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Abstract: This study deals with gaseous insulation contaminated by free moving particles. Two gases
were investigated: SF6 (0.45 MPa) and a CO2/O2 gas mixture (0.75 MPa). Video recordings were
used to track a free particle moving between a plate and a Rogowski electrode for validation of a 1D
particle motion model. The effect of fixed and free particles (4 or 8 mm, Ø 0.9 mm) on the breakdown
voltage and the mean time between breakdowns was determined in a concentric set of electrodes.
The value of the breakdown voltage for a free particle was between those of a particle fixed to the
enclosure and the central electrode. The particle motion in the concentric case could not be observed
in the experimental set-up and was therefore simulated using a 1D model. For the 4 mm free particle,
the breakdown seemed to be initiated in the inter-electrode gap in CO2 and at the crossing in SF6,
while for the 8 mm particle, breakdown occurred at lift-off in both gases. A parameter k describing the
width of the time to breakdown distribution was introduced. A low value of k was associated with
the breakdown from the particles at the electrodes, while k was larger than 10 when the breakdown
was decided during particle flight.

Keywords: gaseous insulation; gaseous breakdown; free moving particle; high-speed imaging;
SF6; CO2

1. Introduction

Gaseous insulation is utilized in many high voltage (HV) applications, for example
in gas-insulated switchgear (GIS) and circuit breakers (CB) [1–6]. For compact insulation
compressed gas in the pressure range of 0.13–1 MPa is used. Today, most applications
use SF6, which has excellent dielectric and interruption properties, but unfortunately is a
potent greenhouse gas (e.g., [7,8]). Therefore, the search for alternative insulation gases has
significantly increased during the last decade. The most promising gas in HV switchgear
applications for replacing SF6 is CO2, which is typically used in mixtures with additives in
low concentrations (O2, perfluoronitriles) [8–11].

A key issue in the reliable operation of gas insulated high voltage systems is the
avoidance of insulation defects, such as free moving metallic particles, in manufacturing,
commissioning, and operation [12–14]. Such particles can often be detected by partial
discharge (PD) measuring systems. However, avoidance cannot always be ensured, and
particles might be present during operation, potentially leading to a significant decrease
in insulation performance. For CO2 mixtures little information is available to date on the
sensitivity to free particles, e.g., [15–20]. Information on partial discharges in CO2 with the
addition of perfluoronitriles is emerging, e.g., [21].

The present paper deals with free moving particles in CO2/O2 (90%/10% molar
concentration). It is important to understand how particles move in such a gas mixture and
how they affect the insulation performance at gas pressures utilized in typical applications.
We performed tests at a pressure of 0.75 MPa, which is a typical pressure used in CO2 based
switchgear [8]. In addition, experiments in SF6 at 0.45 MPa, which is a typical pressure for
SF6 switchgear, were performed for comparison.
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The experiments were done using AC voltage with two different test set-ups. The
first one (set-up 1) had a close to uniform electric field (a curved electrode vs. a Rogowski
electrode) and the second one (set-up 2) had a weakly non-uniform field (concentric
spherical electrodes) similar to a typical GIS field configuration. In set-up 1 the particle
movement could be tracked by visual inspection through a window. This set-up was
already used previously [14]. The closed configuration in set-up 2 allowed testing with
a single particle over an extended time of up to hours without losing the particle and to
determine the stochastic scatter of breakdown fields. In this set-up no window was used
since particles would easily stick to a window, which would limit testing time. Thus, optical
observation was not possible in this case. For an insight into the particle height excursion in
set-up 2, we performed simulations as presented in [14] using a state-of-the-art model, like
those presented in [22,23], and validated with the measurements of set-up 1. Additionally,
in set-up 2 breakdown tests were done with particles fixed either on the inner or outer
electrode. This allowed the comparison of breakdown field values for the moving particle
to those of a fixed particle (protrusion), which is important to judge the criticality of free
moving particles in CO2/O2.

The paper is organized as follows. Section 2 presents the experimental methods.
Section 3 introduces the analysis procedures and details of the particle motion model,
which complements the measurements. Section 4 presents the validation of the simulation
model with the measurements of set-up 1 and the breakdown voltages and fields measured
in set-up 2. In addition, simulations for the experiment in test set-up 2 are shown to get an
insight into the particle motion. Section 5 discusses the results and compares them to other
literature reports. Short conclusions are given in Section 6.

2. Experimental Methods

In this study, a two-stage transformer was used as an AC power source. A 1.0 MΩ
resistor was placed in series with the test object to limit the current at breakdown. In this
way, the voltage recovered within one cycle after breakdown. Two test objects with different
electrode arrangements were used. Set-up 1 allows for optical observation but cannot be
used for breakdown experiments since particles are quickly lost. This experiment is used
for validation of the simulation model and to learn about the influence of using several
particles simultaneously. Set-up 2 did not allow for optical investigation, but allowed long
voltage application times and thus, the possibility to do breakdown experiments.

