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Abstract: Low insulation strength at the oil–gas surface due to oil leakage and partial discharge of
oil-immersed power equipment is a major threat to the safe and reliable operation of power systems.
This paper investigates the initiation and development of the oil–gas surface discharge. The oil–gas
surface discharge test platform was established, and discharge tests were carried out at different
gap distances (1–2.5 mm). By coupling the electric field and flow field, the multi-layer dielectric
discharge streamer model was built, and the characteristics of charge and electric field distribution
at different gap distances were studied. The test results show that the liquid surface between the
electrodes rises during the discharge process. Furthermore, the surface discharge voltage exceeds
the air gap discharge voltage. With the simulation analysis, the oil–gas surface discharge is a typical
streamer development process. Under 50 kV applied voltage and 2.5 mm gap distance, the average
development speed of the streamer is 12.5 km/s. The larger the gap distance is, the greater the
average streamer development speed is. The recording and numerical simulation of the discharge
process are of great significance for exploring the mechanism of oil–gas surface discharge, optimizing
the discharge process, and diagnosing partial discharges.

Keywords: oil–gas surface; surface discharge; streamer discharge; numerical simulation

1. Introduction

The safe and stable operation of primary power equipment such as oil-immersed
reactors and bushing directly determines the reliability of a power system. As an im-
portant insulating dielectric of oil-immersed power equipment, the insulation failure of
oil can lead to malfunctions in electric transmission and transformation equipment [1,2].
According to the statistical data released by CIGRE (Conference International des Grands
Reseaux Electriques, CIGRE), insulation fault accounts for about half of the total power
grid malfunctions, and many insulation faults are caused by multiphase dielectric surface
discharge [3]. It can be seen that the multiphase dielectric surface, such as the oil–paper
surface and the oil–gas surface, is the weak point of insulation. Not only the insulation
fault caused by the oil–paper surface flashover but also those caused by the oil–gas surface
discharge should be considered.

The research on multiphase dielectric surface discharge is mainly focused on the
oil–paper surface. The initial discharge voltage, flashover voltage, and partial discharge
characteristic parameters of oil paper surface discharge have been investigated. Studies
have also simulated the development process of oil–paper surface streamer discharge.
It was found that space charge affects and distorts the electric field, which is also the
fundamental reason for the development of streamers [4–8]. However, few studies focus
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on the discharge characteristics of the oil–gas surface caused by partial discharge, partial
overheating, and oil leakage in oil-immersed power equipment [9–11].

The challenge of oil–gas surface research is that the surface morphology is susceptible
to the electric field, thus affecting the development of the discharge. The morphological
evolution of bubbles in static oil along the electric field direction prolongs the gas channel
and reduces the insulating properties of the liquid dielectric [12]. The oil flow velocity
affects the trajectory of bubbles in the oil channel and the electric field strength. Increased
flow velocity can somewhat reduce the electric field strength [13]. Ref. [14] studied the
morphological growth law of single bubbles in oil under the electric field, discussed the
effect of the electric field on the bubble length-to-diameter ratio, and pointed out that
the bubble behavior is mainly influenced by the electric field strength and gap distance.
However, the discharge process of the oil–gas surface also requires consideration of the
two-phase flow and the difference in the discharge mechanism. Therefore, this study
explores the physical process of oil–gas surface discharge by combining two-phase flow
and the discharge mechanisms of dielectrics.

A DC discharge platform with a video capture system for the discharge process was
first built. It investigates the effects of DC voltage and gap distance on the discharge
characteristics at the oil–gas surface. Then, the streamer and two-phase flow model of
dielectric discharge were constructed based on finite element analysis software. The
analysis highlights the space charge and electric field distribution characteristics and the
deformation behavior of the oil–gas surface during the streamer development. Finally,
combining the simulation results of streamer development and the dynamic behavior of
carriers in the discharge process, mechanisms of influence of gap distance on the discharge
characteristics of the oil–gas surface were explored. The research presented in this paper is
of great significance not only for a better understanding of the mechanism of gas–liquid
surface discharge but also for providing important references and guidance for the study
of multiphase medium surface discharge.

