()
4 JTMW 1— )/[/2 k—surf FIO[

Referencing the reaction rate calculation method described
in this paper, ¥; represents the total reaction rate for
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the /™ type of reaction. M, is as previously described,
corresponding to the molar mass of the w" type of molecule.
Continuing as before, R denotes the ideal gas constant, and
T is the temperature. o signifies the characteristic length of
the electric potential for particles, 'y is the total surface
site concentration, representing the total number of active
sites per unit surface area. Prior to the commencement of the
simulation, the values for ¢ and 'y serve as inputs within
the simulation parameters.

The simulation employed the finite element method (FEM)
to establish a 2.5D axisymmetric model. 2.5D model is
an extension of the 2D model, is commonly used to
describe cylindrical or annular electrode systems in electrical
discharge studies, accurately describes the distribution of
electric, magnetic, and other physical quantities depending on
the distance from the axis of symmetry, particularly useful for
analyzing discharge phenomena in axisymmetric electrode
structures while maintaining computational efficiency. For
plasma models that take into account the collision cross-
sections of chemical reactions, the complexity of solving
3D models is extremely excessive. Direct computation using
three-dimensional models almost fails to converge. The
2.5D axisymmetric model provides an effective and accurate
solution. Additionally, to prevent the point structure of the
simulation model from affecting the development of the
discharge and the convergence of the simulation, the model
is constructed using continuous curves without altering the
curvature of the electrode tip. The structure of the model and
the division of the mesh are illustrated in Figure 9:
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FIGURE 9. 2.5D Axisymmetric simulation model of needle-plate electrode
discharge.

B. B SIMULATION RESULT AND ANALYSIS

The transient distribution of micro-particles during discharge
obtained through simulation is shown in Figures 10, 11,
and 12. Figures 10 and 11 do not incorporate the excitation
transition of N2 from the ground state to the neutral excited-
state. Correspond to electrode voltages of —3 kV and
—3.5 kV, respectively. Figure 12 corresponds to an applied
voltage of —3.5 kV and takes into account 23 types of
atmospheric reactions as well as the discharge electron
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FIGURE 10. Electron density during discharge under the applied voltage
of —3.0 kV (Excluding the Neutral Excitation Transition of N,).
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FIGURE 11. Electron density during discharge under the applied voltage
of —3.5 kV (Excluding the Neutral Excitation Transition of N,).
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FIGURE 12. Electron density during discharge under the applied voltage
of —3.5 kV (Incorporating the Neutral Excitation Transition of N;).

density distribution incorporating the N, ground state to
neutral excited-states level transition reaction.

Visualizing the process of electron density in plasma
discharges is challenging due to the wide range of electron
densities. Very high densities are shown as bright white on the
chart, while low densities are represented as black. Without
a set display threshold, the image would be predominantly
black, making it difficult to examine the critical discharge
processes leading to electrical breakdown. Moreover, setting
the display to an exponential mode would make the image
incomprehensible.

Therefore, the maximum value of electron density dis-
played in images is capped at 7.2 x 10'© (any region exceeding
this value is displayed as white), the actual electron density
may reach as high as 2 x 10'3, This display limitation aids in
focusing on the crucial stages of plasma discharge. Research
indicates that when the electron density in the channel formed
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at the gap between the two ends exceeds 7.2 x 10'©. This is
a significant increase in current can be observed, indicative
of the formation of a conductive channel, which will leading
to a rapid transition of the local discharge into the breakdown
phase.

Setting this display threshold makes it possible to clearly
observe the formation and development of the conductive
channel in the images. This visualization approach facilitates
more precise tracking and analysis of the key discharge
processes that lead to breakdown.

Transient electron density distribution charts vividly depict
the evolution trend of electron density during the discharge
process. At the instant the applied voltage impacts the gap,
a pulse swiftly forms, leading to two high-density electron
regions within the discharge area: a region of free electrons
evolving at the discharge periphery, and an internal region
characterized by a corona discharge resulting from electron
breakdown.
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FIGURE 13. Discharge current over time under the applied voltage of
—3.0 kV (Excluding the Neutral Excitation Transition of N,).
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FIGURE 14. Discharge current over time under the applied voltage of
—3.5 kV (Excluding the Neutral Excitation Transition of N,).