2.1. Set-Up 1: Curved Electrode vs. Rogowski Shaped Electrode

The first test set-up, composed of a curved (bottom) and a Rogowski shaped electrode
(top) was placed in an enclosure with a window and used to observe the trajectory of free
moving particles. The gap between the electrodes was 30 mm. The electrode configuration
and electric field distribution was simulated (Figure 1b) by a capacitive electric field solver
(ACE version 5.4) in axisymmetric coordinates. The voltage reduced electric field strength
along the axis of symmetry is shown in Figure 1c.

For the tests, the enclosure was filled with a 0.75 MPa CO2/O2 mixture (90%/10%
molar concentration) and a 4 mm copper particle with a 0.9 mm diameter. The voltage was
manually ramped up to a predefined value above the lift-off voltage and the particle motion
was recorded with a high-speed camera (Phantom V711, frame time interval: 1000 ms,
exposure time: 850 ms). The vertical component of the particle movement was determined
from the video frames by particle tracking.

Breakdown voltage determination with set-up 1 could not be done as the particle
was lost before a statistically sufficient number of breakdown events could be observed.
Performing tests with several particles (10 particles) was found to be not optimal: it
was observed that the particles interact, which led to a lower breakdown voltage due to
discharges between several particles (Figure 2). Therefore, all breakdown tests reported in
this study were performed with set-up 2 using only a single particle.
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Figure 1. (a) Photograph of test set-up 1. High voltage and ground electrodes are indicated by HV 

and GND respectively. (b) Numerical simulation of the electric field distribution in set-up 1, the 

curved electrode vs. Rogowski electrode configuration with 30 mm gap. (c) Electric field strength 

decay along the axis of symmetry, indicated by the red arrow in (b). 
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Figure 1. (a) Photograph of test set-up 1. High voltage and ground electrodes are indicated by HV
and GND respectively. (b) Numerical simulation of the electric field distribution in set-up 1, the
curved electrode vs. Rogowski electrode configuration with 30 mm gap. (c) Electric field strength
decay along the axis of symmetry, indicated by the red arrow in (b).
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2.2. Set-Up 2: Concentric Spherical Electrodes

A concentric arrangement of spherical electrodes was used for the breakdown experi-
ments (Figure 3). The diameter of the central electrode was 100 mm, and the diameter of
the outer electrode was 160 mm. The voltage reduced electric field distribution is shown in
Figure 3b. Along the axis of symmetry, the electric field strength was 21 1/m at the bottom
of the outer sphere electrode and 52 1/m at the inner sphere, see Figure 3c. In contrast
to set-up 1, where the particle was rapidly lost, in this closed arrangement the particle
is confined, which allowed observation of a statistically relevant number of breakdowns.
Openings at the top of the test object allowed gas exchange. The assembled test object was
placed in a tight compartment that could be pressurized and filled with either 0.45 MPa
SF6 or 0.75 MPa CO2/O2 (90%/10% molar concentration). For the tests, a metallic particle
(Cu, diameter 0.9 mm, length 4 mm or 8 mm) was introduced in the gas gap either as a free
particle or attached to one of the electrodes. In the latter case, a piece of wire (Cu, diameter
0.9 mm) was cut to twice the desired length, bent into an L-shape, and fixed to the electrode
by adhesive tape. A constant pre-defined AC voltage was applied to the central electrode.
Measurements were performed for different voltages and the voltage was applied for a
duration sufficiently long to observe 20–100 breakdowns. The time between successive
breakdowns was recorded.
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Figure 3. (a) Photograph of the electrodes of set-up 2. (b) Numerical simulation of the electric field 
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Figure 3. (a) Photograph of the electrodes of set-up 2. (b) Numerical simulation of the electric field
distribution in set-up 2, the concentric electrode configuration with a 30 mm gap. (c) Electric field
strength decay along the axis of symmetry indicated by the red arrow in (b).
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3. Analysis Procedures and Modelling
3.1. Analysis of Particle Motion: 1D Model

The particle motion model used to describe the particle trajectory was detailed in [14]
and is of 1D type. Implementation was done in Matlab R2018b. The model considers the
electric, gravitational, and drag forces acting on a particle with mass m. The equation of
vertical motion x(t) in an electric field E(t) parallel to gravity is determined by the various
forces acting on the particle

m · ..
x = q(t) · E(t)−m · g− FD − FeW (1)

with q(t), g, FD and FeW, the electrostatic charge on the particle, the gravitational acceleration
of 9.81 m/s2, the fluid dynamic drag force, and the electric wind force, respectively. The
electric wind force FeW is produced by corona discharges during flight. As discussed
in [14] the electric wind force and loss of particle charge during flight can be neglected in
the model for short particles. Hence, the particle charge in our model remains constant
during a bounce and changes its value only at the electrode touch. Initial conditions at
electrode contact time tn are x(tn) = 0 and

.
x(tn) = −R· .x f with the rebound coefficient

R and
.
x f the impact velocity at the end of the previous bounce, as explained in detail

in [14]. R is assumed to be 0.5 with a random variation of ∆R = 0.2 in the model, which
agrees with our own measurements and literature data, e.g., [19]. The flow dynamic
drag force is FD = 0.5 · CD · D2 · .

x2 with the drag coefficient CD = 0.2 and the particle
diameter D. The charge transferred to the particle at impact time tn is calculated from
qn = γ ·π · ε0 · L2 · E(tn) with the particle length L and a dimensionless capacitance factor γ
determined by the particle geometry. For vertically standing wire particles on the electrode
γ = [ln(4L/D)− 1]−1 is used. For further details of the model please refer to [14].