2. Materials and Methods
2.1. Sample Preparation

Kramer 25# oil was chosen as the fluid for the experiment. Firstly, impurities, water,
gas, and acid were removed from the oil to ensure the accuracy of the experiment. The
oil sample was filtered in a vacuum filter. Then, the filtered oil samples were dried in a
vacuum oven at 80 ◦C/100 Pa for 48 h. Finally, the oil with impurities removed was sealed
and stored.

2.2. Test Platform

Figure 1 illustrates the DC discharge test platform, which consists of a high-voltage
DC power supply, a protection resistor, a resistance–capacitance divider, a test electrode,
and an image-capture unit. The working range of the DC high-voltage power supply
is 0–100 kV, with a maximum voltage of 80 kV at long-term operation. After passing
through a 2 MΩ current-limiting protection resistor K, the DC high-voltage power enters
the oven through a high-voltage transmission line and then connects to the high-voltage
electrode. The high-voltage electrode applies high voltage to the oil–paper surface, and
the discharge voltage is displayed by an oscilloscope after being divided by a resistance–
capacitance voltage divider. The image-capture unit is implemented by an internally
charge-coupled device (ICCD) for capturing the discharge path on the oil–gas surface. The
maximum resolution is 1024 × 1024, and the minimum exposure time of the camera is
2 ns. According to IEC standard 60156, a ball-cap electrode model is selected to construct a
slightly inhomogeneous electric field, as shown in Figure 2. The gap distance is from 1 mm
to 2.5 mm, with a diameter of 36 mm for both electrodes, and the material is brass.
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Oil gap, air gap, and oil–gas surface discharge tests refer to IEC standard 156. Firstly,
all tests were conducted at 25 ± 1 ◦C and a voltage rising rate of 2.0 kV/s ± 0.2 kV/s. Then,
the breakdown voltage, which is the maximum voltage value when the circuit is cut, was
recorded. After reaching the breakdown voltage, the high-voltage generator was quickly
reset to zero, paused for at least 2 min, and then the voltage was re-applied. To ensure the
reliability of the test results, 24 discharge tests were conducted on each group of samples.
After removing the data points with obvious deviation, 15 valid points were selected to
draw the Weibull distribution diagram. In addition, the influence of the gap distance on the
discharge voltage was studied. The gap distances were 1 mm, 1.5 mm, 2 mm, and 2.5 mm.

2.3. Simulation Model

Numerical simulation was required to investigate the discharge characteristics of the
oil–gas surface under the ball-cap electrode. We used COMSOL Multiphysics to build a
model the same size as Figure 2.

2.3.1. Streamer Discharge Model

The streamer model of liquid dielectric discharge was proposed by Morrow and
Lowke [15–18]. The governing equation consists mainly of the continuity equation for
charged particles and the Poisson equation:

∂cp

∂t
+∇ · (zpum,cp f cp∇V) = genl + cpce(Rpe)na + cpcn(Rpn)na (1)



Energies 2023, 16, 3558 4 of 18

∂cn

∂t
+∇ · (znum,cn f cn∇V) =

ce

Ta
− cpcn(Rpn)na (2)

∂ce

∂t
+∇ · (zeum,ce f ce∇V) = −genl − cpce(Rpe)na −

ce

Ta
(3)

E = −∇V (4)

where ci is the ion concentration; i = p, n, and e are positive ions, negative ions, and electrons,
respectively; Rpe and Rpn are the recombination rates of positive ions and electrons, and
positive ions and negative ions, respectively; f is the Faraday constant; Ta represents the
electron adsorption time constant; genl is the source term of charge density generation rate.

