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Abstract: Ultra-dilute SFq + N, mixtures are subjected to crossed fields with the applied magnetic
field normal to the electric field in order to investigate critical magnetic field values for suppression
of electron avalanche growth resulting in increased dielectric strength. Electron avalanche growth
inhibition together with the related electron mean energy variation and electron energy distribution
functions are reported in the binary mixtures subjected to the combined fields. Even if a very small
amount of greenhouse gas (SFg) is used, high dielectric strength can be achieved in the binary
mixtures with 0.25%, 0.50%, 0.75%, 3%, and 7% SF contents subjected to the evaluated combined
fields. The magnitude of the crossed magnetic field, which results in avalanche growth inhibition,
decreases as the electronegativity of the mixture is increased.

Keywords: gaseous insulation; ultra-dilute; nitrogen; sulfur hexafluoride

1. Introduction

Sulfur hexafluoride (SF¢) is widely used in electrical power applications due to its high breakdown
voltage, good thermal property, and inertness [1]. However, SFq is a fluorinated greenhouse gas,
which has the high global warming potential of 23,900 for 100 years and a lifetime of 3200 years [2].
Because of its global warming potential, the usage of SF is restricted by the Kyoto Protocol [3].
However, the average concentrations of atmospheric greenhouse gases are continuing to increase
and this trend shows in Table 1. The annual average concentration of greenhouse gases increased
to 0.887, 2.13, and 2.95 parts per million in CO, equivalents (ppm CO, eq.) in 1950, 1990, and 2015,
respectively [4]. This greenhouse gas concentration level is more than three times as compared to 1950,
when human-produced gases, such as SFs, began to be used in industry.

Table 1. Atmospheric greenhouse gas concentrations included in the Kyoto and Montreal protocol

gases [4].
1950 1990 2015
Gases

Value 1 (%) Value ! (%) Value ! (%)
CO, 0.593 66.85 1.289 60.52 1.941 65.80
CHy 0.230 25.93 0.459 21.55 0.506 17.15

N>O 0.064 7.22 0.129 6.06 0.189 6.41

PFC, HFC, SF¢ 0.010 0.47 0.040 1.36
Montreal Gases [5] 0.243 11.41 0.274 9.29

T ppm CO;, eq. PFC, perfluorocarbon; HFC, hydrofluorocarbon.
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The use of greenhouse gases under the Montreal protocol has declined considerably due to
damage to the ozone layer. However, the Kyoto protocol, which restricts the use of perfluorocarbon
(PFC), hydrofluorocarbon (HFC), and SF4 gases, cannot be implemented sufficiently. Figure 1 shows
the change in the concentration of the SF¢ gas, which continues to be widely used in the electrical
industry and other industrial production in the northern and southern hemispheres.
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Figure 1. Mean mid-year tropospheric SF¢ concentrations in the northern (NH) and southern (SH)
hemispheres for the period 1952.5 to 2015.5 [6].

One of the best solutions for SFg replacement is a gas mixture of SF¢ with various buffer gases,
such as nitrogen (Ny) [3,7], carbon dioxide (CO,) [8], helium (He) [9], and argon (Ar) [10,11]. N and
SF¢ binary mixtures have been investigated for a few decades.

The mixtures of SF; and N are very promising for applications in gas-insulated equipment due
to their high dielectric strength, and nitrogen is inexpensive and harmless for the environment. In
addition, mixing nitrogen with SFq increases the range of the operating temperature of the gas-insulated
equipment for colder climate applications [12]. Nitrogen constitutes almost 80% of the composition of
the Earth’s atmosphere, and its physical and environmental characteristics are very similar to that of
dry air. Some physical, chemical, and environmental characteristics of SFs, N;, and dry air are shown
in Table 2.

Table 2. Physical and environmental properties of SFg, Ny, and dry air [13-16].

Title SF¢ N, Dry Air
Molecular weight (g/mol) 146 28 28.97
Density (g/L) 6.12 1.25 1.20
Boiling point (°C) —64 —196 —194
GWP for 100 year time horizon 23.900
Ozone Depletion Potential (ODP)
Atmospheric lifetime (years) 3200 1.6 107
Flammability Non-flammable Non-flammable Non-flammable
Toxicity Non-toxic Non-toxic Non-toxic
Breakdown Voltage (kV/cm.bar) 89.0 329 34.3

GWP, global warming potential.