The lift-off field E*, the field at which the electrostatic force acting on the particle
balances the particle weight, is

E∗ =

√
g·ρ·D2

4·ε◦·γ·L
(2)

With the mass density of the particle r and the permittivity of vacuum εo.
The described model will be used to predict the particle motion in experiments of

set-up 1 and set-up 2. The visual observation in set-up 1 allows us to validate the model
and is shown in Section 4.2.

3.2. Analysis of Breakdown Experiments

Figure 4 shows an example of results from a breakdown test series with the concentric
electrode test object, set-up 2. The time between breakdowns is plotted in chronological
order, see Figure 4a. Figure 4b shows the distribution of time between breakdowns, for
which an exponential decay was observed.

This distribution can be fitted by an exponential function

F(t) = exp(−t/m) (3)

with m the mean time between breakdowns and can be interpreted in a way that short
time intervals between breakdowns occur more frequently than longer time intervals. It
was observed that the mean time between breakdowns depends (in the measured voltage
range) exponentially on the applied voltage (U), see Figure 5.
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Figure 5. Mean time between breakdown as a function of the applied voltage peak for a 4 mm free
particle in the concentric sphere electrode arrangement filled with 0.75 MPa CO2/O2. U100s is the
peak voltage for which the mean time between breakdowns is 100 s. The bars indicate the 95%
confidence intervals.

The following equation can be used to fit this data

m(U) = 100 · exp
[
−U −U100s

k

]
in [s] (4)

where U100s is the peak voltage for which the mean time between breakdowns is 100 s and
−1/k the slope of the curve in a semi-logarithmic plot. The choice of 100 s as a reference
point is arbitrary. In other literature, the breakdown voltage U50, which denotes a 50%
breakdown probability, is usually used. This value is typically obtained from measurements
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performed in a different manner as in this study, i.e., usually U50 is obtained from successive
measurements, during which the voltage is increased at a constant rate until breakdown
occurs [5,6]. In our study, tests at constant voltage were performed. For sufficiently long
voltage application times the mean time between breakdowns can be determined. For
moving particles this is a more realistic test method, which allows one to deduce the 50%
breakdown probability voltage more generally and for arbitrary voltage application times.
The mean breakdown voltage U50 for a given voltage rise can be related to the U100s value
as derived in the Appendix A.

4. Results
4.1. Results from Optical Observations with Set-Up 1

A series of measurements with a single particle placed on the curved electrode were
performed to determine the movement of a 4 mm particle at 0.75 MPa CO2/O2. Using
particle tracking methods the trajectories of the particle over time were determined. Exam-
ples of the measured trajectory amplitude in the vertical direction vs. time are shown in
Figure 6 for three different applied voltages. In the Figures the well-known oscillations of
the particle trajectory with the 50 Hz power frequency can be seen, e.g., [14,15], showing the
sensitivity of the particle tracking method. With an applied voltage of 60 kV, the particles
showed a significant movement height of up to 2 to 4 mm, typically. This voltage was
already above the lift-off voltage, which was experimentally observed at around 50 kV.
From (2) a lift-off field of about 10 kV/cm was predicted for this case, which results in a
voltage of about 32 kV, using the voltage reduced field of 32 1/m at the curved bottom
electrode. Discrepancies are assumed to be due to the simplifications of the model and the
delay of lift-off in the experiments, e.g., due to the fact that particles have to stand up before
lift-off, which requires higher fields [24]. Other influencing factors were surface layers of
the particle and electrode and details of particle shape. At 100 kV the particle reached about
10 mm height and at 145 kV the particles nearly crossed the gap and reached 25 mm height,
typically. In the next subsection, these observations will be compared to the simulation
results for these three voltages, which will serve as validation of the 1D motion model.
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Figure 6. Vertical particle trajectories for a particle with 4 mm length and 0.9 mm diameter in 0.75 MPa
CO2/O2, determined from video images for 60, 100, and 145 kVpeak applied voltage. The noise results
from uncertainties of the particle tracking procedure at small amplitudes. The uncertainty of the
determined heights was estimated to be about 2 mm.
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4.2. Model Predictions for Set-Up 1

Examples of simulated particle movement at 60, 100, and 145 kV are shown in Figure 7
(top plots). The lower plots in Figure 7 give the electric field strengths at the particle
location. For an applied voltage of 60 kV, vertical trajectory heights were about 2 mm,
which agrees with the uncertainties with measured heights shown in Figure 6. Similar to
the measurements there are only small 50 Hz oscillations visible in the simulations, which
is explained by the short time between electrode bounces. Also, at 100 kV (Figure 7b)
and 145 kV (Figure 7c), a good agreement with the measured heights is seen. The 50 Hz
oscillations on the vertical trajectories were more pronounced in the simulations compared
to the measurements (Figure 6), which can probably be explained by the sensitivity of the
particle tracking method or by the neglection of a particle in flight charge losses in the
model. The peak of the electric field strengths at the particle location in Figure 7 shows
only little variation, which is explained by the modest electric field variation in the gap,
see Figure 1b. The good agreement of the simulations with the measurements for set-up
1 suggests that the simulations are sufficiently precise to predict particle movements in
set-up 2.