Equations (1)–(3) represent the generation, recombination, and capture mechanisms
of positive ions, negative ions, and electrons. In contrast, the coupling with Equation (4)
represents the development speed, morphology change, and the distribution of different
ions in the calculation area. Through the coupling of the continuity equation and Poisson
equation, the distribution of charge density and electric field during the discharge process
can be obtained [19]. In the discharge of liquid dielectric, scholars believe that collision
ionization, thermoelectric ionization, field ionization, and photoionization are the main
reasons for the increase in electrical conductivity [20–25]. It has been confirmed that
collision ionization plays a leading role [26–30]. Devins et al. [31,32] used the Zener
breakdown theory to explain how discharge occurs in liquid dielectrics. The source term,
genl, depends on the electric field E to produce the electron and positive ion density in the
liquid dielectric.

genl =
q2n0a

∣∣E∣∣
h

exp(−π2m∗a∆2

qh2|E| ) (5)

where n0 is the number of ionizable molecules, q is the electric charge quantity, h is the
Planck constant, ∆ is the liquid medium’s ionization energy, a is the molecular distance,
and m* is the effective electron mass.

In addition, the gas side discharge theory in the oil–gas surface discharge model is
based on the collision ionization theory of Townson ionization [33]. Equation (6) represents
the source term of charge generation in the discharge channel:

G(|E|) = −α0 exp(− v
qλ|E| )ρeµe|E| (6)

where v is the gas molecule ionization energy, α0 indicates the collision ionization coefficient,
and λ indicates the electron mean free path. ρe is the electron density, and µe is the electron
migration rate. Parameters in this simulation process are mainly from the literature [34,35],
as shown in Tables 1 and 2.

Table 1. Simulation parameters of flow in oil.

Name Symbol Numerical Value

Intermolecular distance/m a 3.0 × 10−10

Ionization energy/eV ∆ 7.5
Number of ionizable molecules/m−3 n0 1 × 10−25

Recombination of positive and negative ions/m3/s Rpn 1.64 × 10−17

Positive ion and electron recombination/m3/s Rpe 1.64 × 10−17

Mobility of positive ions/m2/(V·s) µm,cp 1 × 10−9

Negative ion mobility/m2/(V·s) µm,cn 1 × 10−9

Electronic mobility/m2/(V·s) µm,ce 1 × 10−4

Electron adsorption time constant/ns Ta 200
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Table 2. Simulation parameter settings of gas collision ionization.

Name Symbol Numerical Value

Collision ionization coefficient/m−1 α0 25
Mobility of positive ions/m2/(V·s) µm,cp 1 × 10−7

Negative ion mobility/m2/(V·s) µm,cn 1 × 10−7

Electronic mobility/m2/(V·s) µm,ce 1 × 10−2

2.3.2. Gas–Liquid Two-Phase Flow Model

References [36–38] explored and analyzed the improvement of the multiphase flow
model and the accurate approximation of dynamic viscosity. The oil–gas surface is de-
formed due to the electric field and flow field, which can affect the development of the
oil–gas surface discharge. Thus, a gas–liquid two-phase flow model was established to
study the dynamic behavior of the oil–gas surface and the characteristics of the electric
field distribution. In general, the fluid motion state is determined by the Reynolds number
Re. With Re < 2000, the fluid motion state is the laminar flow. The relevant parameters are
substituted into Equation (7) to obtain Re = 1118, so the fluid state is laminar flow.

Re =
ρvL

µ
(7)

where ρ is oil density, and v and u0 represent the oil’s flow velocity and dynamic viscosity.
The gas–liquid phase is assumed to be an immiscible and incompressible Newtonian
fluid, and its governing equations can be obtained from the Navier–Stokes equation of
momentum conservation and the continuity equation of mass conservation [34,35,39]:

ρ
∂u
∂t

+ ρ(u·∇) = Fst + ρg + Fe +∇·(−pI + τ) (8)

∇·u = 0 (9)

Fe = ∇ · (EDT − 1
2
(E ·D)I) (10)

where u is the fluid velocity; Fst and Fe are the surface tension and electric field force,
respectively; p is the pressure; I is the identity matrix; and g is the gravitational acceleration
vector. E is the electric field strength, and D is the electrical induction strength. Fe is the
electric field force.