Figure 2 gives measured breakdown voltages in binary mixtures of SFs with N, and Air as a
function of gas pressure in a uniform field gap [17]. For a given binary mixture, the breakdown voltage
increases with increasing pressure as expected. Furthermore, it can be seen from Figure 2 that, at
a given pressure, the breakdown voltage increases with the addition of the SFy component in the
binary mixtures. The related data in the literature for an SFg + N, mixture also confirm the dielectric
performance in non-uniform fields compared to that of SF¢ since an SF¢ + Ny mixture is not prone to
surface imperfections [18].
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Figure 2. Measured Direct Current breakdown voltages in SFg + N, and SF¢ + Air mixtures as a function
of gas pressure for a uniform electrode gap of 10 mm [17].

At high temperatures above 1000 Kelvin (K), the results of Zhao et al. [19] yielding the limiting
electric field at the threshold of the breakdown voltage in SFg + N, mixtures should be mentioned.
Most SFg molecules decompose above 2000 K, forming other molecules or atoms. However, a nitrogen
molecule does not experience the same fate and does not decompose at similar temperatures. As can be
seen from Figure 3, at 3000 K, a 5% SFg binary mixture has a higher dielectric strength compared to that
of a 95% SF4 binary mixture since most of the molecules in the 95% binary mixture are decomposed.
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Figure 3. Limit electrical field in SFg + N, at 3000 K [19].

In the present study, ultra-dilute SF4 + Ny mixtures are subjected to crossed fields with the applied
magnetic field being perpendicular to the electric field in order to investigate critical magnetic field
values for the suppression of electron avalanche growth resulting in increased dielectric strength. Even
if a very small amount of greenhouse gas (SF¢) is used, high dielectric strength can be achieved by
applying the magnetic field perpendicular to the electric field.

The electron swarm is significantly influenced in combined fields where the magnetic field is
normal to the electric field. This fact is crucial in switch design and gas-insulated system applications
where the main objective is to have sufficient dielectric strength and interrupt the electric arc as rapidly
as possible. The information on the response of ultra-dilute SFg + N, mixtures under combined
fields is limited in the literature [15]. Therefore, the aim of present study is to investigate swarm
development in ultra-dilute SFg + N mixtures subjected to combined fields. Combined fields with
specific magnetic field values are calculated in Townsend discharges of ultra-dilute SF¢ + Ny mixtures
for the specific cases in which the ionization processes are balanced by attachment processes. A direct
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Monte Carlo simulation technique is employed. The simulation technique and the model adopted
have been described before by Dincer et al. in detail [20,21].

2. Materials and Methods

Uniform time-invariant electric and magnetic fields are applied along the —z and —y directions,
respectively. The movement of an electron with velocity v between collisions is expressed by the
Lorentz force equation as given by [15]

— — — d;
F=¢E+e(o x B) =m— (1)

— —
where E is the electric field and B is the magnetic field, and e and m are the charge and mass of an
electron, respectively.

The technique is based on a free-flight time approach. The mean free-flight time is defined as

Tmx = 1/(N Qrmx 0) )

in which the number density of gas molecules is N, the electron velocity is v, and the total collision
cross section of the mixture is defined as Qrpx.

E/N and B/N are the density normalized electric and magnetic fields, respectively. In the
following sections of this study, the terms electric and magnetic field are used instead of density
normalized electric field and density normalized magnetic field. The units of these normalized
electrical and magnetic fields are, respectively, Td (Townsend) and Tcm?® (or Tm?). These units are
widely used in plasma engineering and gaseous discharge studies. The use of the term B to express the
magnetic field is also common in physics [22-24]. Technically, B is the magnetic flux density measured
in Newton-meters per ampere (Nm/A), also called Tesla (T), and the magnetic field strength is defined
as H measured in ampere per meter (A/m).

In the present paper, we use the widely accepted term B/N for the number density normalized
magnetic field. However, we also report the corresponding magnetic field strength H at the given number
density in A/m, which can be visualized and understood practically for possible switching applications.

The energy-dependent total cross section of the mixture with ultra-dilute SF4 content is described
in Equation (3), where Qrsrs and Qrny are the total cross section of SFg and N evaluated from the
momentum transfer and inelastic collision cross sections, respectively, and c is the fractional content of
the SFg component in the mixture.

Qrmx (€) = ¢ Qrsre (€) + (1 —c)Qrn2 (€) 3)

In the present study, the collision cross section sets employed for nitrogen and SFg are by Phelps
and Pitchford [25] and Itoh et al. [26,27], respectively.