Energies 2022, 15, x FOR PEER REVIEW 8 of 18 
 

 

compared to the simulation results for these three voltages, which will serve as validation 
of the 1D motion model. 

 
Figure 6. Vertical particle trajectories for a particle with 4 mm length and 0.9 mm diameter in 0.75 
MPa CO2/O2, determined from video images for 60, 100, and 145 kVpeak applied voltage. The noise 
results from uncertainties of the particle tracking procedure at small amplitudes. The uncertainty of 
the determined heights was estimated to be about 2 mm. 

4.2. Model Predictions for Set-Up 1 
Examples of simulated particle movement at 60, 100, and 145 kV are shown in Figure 

7 (top plots). The lower plots in Figure 7 give the electric field strengths at the particle 
location. For an applied voltage of 60 kV, vertical trajectory heights were about 2 mm, 
which agrees with the uncertainties with measured heights shown in Figure 6. Similar to 
the measurements there are only small 50 Hz oscillations visible in the simulations, which 
is explained by the short time between electrode bounces. Also, at 100 kV (Figure 7b) and 
145 kV (Figure 7c), a good agreement with the measured heights is seen. The 50 Hz 
oscillations on the vertical trajectories were more pronounced in the simulations 
compared to the measurements (Figure 6), which can probably be explained by the 
sensitivity of the particle tracking method or by the neglection of a particle in flight charge 
losses in the model. The peak of the electric field strengths at the particle location in Figure 
7 shows only little variation, which is explained by the modest electric field variation in 
the gap, see Figure 1b. The good agreement of the simulations with the measurements for 
set-up 1 suggests that the simulations are sufficiently precise to predict particle 
movements in set-up 2. 

 
(a) 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

time(s)

0

5
60 kVpeak

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

time(s)

0

5

10

15
100 kVpeak

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

time(s)

0

10

20

30
145 kVpeak

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
time(s)

0

5

H
ei

gh
t(m

m
)

Upeak=60 kV

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
time(s)

-20

0

20

E(
kV

/c
m

)

Energies 2022, 15, x FOR PEER REVIEW 9 of 18 
 

 

 
(b) 

 
(c) 

Figure 7. Simulated movements for a 4 mm particle in set-up 1 filled with CO2/O2 at 0.75 MPa. 
Applied voltage 60 (a), 100 (b), and 145 kVpeak (c). Particle vertical movement (top plots) and electric 
field strength at the center of the particle location (bottom plots). In the simulations the voltage was 
ramped up to the maximum voltage within 50 ms. 

4.3. Breakdown Measurements in Set-Up 2 
Different breakdown test series were performed with a single freely moving particle 

in set-up 2. Both the gas and the particle length were varied in the tests. Table 1 shows for 
each test series the values of U100s, the peak voltage for which the mean time between 
breakdown is 100 s, and k, the inverse slope of the dependence of mean time between 
breakdown with applied voltage peak. 

Table 1. U100s and k values for the tests with a single free particle in set-up 2. 

Gas Particle Length (mm) U100s (kV) k (kV) 
CO2/O2, 0.75 MPa 4 124 18 
CO2/O2, 0.75 MPa 4 124 13 
CO2/O2, 0.75 MPa 8 55 4 
SF6, 0.45 MPa 4 159 2 
SF6, 0.45 MPa 8 93 5 

Repetition of the test with a 4 mm particle in CO2/O2 shows the good reproducibility 
of the tests. The U100s value for an 8 mm long particle was lower than for a 4 mm particle, 
by 44% and 58% for CO2/O2 and SF6, respectively. SF6 at 0.45 MPa showed higher 
breakdown voltages compared to CO2/O2 at 0.75 MPa: about 28% and 69% higher for 4 
mm and 8 mm particles, respectively. The values for k were higher for the two test series 
with 4 mm particles in CO2/O2 than for the other test series. 

Breakdown voltages were experimentally determined not only for a freely moving 
particle but also for particles attached to the inner or outer electrode, i.e., protrusions at 

H
ei

gh
t(m

m
)

E(
kV

/c
m

)
H

ei
gh

t(m
m

)
E(

kV
/c

m
)

Figure 7. Simulated movements for a 4 mm particle in set-up 1 filled with CO2/O2 at 0.75 MPa.
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field strength at the center of the particle location (bottom plots). In the simulations the voltage was
ramped up to the maximum voltage within 50 ms.