3. Test Results and Analysis
3.1. Initiation and Development of the Oil–Gas Surface Discharge

ICCD records the procedure of discharge at the oil–gas surface. Figure 3 shows the
change at the surface before and after the discharge during the oil–gas surface discharge.
t = −1 s and t = 1 s represent the moment of 1 s before and after discharge; t = 0 s refers to
the moment of discharge.

As the applied voltage rises to 20 kV, there comes a “squeaking” sound from the oil,
and the liquid surface between the two electrodes rises from the initial surface. At that
moment, the space charge in the oil reaches a certain amount, and the charged particle
collision becomes more intense, resulting in distortion of the electric field. When the voltage
increases to 48.15 kV, the liquid surface reaches about 10.6 mm equilibrium height and
forms a bright discharge channel at the surface. By the end of the discharge, the liquid
surface returns to the initial surface position. From the discharge process, the liquid surface
rise is formed before the discharge, and the liquid surface reaches the equilibrium height
while the electric field force balances the surface tension and gravity.
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The height of the liquid surface between electrodes increases with the increase in
the applied voltage. The liquid surface reaches the equilibrium height of 10.6 mm at the
moment 1 s before the discharge. The liquid surface height decreases rapidly to 0.6 mm at
1 s after the discharge. Finally, it is restored to the initial surface position.

3.2. Discharge Voltage Distribution at Oil–Gas Surface

Discharge tests were carried out for the oil–gas surface, air gap, and oil gap. The
two-parameter Weibull distribution was employed to illustrate the DC discharge voltage of
three different forms, as is shown in Figure 5. The calculated scale parameter and shape
parameter are also presented. The scale parameter is the discharge voltage at a cumulative
probability of failure equal to 63.2%. The shape parameter indicates the degree of dispersion
of the data.
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From Figure 5, it can be observed that the oil–gas surface discharge voltage is 48.15 kV,
between the air gap discharge voltage of 10.07 kV and the oil gap discharge voltage of
73.95 kV. The oil–gas surface shape parameter is the smallest at 11.71 with the maximum
dispersion, while the air gap shape parameter is 69.4 with the minimum dispersion. It is
clear from the discharge voltage data that the oil–gas surface discharge is not a single air
gap with the oil gap breakdown, which is also confirmed by the discharge process shown
in Figure 3.

In general, the flashover voltage along the surface of a multiphase dielectric is lower
than the breakdown voltage of a single dielectric, while in the oil–gas surface discharge
process, the oil–gas surface discharge voltage is higher than the air gap breakdown voltage.
For gas–solid surfaces, the discharge always occurs along the solid surface dielectric as the
applied voltage increases. The flashover voltage along the surface is much lower than the
air gap breakdown voltage due to the original uniform electric field has been distorted.
The initial electrons from the cathode begin to crash with the surface of the solid dielectric
under the electric field, producing secondary electrons. Then, some secondary electrons
will continue to crash with the dielectric surface, producing more secondary electrons and
eventually leading to the electron avalanche and surface flashover. However, during the oil–
gas surface discharge, the fluidity of the oil takes away some of the electrons accumulated
on the surface and weakens the electron multiplication process, which may be one of the
reasons why the discharge voltage is higher than the air gap breakdown voltage.

3.3. Effect of Gap Distance on Discharge Voltage at Oil–Gas Surface

The gap distance is an important factor affecting the electric field distribution and
discharge voltage. The oil–gas surface discharge tests with different gap distances were
performed to study the effect of the gap distance on the oil–gas surface discharge voltage.
Figure 6 shows the probability distribution of the oil–gas surface discharge voltage at
different gap distances.
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As seen in Figure 6, the oil–gas surface discharge voltage increases with increasing
gap distance. At the gap distance of 1 mm, the discharge voltage is 30.07 kV, and it rises to
48.15 kV by increasing the gap distance to 2.5 mm, an increase of 60.13%. In the case of a
0.5 mm gap distance increase, the discharge voltage increase is not equal. When the gap
distance rises from 1.5 mm to 2 mm, the discharge voltage increases by 4.64 kV, which is
the smallest increase.