As shown in Figures 13, 14, and 15. By correlating the
transient electron density distribution with current variation
charts, an initial current peak is noticed in all three states, The

54520

0.01

0.009

0.008

0.007

0.006

0.005

current(A)

0.004

0.003

0.002

=St ==d==Li=='4

0.001

40
time(ns)

FIGURE 15. Discharge current over time under the applied voltage of
—3.5 kV (Incorporating the Neutral Excitation Transition of N,).

current characteristic is similar to the Trichel pulses observed
in negative corona discharges. As depicted in Figure 13,
in the model excluding the neutral excitation transition
of N, ground-state molecules with an applied voltage of
—3 kV, a current peak emerges due to the generation of
electron avalanche event. Following the propagation of the
free-electron pulse to the alternate electrode, the current
undergoes a rapid decrease. However, the non-zero current
value indicates an ongoing discharge in the gap. This can
be attributed to the formation of a conductive channel due
to continuous electron collisions, providing conductivity to
the gap, albeit with substantial resistance. Therefore, the gap
maintains a weak self-sustained discharge state.

As depicted in Figure 15, with an applied voltage of
—3.5 kV, a conductive channel rapidly forms as the free-
electron pulse propagates to the opposite pole and will
ultimately result in gap breakdown. Consequently, the current
exhibits a trend of initial decrease followed by a rapid
breakdown.

In the model that incorporates the excitation transition of
N2 from the ground state to the neutral excited-state, the free-
electron pulse begins to diminish after reaching the opposite
pole, causing a swift decline in current. Accompanying the
current decrease, the conductive channel gradually fades
away, after that the electric charge at both ends of the gaps will
accumulate repeatedly, and then the subsequent discharge
pulse forms again around the 400 ns mark in the figure.

As shown in Figures 16 and 17, electron density evolution
on the central axis reflects the development of electron
avalanche. As the figures depicted starting from the high-
voltage end and extending to the end of the streamer,
an electron avalanche exists, in the head of the electron
avalanche the electron density peaks and then rapidly
decreases. At this point, the free-electron pulse is constituted
by the field emitted electron and the free electrons generated
due to electron avalanche. If a substantial number of free
electrons are generated from electron avalanche, the electron
density curve exhibits a more gradual decline.
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FIGURE 16. Comparison of electron density evolution on the central axis
during discharge under the applied voltages of —3.0 kV and —3.5 kV
(Excluding the Neutral Excitation Transitions of N,).
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FIGURE 17. Comparison of electron density evolution on the central axis
during discharge under the applied voltage of —3.5 kV, with and without
incorporation of the neutral excitation transitions of N,.

Although there isn’t a significant difference in electron
density among the initial electron avalanches generated by
the free-electron pulse under —3.5 kV voltage, the electron
avalanche propagation speed is noticeably higher than that
under —3.0 kV voltage. When the stream extends to half of
the gap, electron energy of the head of the electron avalanche
can still high enough to sustain further electron avalanche
reactions. After the electron pulse reaches the other electrode,
the gas molecules in the gap undergo ionization to form a
conductive channel, resulting in breakdown.

Under the applied voltage of —3.0 kV, although the
electron avalanche can still advancing, the electron density
within the potential breakdown channel is significantly
reduced, resulting in a lower degree of ionization. Makes
it unpossible to maintain a conductive channel. Therefore,
when the pulse reaches the cathode, breakdown does not
occur.