4.3. Breakdown Measurements in Set-Up 2

Different breakdown test series were performed with a single freely moving particle
in set-up 2. Both the gas and the particle length were varied in the tests. Table 1 shows
for each test series the values of U100s, the peak voltage for which the mean time between
breakdown is 100 s, and k, the inverse slope of the dependence of mean time between
breakdown with applied voltage peak.

Table 1. U100s and k values for the tests with a single free particle in set-up 2.

Gas Particle Length (mm) U100s (kV) k (kV)

CO2/O2, 0.75 MPa 4 124 18
CO2/O2, 0.75 MPa 4 124 13
CO2/O2, 0.75 MPa 8 55 4
SF6, 0.45 MPa 4 159 2
SF6, 0.45 MPa 8 93 5

Repetition of the test with a 4 mm particle in CO2/O2 shows the good reproducibility
of the tests. The U100s value for an 8 mm long particle was lower than for a 4 mm particle, by
44% and 58% for CO2/O2 and SF6, respectively. SF6 at 0.45 MPa showed higher breakdown
voltages compared to CO2/O2 at 0.75 MPa: about 28% and 69% higher for 4 mm and
8 mm particles, respectively. The values for k were higher for the two test series with 4 mm
particles in CO2/O2 than for the other test series.

Breakdown voltages were experimentally determined not only for a freely moving
particle but also for particles attached to the inner or outer electrode, i.e., protrusions at the
electrode. The resulting breakdown voltages with a 4 mm particle and CO2/O2 at 0.75 MPa
are given in Figure 8. Breakdown occurs at a higher voltage when the particle was attached
to the enclosure compared to the situation when it was attached to the inner electrode, see
Figure 8 left. Breakdown fields for particles at the enclosure and the inner electrode can be
deduced from the U100s to be 35 kV/cm and 49 kV/cm, respectively. For this estimate the
background field at the center of the particle was used, which is in voltage reduced units
23 1/m and 48 1/m at the enclosure and inner electrode, respectively. Thus, the different
breakdown voltages can be partially explained by the different background fields at the
particle location.
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Figure 8. U100s (a) and k (b) values for the tests in CO2 at 0.75 MPa, with the 4 mm particle either
free, or attached to the inner electrode or the enclosure in set-up 2.

For the free particle, the U100s value was in between those of the fixed particles. The
k value was significantly larger showing that the decrease of the mean time between
breakdown with applied voltage was lower for a free particle compared to a fixed particle.
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This is shown in Figure 9, where the measurements and fitted curves (using Equation (4))
are plotted.
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Figure 9. Mean time between breakdown in set-up 2 as a function of the applied voltage for a 4 mm
particle in CO2/O2 at 0.75 MPa, attached to the enclosure, to the inner electrode, or freely moving.
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dashed line is from simulations (see Section 4.4).

4.4. Model Predictions for Set-Up 2

As discussed above, in set-up 2 optical observation was not possible. Simulations,
similar to those shown in Section 4.2, were performed to gain insight into the particle
movement. The simulated particle movements for CO2/O2 at 0.75 MPa with the 4 mm
particle at U100s are shown in Figure 10. The maximum particle excursion strongly depends
on the simulated duration of voltage application time. Over a short time period (1.6 s),
see Figure 10a, the height of particle movement was predicted to be only about 4 mm at
maximum. This was different if the voltage application time was 100 s, see Figure 10b. Still,
most heights were well below 10 mm, however, in one instance after about 97 s a height of
about 11 mm can be seen (marked by the red ellipse in Figure 10b,c. The high amplitude
seems to be produced by reflections in resonance with the applied electric field, leading
to increasing height over several bounces, until the system runs out of resonance and the
amplitude decreases. From the simulations, it can be seen that high particle elevations are
rare events. Therefore, the time of voltage application will have a significant influence on
the breakdown voltage. The longer the time of voltage application the higher will be the
probability of high particle elevations, which might eventually lead to breakdown. Thus,
breakdown will only occur with sufficient voltage application time, which is, on the other
hand, a function of the applied voltage. This is reflected in a larger value of k for the freely
moving particle, see Figures 8 and 9. The maximum height and corresponding electric
field strength deduced from the simulation can be compared to the observations from the
experiments with particles fixed to the electrodes. In the simulation shown in Figure 10c,
the maximum electric field strength at the center of the moving particle is about 35 kV/cm.
This field value is the same as experimentally determined for breakdown at the particle
fixed to the enclosure. Note that at an applied voltage of 124 kV the electric field at the
inner electrode would be about 60 kV/cm, which is much higher than the measured value
for the particle fixed to the inner electrode (49 kV/cm). This indicates that gap crossing is
not needed for breakdown at the applied voltage peak of 124 kV. If the breakdown would
happen at the inner electrode a significantly lower breakdown voltage should be seen in
the experiments. Thus, breakdown with the freely moving particle is likely decided by the
inter-electrode gap and not at the electrodes. If the elevation of the particle in the gap is
sufficient, breakdown can occur.
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Figure 10. Simulated particle movements in CO2/O2 at 0.75 MPa with a 4 mm particle length and
0.9 mm diameter in set-up 2 at applied voltage peak of 124 kV, top plots. (a) Simulations over 1.6 s
voltage application time. (b) Simulations over 100 s voltage application time. Details of the event at
around 97 s are shown in (c). In the simulations the voltage was ramped up to the maximum voltage
within 50 ms. The lower plots show the electric field strength at the center of the particle location.