Figure 7a shows that the gap distance has the weakest effect on the air gap discharge
and the greatest effect on the oil gap discharge. With the same gap distance, the air gap
discharge voltage is the smallest, followed by the oil–gas surface discharge voltage, while
the oil gap discharge voltage is the largest. At the gap distance of 2.5 mm, the oil gap
discharge voltage is 53.6% higher than the oil–gas surface discharge voltage, which is
7.3 times the air gap discharge voltage.

Figure 7b presents the fitted curves of discharge voltage (y) with gap distance (x) under
three cases of oil gap, air gap, and oil–gas surface, and the fitted relationship is as follows:

yair = 1.54 + 3.5x (11)

yoil-gas = 18.48 + 11.78x (12)

yoil = −20.98 + 71.47x− 13.34x2 (13)

From Equations (11)–(13), it can be seen that the discharge voltage of the oil–gas
surface and the air gap discharge has a linear relationship with the gap distance. The oil
gap discharge voltage has a quadratic polynomial relationship with the gap distance, and
the fitting degree is 0.99. For discharge voltage, the oil–gas surface discharge voltage is
between the discharge voltage of the air gap and the oil gap and is closer to the discharge
voltage of the oil gap. It can be known from the relationship between gap distance and
discharge voltage that the variation law of the oil–gas surface discharge voltage with the
gap distance is relatively similar to the air gap discharge. The gap distance is the main
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factor affecting the discharge voltage, the gap distance increases, and the discharge voltage
increases. As illustrated by the fitted curve in Figure 7b, Equations (11)–(13) can accurately
predict the trend of discharge voltage variation when the gap distance ranges from 1 mm
to 2.5 mm.
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4. Simulation Results and Analysis
4.1. Development of Oil–Gas Surface Discharge Streamer

Section 2 demonstrates the existence of the oil–gas surface and analyzes the effect of
the gap distance on the oil–gas surface discharge. Then, simulations of streamer discharge
were carried out to investigate the oil–gas surface discharge development process and
discharge mechanism.

As space charge can affect the distribution of the electric field, space charge devel-
opment is first concerned during the oil–gas surface discharge. Since the oil–gas surface
discharge occurs on the air side and is mainly the contribution of electrons, it focuses on
electron density changing on the air side. Meanwhile, the change in oil volume fraction is
also analyzed due to the rising liquid surface between the electrodes, shown in Figure 8.
Streamer discharge is a general term for various discharge initiation and development
processes before the dielectric breakdown, characterized by high ionization and rapid
development. Figure 9 depicts the motion process of charged particles during the streamer
discharge [40,41].
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The simulation results indicate that the oil–gas surface discharge follows a typical
streamer development process. With a constant voltage of 50 kV and a 2.5 mm gap distance,
the streamer penetrates the whole gap for 200 ns. The space charge density increases
from 0.283 C/m3 to 116 C/m3, and the electron number density on the air side reaches
9.6 × 1020 m−3. With the external electric field applied, an initial electron moves from
the cathode to the anode, and collisional ionization occurs and develops into an electron
avalanche. During the movement toward the anode, the electrons accumulate in the
crash head, and the positive ions remain in the tail. The negative space charge formed by
the electrons at the avalanche head strengthens the anode electric field and distorts the
electric field distribution, and the avalanche is converted into a streamer and continues to
move towards the anode. The distribution of space charge in the streamer determines the
distribution of the electric field, which is also the fundamental reason for the development
of the streamer discharge process.