As depicted in the figures under the influence of —3.5 kV
voltage, when incorporating the excitation reactions caused
by N, from the ground state to the neutral excited-state,
the electron density at the head of the electron avalanche
is truncated. This is because the reactions involving from
the ground state to the excited state take advantage of the
competition with ionization reactions. While these reactions
consume a significant amount of electron energy, they do
not directly produce free electrons or ionization channels.
Consequently, the development of the electron avalanche is
effectively limited.
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IV. CONCLUSION

This study investigates the interaction and impact of free-
electron pulse and neutral excited-state species formation
during the negative corona discharge process. Simulation
reveals that free-electron pulse significantly promotes the
development of discharge and the formation of breakdown,
while the generation of neutral excited-state species results
in electron energy loss, hindering further collision reactions
caused by free-electron pulse that would produce high-energy
electrons, thus acting as an inhibiting factor in breakdown
formation. During the discharge process, free-electron pulse
not only facilitates the development of corona discharge and
breakdown formation but also accompanies intense excitation
reactions. Despite their short duration, they have a substantial
influence on discharge development.

The conclusion enriches our understanding of corona
discharge processes and further reveals the influence of
free-electron pulse and the formation of neutral excited
state species on this process. This may provide meaningful
theoretical references for optimizing the design of electrical
equipment and improving equipment operational efficiency.

V. FUTURE RESEARCH DIRECTIONS

Building on the insights from this study, the research
concludes two methods for improving the properties of the
electrical equipment:

A. DESIGN OF GAS COMPOSITION IN INTERNAL
INSULATING SYSTEMS

The application of the internal insulating electrical equipment
is becoming more and more widespread in the future. Due to
the outstanding insulating properties and chemical stability,
SF6 still remains the most effective gas insulation medium.
However, it is also a gas with a potent greenhouse effect.
Thus finding an environmentally friendly alternative gas
is an important research direction. Previous research has
mainly focused on large molecular gases, attempting to
use their adsorption of free electrons to eliminate the free
electrons produced by discharge. However, large molecular
gas media generally have the following defects: they have
a large molecular mass and are prone to liquefy in low-
temperature environments, especially in sealed composite
electrical equipment with internal insulation that requires
pressurization to enhance insulation performance, signif-
icantly limiting their scope of use; Additionally, large
molecular gases typically have complex molecular structures,
which may make them more susceptible to decomposition in
high-energy discharge environments. The decomposition of
the gas medium leads to a continuous decline in its insulating
properties. Moreover, the decomposition products may be
harmful and could damage the performance of electrical
equipment; Furthermore, the synthesis and purification
process of large molecular gases may be more complex,
involving multiple steps of chemical reactions, resulting
in higher costs for preparing large molecular gases. This
research proposes another approach to designing insulating
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gases, by consuming the energy of free electrons through
excitation reactions. The integration of specific buffer gases
into the composition of gases within internal insulating
systems is proposed to facilitate the generation of certain
excited neutral species. This alteration is theorized to affect
the energy distribution during electron collisions, thereby
reducing the risk of electrical breakdown.

B. APPLY SPECIALIZED ELECTRODES’ SURFACE COATINGS
It is recommended to apply specialized coating materials
with strong electron binding capabilities on the surfaces
of electrodes. This helps in reducing the initial electron
temperature of free electrons formed by field emission during
the onset of discharge pulses and also lowers the secondary
electron emission coefficient. By doing this, the electron
avalanche effect can be mitigated. Moreover, some coatings
may absorb a portion of the discharge energy and transform
it into less harmful forms, such as heat or light, thus reducing
the total energy released during discharge. Additionally,
the physical properties of coating materials may influence
the rate of generation of excited neutral species, thereby
expediting the energy loss of electrons.

Although theoretically neutral excited-state molecules
bear a close structural resemblance to their ground-state
counterparts, their presence could subtly influence the dis-
charge process. The genesis of neutral excited-state species
may initiate a series of subsequent reactions, for instance,
generating novel free radicals or other reactive intermediates
such as certain metastable entities through collision-induced
de-excitation. These species could incrementally build up,
altering the dynamics of discharge channel formation and
evolution, thereby affecting the characteristics of the PD.
Nevertheless, due to the relatively low energy involved
in local discharges, the quantity of neutral excited-state
particles produced is expected to be minimal, thereby the
impact of these processes on PD development might be
marginal. Further research is warranted to elucidate the
interplay of these phenomena across an expanded spectrum
of environmental and engineering environments.
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