In order to generate a set of theoretical values for comparison to the experimental
data (Figure 9), simulations were done at various voltages for a duration of 2000 s. The
number of possible breakdown events, defined by reaching or exceeding the breakdown
field of 35 kV/cm at the particle location, was counted. Dividing 2000 s by the number of
breakdowns events gives the mean time between breakdowns. This result is shown by the
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dashed line in Figure 9. The simulated dependency shows a similar mean time between
breakdowns as in the experiments. However, the slope is slightly different. For voltages
below 120 kV, no breakdown event could be obtained within the simulation time of 2000 s.
Longer times could not be simulated due to Matlab memory limitations.

For the other test series, the simulations were run only at the respective experimental
U100s value. For the 8 mm particle in CO2/O2 at 0.75 MPa simulations (not shown) were
done at U100s = 55 kV. Only small elevations of 1 mm were seen. This suggests that
breakdown occurs at lift-off of the particle, i.e., when the particle is standing on the
enclosure and sufficiently high voltage is applied. This interpretation is supported by the
low value of k in the tests (Table 1) which agrees with those for particles attached to the
electrodes (Figure 8). The background electric field strength for the particle standing on
the enclosure at 55 kV applied is estimated to be 13 kV/cm, using a voltage reduced field
strength of 23 1/m at the center of the particle (Figure 3b). This value is quite uncertain
due to the strong field decay over the length of the particle and is probably a lower
limit estimate.

Simulation results for SF6 (not shown) were not substantially different compared
to CO2/O2 for the same conditions (particle length, diameter, and voltage) i.e., similar
particle elevations were observed at the same applied voltages. For the 4 mm particle
(U100s = 159 kV), gap crossing was seen over a 100 s simulation time. The electric back-
ground field strength at the inner electrode was 76 kV/cm in this case. This indicates that
with SF6 the breakdown is decided at gap crossing in set-up 2, i.e., breakdown occurs if
the particle reaches the high field electrode and sufficiently high voltage is applied. In this
case, the breakdown mechanism would be as for a fixed particle at the inner electrode. The
low k value supports this interpretation. For the 8 mm particle in SF6 (U100s = 93 kV) only
elevations below 10 mm were seen in the simulations. So, for this long particle, crossing is
not needed and a small elevation of the particle in the gap leads to breakdown. Such small
elevations occur frequently above lift-off, which could explain the low k value, i.e., the
particle behaves like a protrusion. Using the background electric field strength at the
enclosure the breakdown field can be estimated to be 21 kV/cm as a lower limit at U100s.

5. Discussion

The experimental investigations supported by the simulations with a 1D model have
shown consistent results. In set-up 1, using a close to uniform background field with
optical observation, the measured vertical particle trajectories were well described by the
simulations using a standard setting for the rebound coefficient R from the literature [19],
i.e., without any adjustable parameters. The good agreement gives the confidence to use
the model also for set-up 2, where optical access was not possible. In this set-up breakdown
experiments were done using CO2/O2 at 0.75 MPa and SF6 at 0.45 MPa with 4 mm and
8 mm particle lengths. For comparison of the results from this study with data from
literature obtained with different geometries, one should consider breakdown fields, listed
in Table 2, instead of breakdown voltages. Breakdown fields were, as can be expected,
higher for SF6 and for shorter particles (e.g., [8,15,19,25]).

Table 2. Breakdown field values for the tests with a single free particle in set-up 2.

Gas Particle Length (mm) Particle Location Breakdown Field *
(kV/cm)

CO2/O2, 0.75 MPa 4 free 35
CO2/O2, 0.75 MPa 4 enclosure 35
CO2/O2, 0.75 MPa 4 inner electrode 49
CO2/O2, 0.75 MPa 8 free 13
SF6, 0.45 MPa 4 free 76
SF6, 0.45 MPa 8 free 21