During the process of oil–gas surface discharge, the variation in oil volume fraction
reflects the changes in liquid surface height. The oil volume fraction is 0.5, representing the
liquid surface at the initial surface. The oil volume fraction increases to 0.94 at t = 200 ms,
and the liquid surface rises by 16.1 mm relative to the initial surface. The liquid surface
rise is mainly due to the electric field force applied to the fluid unit. When the electric field
force balances exactly with gravity and surface tension, the oil volume fraction stabilizes,
and the liquid surface reaches the equilibrium height. The oil is a weakly polar dielectric.
The dielectric produces a polarized charge polarization with the external electric field,
expressing itself as an electric dipole moment in the electric field direction. Although the
dielectric is still electro-neutral, the polarization charge, also called bound charge, will
appear at the two dielectric surfaces, thus causing the oil–gas surface to be affected by the
electric field force.

4.2. The Influence of Gap Distance on Streamer Development

The influence of the gap distance on the surface discharge voltage is analyzed by the
variation in the streamer length with the applied voltage. The oil–gas surface discharge at
four gap distances of 1, 1.5, 2, and 2.5 mm was numerically simulated. Figure 10 presents
the variation in oil–gas surface discharge streamer length at different gap distances.
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The length of the streamer is affected by both the initial voltage and the discharge
voltage at the oil–gas surface. As can be seen from Figure 10, the oil–gas surface discharge
voltage is about 30 kV, 40 kV, 46 kV, and 50 kV at the gap distance of 1 mm, 1.5 mm, 2 mm,
and 2.5 mm, respectively. The gap distance affects not only the oil–gas surface discharge
voltage but also the streamer initiation voltage. When the gap distance is 2.5 mm, the
streamer initiation voltage is about 20 kV, which is twice the streamer initiation voltage at
the gap distance of 1 mm. In both cases of test and simulation, the variation in the oil–gas
surface discharge voltage with the gap distance is the same, but the simulation data are
slightly larger than the test data. As the gap distance is 2.5 mm, the simulation data is
3.84% higher than the test data. The reasons for the error include the following: (1) The DC
voltage applied in the test is a long-term voltage boost process, and there is a large amount
of space charge accumulation before discharge, which is conducive to discharge, while the
simulation represents the moment of the DC voltage discharge process; (2) the error caused
by the assumption of finite element theory and the simplification of the model.

4.3. Effect of Gap Distance on Charge Distribution

The electrode gap distances were varied to 1 mm, 1.5 mm, 2 mm, and 2.5 mm in
this section, respectively, and 50 kV voltage was applied to investigate the variation of
space charge density. The space charge densities at the 100 ns were 1.81 × 104 C/m3,
2.88 × 103 C/m3, 88.7 C/m3, and 98.4 C/m3 under the four gap distances. The space
charge density is significantly higher at the 1 mm gap distance than that at the other three
gap distances. The short gap distance is more conducive to initiating and developing the oil–
gas surface discharge. Moreover, the electric field strength varies with the gap distance and
space charges. Changing the gap distance from 2.5 mm to 1 mm increases the maximum
field strength from 2.03 × 107 V/m to 5.03 × 107 V/m, 2.5 times the maximum field
strength at 2.5 mm. It shows the synergistic promotion of space charge density and electric
field strength. The electric field strength decreases with increasing gap distance, which
is consistent with the variation law of electric field strength in slightly inhomogeneous
electric fields.

Figure 11 depicts the trend of space charge variation at the surface along the radial
direction. The smaller the gap distance, the higher the charge density at the surface. The
maximum charge density at the surface is 72.7 C/m3 as the discharge develops to 100 ns.
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The charge density is 9.06 × 103 C/m3 at the 1 mm gap distance. Moreover, at the gap
distances of 1 mm and 1.5 mm, the space charge near the anode is positive, while the space
charge near the cathode is negative. Because the mobility of positive ions is much smaller
than that of electrons (less than 5 orders of magnitude), the displacement is small in the
time scale of the streamer development. The space charge near the cathode is positive at
2 mm and 2.5 mm gap distances. Since the avalanche has not yet developed into the anode,
it has formed a streamer from the cathode to the anode. The difference in mobility between
electrons and positive ions causes the electrons to sit in the crash head and the positive
ions to stay in the crash tail. In addition, the electric field strength in the gap can affect
the discharge form at the oil–gas surface. When the gap distance is 1 mm and 1.5 mm, the
streamer discharge starts from the anode and develops to the cathode, called an anode
streamer. When the gap distance is 2 mm and 2.5 mm, the discharge develops from the
cathode to the anode, which is called the cathode streamer.
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4.4. Influence of Gap Distance on Velocity