The motions of an electron along the respective directions are calculated with a time step At
in such a way that the energy change during At is limited to less than 3% [15]. In the time step At,
the collision probability is defined as

Pcol =1- exp(—At/TMX) (4)

which is tested by comparing P, with a uniformly distributed random number between 0 and 1.

Since there is no acceleration along the magnetic field direction, the electron displacement
positions, with the velocity component —v; along the applied field direction and —v, normal to
the electric field, are given as

y(z) = y(l) + vy(l)At + ﬁvz(l)Bx(At‘)2 (5)
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where the superscripts “1” and “2” correspond to the first and last positions of an electron during a
time step At, respectively. At the end of each time step, the electron energies and positions are updated.
If there is a collision, the type of the molecule that collided is decided on by the scheme in Figure 4.
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Figure 4. The type of molecule decision scheme.

R

In the collision event with a certain molecule, the nature of the collision is decided on as illustrated
in Figure 5, where each box is the probability of the incoming inelastic collision process and the arrow
shows the type of collision with R being a random number uniformly generated between 0 and 1.
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Figure 5. Selecting the nature of the collision.

In Figure 5, Qt represents the total cross sections Qrn, or Qrsps depending on the type of the
collided molecule, which is Ny or SFs. Qa represents the attachment collision cross sections, Qy
represents the vibrational collision cross sections, Qg represents the excitation collision cross sections,
and Q represents the ionization collision cross sections. Qgy, is the momentum transfer cross section
for elastic collisions, which again depends on the type of the collided molecule. Hence, at a given
electron energy for the decided type of molecule, probabilities of inelastic collisions are calculated
employing the related electron—-molecule collision cross section set of the molecule, and the nature
of the collision is decided as given in the scheme of Figure 5. If the tests for inelastic collisions fail,
the collision is elastic. Isotropic collision is considered, and coulomb interactions are neglected in
the simulation.

The share of energy between initial and new electrons is equal in an ionizing collision. In an
inelastic collision process, the loss of electron energy corresponds to the appropriate threshold energy.
However, in the case of attachment, the life of the free electron is terminated in the swarm. The
termination time of the simulations is selected in such a way that the electron swarms will achieve
equilibrium after the relaxation time is elapsed. All of the electrons are traced until the termination,
or reach to the cathode by the effect of back diffusion or become lost due to the attachment process,
which is for electronegative gases only. The states of the electrons with position and energy in the
swarm are sampled with 2.5 ns time intervals and pulsed Townsend mean energies are evaluated from
Equation (7).
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where at time t, the number of electrons is n) and £ j is the energy sampled for the jy, electron.

3. Results and Discussions

The limiting electrical field for an electronegative gas is defined as the E/N value in which the
ionization coefficient is equal to the attachment coefficient; or, in other words, the E/N in which the
ionization collision frequency is balanced by the attachment collision frequency. Hence, for applied
fields lower than the limiting field value, avalanche development is not possible since the attachment
collision frequency is higher than the ionization collision frequency.

In the scope of the simulation, with sampling time intervals of 2.5 ns, the swarm development
is observed, and when the net number of electrons at the sampling times remains constant within a
range of 2%, the applied E/N is considered as the limiting electric field. The limiting electric field
value of SFg is in the vicinity of 360 Td (1 Td = 1072! Vm?, N = 3.32 x 10%2 m~3) [28,29].

In order to test the simulation, without the crossed magnetic field, the variation of the net number
of electrons in the equilibrium region after the relaxation period is investigated in SFs at the number
density reduced field E/N = 360 Td. Figure 6 displays the variation of the net number of free electrons
in the swarm at the limiting field. As shown in this figure, after 20 ns, the number of electrons in
the swarm is relatively constant and displays a plateau region. Similarly, it can be observed from
the pulsed Townsend mean energies that the swarm is in equilibrium after a relaxation time of about
20 ns. Therefore, in the plateau variation, the effective ionization coefficient is almost zero and this
condition defines the well-known critical limiting condition for an electronegative gas or gas mixtures
with electronegative components.
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Figure 6. SFq at 360 Td without the crossed magnetic field: (a) number of electrons; (b) electron
mean energies.

Figure 7 displays the electron avalanche development in the combined fields at E/N = 300 Td in
the nitrogen mixture with a 0.25% SF¢ component. The applied crossed magnetic fields have various
magnitudes in order to observe the effect that the magnetic field has on the swarm development at a
given E/N.