* For the free particles, the field at the center of the particle for the maximal elevation observed in the simulations.
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Breakdown in SF6 at protrusions and freely moving particles is discussed in [24,26].
Experiments were conducted with a co-axial electrode arrangement (75 mm and 250 mm
inner and outer diameter, respectively) with a gap of 89 mm, aluminum particles length of
6.4 mm, and diameter of 0.43 mm were used, see [26]. The measurements were performed
by ramping up the voltage (60 Hz) with a rate of 2.3 kV/s. A weak pressure dependence of
the breakdown voltage was seen for the free moving particles up to 1.8 MPa. Pronounced
corona stabilization effects were seen with the particle fixed to the inner electrode, leading
to significantly increased breakdown voltage compared to the free particle. The effect of
micro-discharges for free particles was discussed as a possible reason for lower breakdown
voltages with the free particle. These micro-discharges might bridge the gap between
particle and electrode when the particle approaches the electrode, which leads effectively
to an elongation of the particle and corresponding lowering of breakdown voltage. Note
that the particle shape will play an important role in the micro-discharges. It was assumed
that breakdown with the free particle happened at gap crossing, i.e., at the inner electrode.
With such an assumption one can deduce the breakdown field at 0.45 MPa SF6 for the
free moving and fixed particle (6.4 mm length and 0.43 mm diameter) to 53 kV/cm and
83 kV/cm, respectively. This is in a similar range as the value deduced for the free particle
from our experiments at gap crossing (Table 2), confirming the interpretation that the
breakdown decision in our experiments with SF6 and a 4 mm particle occurs at the inner
electrode at a sufficiently high applied voltage. Note that the effect of corona stabilization
that was seen in [26] might be less for the particles in our investigation due to their shorter
length (4 mm) and larger diameter (0.9 mm). This might explain why in our experiments
the free particle shows a higher breakdown voltage than the fixed particle at the inner
electrode. For the 8 mm particle in SF6, the particle bridges a significant part of the gap, as
mentioned before. In this case, micro-discharges, leading to the connection of the particle
with the inner electrode, might be more important than for the 4 mm particle. This might
explain the low breakdown field for this case.

For breakdown at free moving particles in CO2, less literature information is available
compared to SF6. Ref. [19] investigated the particle movement and breakdown under AC
voltage in CO2, N2, dry air, and SF6 in a co-axial electrode arrangement with 125/330 mm
inner/outer diameter using a 3 mm Al wire of 0.2 mm diameter and 0.55 MPa. Ten
particles were placed into the enclosure. In the same fields jump heights were higher in
CO2 compared to SF6, and gap crossing fields were lower for CO2 by about 20%. The
investigation also observed a linear dependence between the breakdown voltage and time
in the semilogarithmic representation. The ratio between crossing and breakdown voltage
was about 2.6 in SF6 and 1.45 in CO2, i.e., in SF6 breakdown occurs at higher voltages
in relation to crossing compared to CO2. From the given breakdown voltages (60 s) a
breakdown field at the inner conductor of 72 kV/cm and 32 kV/cm can be deduced for SF6
and CO2, respectively. This is very similar to our breakdown field estimates with a 4 mm
particle, which were 76 kV/cm and 35 kV/cm in SF6 and CO2, respectively, see Table 2.
As was shown in [19]; the breakdown voltage dependence on gas pressure is low for this
particle length, which might allow one to approximately neglect the pressure differences for
this comparison. Ref. [15] compared the breakdown voltages for fixed and moving particles
in CO2. For a fixed Al particle in a coaxial arrangement of 90 mm and 340 mm inner and
outer electrode diameters, respectively, and particle length and diameter of 10 mm and
0.25 mm, respectively, a breakdown field of 37 kV/cm at the inner electrode can be deduced
for CO2 at 0.5 MPa, which is similar to the CO2 value from [19], but lower than our value
of 49 kV/cm with a 4 mm particle and 0.75 MPa CO2 at the inner electrode. This seems
reasonable due to the larger particle length and differences in field non-uniformity. For
the free particle, no breakdown occurred in [15] when the particle was standing on the
enclosure at fields up to about 9 kV/cm (test voltage limit). Such fields are lower than our
lower limit breakdown field estimates for the 8 mm particle in CO2 (>13 kV/cm). In [27]
the AC breakdown in a uniform field was determined for a 3 mm needle with a 100 mm
tip radius in a 13 mm gap using CO2 at various pressures. At 0.75 MPa a breakdown field
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strength of about 35 kV/cm can be deduced, which agrees with the breakdown field of
the 4 mm particle attached to the enclosure in set-up 2 of our investigation. Note that the
needle used in [27] was slightly shorter, but had also a smaller diameter than our particles.
This might compensate, leading to similar breakdown fields.

Important conclusions can be drawn from the analysis of the k values, which describes
the dependence of mean time between breakdowns on the applied voltage. For SF6
with 4 mm and 8 mm and CO2 with 8 mm particle lengths, these values agree with
those of fixed particles (Table 1). As shown in the Appendix A the parameter k can
be associated with the standard deviation s of the cumulative breakdown probability
distribution. Thus, a small value of k of a few kV corresponds to steep distribution as it
is known for breakdown at protrusions [25,28–30]. A large value of k is an indication that
statistical processes are different from those of protrusions, leading to a larger width of
the probability distribution, see also [25] for a more detailed discussion of the influence of
various processes on the breakdown fields and the distribution widths. Based on the results
of the present investigation we possibly can explain this, at least partially, by the stochastic
movement of the free particles. Or, in other words, in case the stochastic movement is
decisive for the breakdown decision it will reflect in a larger value of k. This is the case
for the 4 mm particle in CO2 with set-up 2, where the particle needs to move into a high
field region in the inter-electrode gap. The simulation could roughly reproduce the mean
time between breakdowns for the 4 mm particle in CO2. Not only the stochastic position
of the particle will be important for this, but also other processes like the charge on the
particle (influencing the field distribution at the tips of the floating particle), the orientation
of the particle, and space charge distributions in the gas, etc. For SF6 and 4 mm particles,
breakdown is expected to occur when the particle reaches the high field electrode, and
a sufficiently high voltage is applied. As far as gap crossing occurs at voltages below
those needed for breakdown the particle behaves like a protrusion on the electrode with
well-defined potential and correspondingly lower width of the cumulative breakdown
probability distribution. Thus, the experimentally determined values for k possibly allow
one to draw conclusions on the stochastic processes of breakdown at free particles in GIS.