The velocity changes in the process of oil–gas surface discharge are mainly reflected
in the streamer development speed and the rising speed of the liquid surface. Figure 12a
shows the changes in streamer velocity and liquid surface rising velocity at different gap
distances. With the increase in gap distance, the average streamer velocity speeds up.
The average streamer velocity increases by 53.8% from 8.13 km/s to 12.5 km/s as the gap
distance rises from 1 mm to 2.5 mm. With the gap distance increasing, more gas molecules
will be ionized, speeding up the rate of space charge generation. The long gap distance
also makes streamer discharge have a longer acceleration distance. The smaller the gap
distance is, the faster the liquid surface rises. The gap distance decreases from 2.5 mm to
1 mm, t = 10 ms, and the peak liquid level rising speed increases from 0.55 m/s to 1.18 m/s,
increasing by 114.5%. The short gap distance results in a stronger electric field, causing a
larger electrostatic force on the surface, resulting in a faster liquid surface rise.
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As can be seen from Figure 12b, the liquid surface rise velocity variation follows a
parabolic trend. Since the electric field at the closest point of the two electrodes is the
maximum, the surface tension on the oil–gas surface is also the largest, which makes the
liquid surface rise mainly occur between the two electrodes. At t = 10 ms, the liquid
surface rises the fastest. From 10 ms to 100 ms, the peak rising velocity of the liquid surface
decreased from 0.55 m/s to 0.073 m/s. t = 200 ms, the height of the liquid surface reached a
stable state, and its rising speed was 0.03 m/s.

5. Conclusions

A DC discharge platform with a video capture system for the discharge process was
constructed. A simulation model was established to simulate space charge behaviors
during the oil–gas surface discharge process under DC voltage. The pictures of discharge
at the oil–gas surface are demonstrated. The initiation and development of the oil–gas
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surface discharge under DC voltage and the effect of the gap distance on the discharge
characteristics have been investigated through experiments and simulations. The following
conclusions are drawn:

(1) The oil–gas surface discharge starts at the surface and develops towards the air side.
The discharge voltage is higher than the air gap discharge voltage.

(2) Oil–gas surface discharge is a typical streamer process. The streamer form is a cathode
streamer. It is triggered by the electron emission at the junction of oil, electrode, and
gas. Finally, a penetrating conductive channel forms above the initial surface.

(3) As the gap distance increases from 1 mm to 2.5 mm, the average velocity of streamer
development increases from 8.13 km/s to 12.5 km/s, an increase of 53.8%. Because
the gap distance increases, more gas molecules will be ionized, accelerating the space
charge generation.

(4) The electric field strength in the gap can affect the discharge form of the oil–gas
surface. If the gap distance increases from 1 mm to 2.5 mm, the discharge voltage will
increase by 60%, and the form of the surface discharge streamer will change from the
anode streamer to the cathode streamer.

(5) Regarding the content and conclusions of this study, it is found that there are still
many aspects that need to be improved. Therefore, future research should delve into
the factors affecting oil–gas surface discharge, such as voltage form, gas components,
and long gap distance on oil–gas surface discharge.

(6) The study of oil–gas surface discharge in oil-immersed power equipment has sig-
nificant practical and theoretical significance. It can provide a theoretical basis and
technical support for the diagnosis and prediction of faults in power equipment.
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