In Figure 7a, variation of the number of free electrons in crossed fields is shown at sampling
times of 2.5 ns until 50 ns of simulation termination. It can be observed from this figure that the
amplification in the swarm decreases as the magnetic field increases. Figure 7b shows the case in
which the magnetic field is increased to a specific magnitude, resulting in inhibition of the electron
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avalanche. The initial loss of free electrons is basically a result of back diffusion as presented by
Dincer et al. [10,24,30], and attachment collisions in the non-equilibrium region are also possible until
a certain time interval, termed the relaxation time, for the electron swarm energy to be in equilibrium
is reached. The relaxation time is also observed in Figure 7c from the variation of electron mean
energies in the electron swarms. In Figure 7b, after 25 ns, plateau variation is observed, indicating that
ionization collisions are balanced with attaching collisions in the equilibrium region. Therefore, in the
plateau variation, the effective ionization coefficient is almost zero and this condition indicates that the
electron avalanche is inhibited at B/N = 1.74 x 10718 TemS3.

From Figure 7c, it can also be observed that the mean energy of the swarm with a higher magnitude
of crossed magnetic field is lower than that of the case with a lower magnitude of magnetic field at a
given E/N. The electron energy distributions corresponding to the respective magnitude of crossed
magnetic fields displayed in Figure 7d show that, with the increased magnetic fields applied, the peak
of the distribution increases and shifts towards the low-energy range, indicating the increased number
of slow electrons in the swarm as the magnetic field increases.
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Figure 7. A 0.25% SFg + 99.75% Nj mixture at 300 Td with different magnitudes of crossed magnetic
field: (a,b) number of electrons; (c) electron mean energies; (d) electron energy distribution functions
(Corresponding magnetic field strength; Black line: H = 3.99 A/m, Red line: H = 7.95 x 10> A/m,
Green line: H = 1.59 x 10* A/m, Blue line: H = 4.60 x 10* A/m).

Figure 8 gives the swarm development in a Nitrogen mixture with 0.25% SF¢ content at the
applied E/N of 400 Td. With the magnetic field removed, variation of the number of electrons in the
swarm indicates a significant amplification in the avalanche. However, avalanche growth is inhibited
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when a magnetic field of 2.27 x 10~!8 Tem? is applied as can be observed from the plateau variation
in the equilibrium region after the relaxation time with respect to the sampling times in Figure 8a.
Figure 8b gives the respective mean energies. It can be observed that the mean electron energy in
the combined field is reduced significantly compared to that of the case when the magnetic field is
removed. The electron energy distributions displayed in Figure 8c also show that, with the application
of the magnetic field, the magnitude of the peak increases while shifting to the lower energy range in
the combined field, resulting in avalanche suppression.
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Figure 8. A 0.25% SF4 + 99.75% N, mixture at 400 Td with different magnitudes of crossed magnetic
field: (a) number of electrons; (b) electron mean energies; (c) electron energy distribution functions
(Corresponding magnetic field strength; Black line: H=0 A/m, Red line: H = 6.00 x 10* A/m).

Figure 9 shows the electron avalanche development in the combined fields with various crossed
magnetic fields in a 0.50% SFg + 99.50% N, mixture at 400 Td. As can be observed from Figure 9a, with
the magnetic field removed, electron avalanche growth with a significant amplification is present, and
the application of a magnetic field inhibits the growth. In Figure 9a, at B/N = 2.17 x 10718 Tem3, after
20 ns, plateau variation is observed, indicating that ionization collisions are balanced with attaching
collisions in the equilibrium region. In Figure 9b, the B/N =2.56 x 108 Tem? curve shows a similar
trend, although the decay in the number of free electrons is still present, indicating that the attachment
collision rate is higher than the ionization collision rate, defining the case to be slightly lower than the
critical limiting condition. From Figure 9¢, it can also be observed that the mean energy of the swarm
in crossed fields is lower than that of the case without the magnetic field at a given E/N. The electron
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energy distributions displayed in Figure 9d also indicate the effect of the magnetic field as the peak of
the distribution increases with an increasing magnetic field and shifts towards lower energy.
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Figure 9. A 0.50% SFg + 99.50% N, mixture at 400 Td with different magnitudes of crossed magnetic
field: (a,b) number of electrons; (c) electron mean energies; (d) electron energy distribution functions
(Corresponding magnetic field strength; Black line: H = 0 A/m, Red line: H = 5.73 x 10* A/m, Green
line: H=6.76 x 10* A/m).