6. Conclusions

The movement and breakdown of free moving Cu particles under AC voltage was
investigated in CO2/O2 and SF6 at 0.75 MPa and 0.45 MPa, respectively. Particle lengths
were 4 mm and 8 mm, and the diameter was 0.9 mm. In a first set-up with close to uniform
electric field the movement of the 4 mm particle in CO2/O2 at 0.75 MPa was optically ob-
served, which allowed the validation of the simple 1D model described previously [14]. In
a second set-up with concentric spheres, which was not optically accessible, the breakdown
voltage was determined for the particles under investigation for both gases. The particle
movements were simulated for this set-up and the location of particles at breakdown
were deduced from the simulations. For the 4 mm particle in CO2/O2, it resulted that
breakdown was likely decided in the inter-electrode gap when the particle elevation is
sufficient for breakdown at the given applied voltage. To confirm this hypothesis further,
breakdown tests were done with the particle fixed to the inner or outer electrode. The
breakdown voltage of the free particle was in between those for breakdown at the outer
or inner electrode, i.e., a particle attached to the inner electrode was more critical than the
freely moving particle in the investigated set-up with CO2/O2 at 0.75 MPa. For SF6 and
4 mm particles the breakdown was likely decided when the particle reaches the opposite
electrode in the concentric sphere set-up. This can be explained by the higher breakdown
voltage of SF6 compared to CO2/O2, which allows the particle to cross the gap before the
field is sufficiently high for breakdown. The 8 mm particle breakdown was decided in
both gases when the particle stands and hops on the enclosure electrode. The deduced
breakdown fields agree reasonably with literature values, taking into consideration the
different experimental conditions, since pressure, particle length, and diameter were not the
same as in our investigation. The interpretation of the breakdown locations is supported
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by an analysis of the dependence of time between breakdowns on the applied voltage, de-
scribed by the parameter k. As shown in the paper, the characteristic value of k corresponds
to the standard deviation of the cumulative breakdown probability distribution. These
values were determined in the different experiments and can be linked to the mean time
between breakdowns at a given voltage. Low values can be associated with breakdown
from the particles at the electrodes, i.e., when free particles behave like a protrusion on
the electrode. High values for k occur when the breakdown is decided during particle
flight. Then the variations in particle position, orientation, and charging state can lead to a
large stochastic scatter of breakdown voltages. The simulations indicate that this scatter is
partially produced by rare high elevations of the particle. This can lead to low breakdown
voltages for long voltage application times.
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Appendix A

In this appendix, the mathematical derivation that permits one to relate results ob-
tained with the test method used in this study (constant voltage test) to voltage ramp tests
is presented. Based on Equation (4), the mean breakdown frequency is

f (U) = 0.01 exp ((U − U100s)/k). (A1)

Assuming a constant ramp rate of the voltage dU/dt, the probability that there is
no breakdown (hold) in a short time interval ∆t (�1/f ) is given by (1 − f (U)∆t) and the
probability that there is no breakdown in the time from 0 (start of ramp) to the time t is
given by

Phold(t) = ∏N=t/∆t
i=1 (1− f (U(i ∆t))·∆t). (A2)

A closed analytic expression for Phold is obtained by turning the expression into a
differential equation

Phold(t + ∆t) = Phold(t)·(1− f (U(t + ∆t))·∆t). (A3)

Rearranging gives

Phold(t + ∆t)− Phold(t)
∆t

= −Phold(t)· f (U(t + ∆t)). (A4)

For ∆t→0 one obtains the differential equation

dPhold(t)
dt

= −Phold(t)· f (U(t)) = −Phold(t)· 0.01 Hz · exp

(
t· dU

dt −U100s

k

)
. (A5)

The solution is

Phold = exp
[
−A·

(
exp

(
U
k

)
− 1
)]

, (A6)

with the constant A = 0.01·k/(dU/dt)·exp(−U100s/k). The cumulative breakdown prob-
ability distribution is PBD = 1 − Phold. If exp(U⁄k) � 1, which is well justified for most
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breakdown experiments, the probability distribution has the form of a Gumbel (mini-
mum) distribution

P(x) = 1− exp
[
− exp

(
x− µ

σ

)]
, (A7)

with the parameters µ = U100s − k·log(k/(dU/dt·100s)) and σ = k. This derivation shows
that distribution width s is equal to the parameter k and the 50% breakdown probability
voltage obtained by the ramp method relates to the parameters used in this study by the
following equation

U50 = U100s + k·
[

ln(ln(2))− ln
(

k
dU/dt·100s

)]
. (A8)
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