In Figure 10, the SF¢ percentage is increased to 0.75%, increasing the electronegativity in the
ultra-dilute mixture. In Figure 10a, the B/N =1.99 x 10718 Tem3 curve indicates a loss of free electrons,
mainly as a result of back diffusion initially. However, after 30 ns ionization, collisions are balanced
by attachment collisions, defining the critical limiting case for electronegative gases. After 30 ns,
the electron swarm is in equilibrium as displayed in Figure 10b, which shows the variation of mean
energies in the mixture at B/N =1.9 x 10~18 Tcm?3. When the magnetic field is removed, the B/N =0
curve in Figure 10a displays the amplification in the electron swarm since the ionization collisions are
dominant. Figure 10c gives the electron energy distributions. When B/N = 1.99 x 108 Tem? resulting
in avalanche inhibition, the corresponding distribution function has an increased peak magnitude at
the lower electron energies compared to that of the B/N = 0 curve.
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Figure 10. A 0.75% SF¢ + 99.25% N; mixture at 400 Td with different magnitudes of crossed magnetic
field: (a) number of electrons; (b) electron mean energies; (c) electron energy distribution functions
(Corresponding magnetic field strength; Black line: H=0 A/m, Red line: H =5.26 x 10 A/m).

In Figure 11, swarm development in the combined fields in 3% SF¢ + 97% N and 7% SFg + 93% N
mixtures are presented at E/N = 400 Td. Figure 11a displays the number of free electrons sampled at
2.5 ns intervals during the simulation time. From this figure, it is seen that, for the 3% SFs component
in the mixture, the avalanche growth is inhibited at B/N = 1.59 x 108 Tem? in the equilibrium region
where the ionization collisions are balanced by attachment collisions. If the magnetic field is increased
to 1.76 x 10718 Tem?3, decay in the number of electrons is still present after 25 ns, although the swarm
is in equilibrium, indicating that the attachment collision is higher than the ionization collisions. In
the mixture with the 7% SFs component, suppression of the avalanche at B/N = 1.37 x 10718 Tcm?
is observed. The corresponding mean energies and energy distribution functions are presented
in Figure 11b,c.
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Figure 11. The 3% SF¢ + 97% N and 7% SF¢ + 93% N mixtures at 400 Td with different magnitudes
of crossed magnetic field: (a) number of electrons; (b) electron mean energies; (c) electron energy
distribution functions (Corresponding magnetic field strength; Black line: H = 4.20 x 10* A/m, Red
line: H = 4.65 x 10* A/m, Green line: H = 3.62 x 10* A/m).

Considering the evaluated electron energy distribution functions, the response of the swarm
subjected to combined fields can be explained through the collisional processes present in the binary
mixture at the microscopic level. In Figure 7d, the black line energy distribution function curve
corresponds to the case of negligible B/N (B/N = 1.51 x 10~2? Tcm®) and, through Figures 8-10,
the black line curves in the energy distribution function plots correspond to the energy distribution
function at B/N = 0. The dip observed in the energy distribution profile is due to the vibrational
excitation of nitrogen molecules in the black line curves at electron energies of 4-5 eV. The formation
of the dip is the result of consumption of electrons in the energy range making vibrational excitation
collisions. Similar dips in nitrogen plasma discharges have been observed before [31,32].

Application of the magnetic field in the combined fields reduces the energy gain of free electrons
along the electric field direction and, as can be observed from Figure 7d, the number of slow electrons
in the swarm increases with increasing B/N while the peak of the distribution increases accordingly.
In the vicinity of 2 eV, the vibrational collision cross section of nitrogen has a large magnitude and
acts as a barrier of energy, slowing down the electrons. In the low-energy range, since the radiative
and dissociative attachment collision processes of SF4 are significantly operative, the slow electrons
are captured by attachment collisions forming stable negative ions and the ionization collisions are
balanced by attachment collisions as can be seen from Figure 7b in the equilibrium region resulting
in an inhibition of electron avalanche growth. The depression of the electron energy distribution in
the high-energy range with increasing magnetic field also reduces the ionization collision frequency,
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resulting in a decreased amplification of the electron swarm as demonstrated in Figure 7a. A similar
response of the swarm is present in the combined fields of Figures 8-11.

In Figure 11, the SFq content of the mixture is increased, resulting in increased attachment
collisions, and it is possible to suppress the electron avalanche in the combined fields with lower
B/N values. It is interesting to observe that the electron mean energy of the swarm increases with an
increasing component of SF¢ as can be seen in Figure 11b when the black line curve and the green
line curve corresponding to avalanche inhibition are compared. Compared to SFg, the efficiency of
deceleration of electrons in nitrogen is higher, and a reduction in the nitrogen component in the mixture
results in increased mean energies.

The authors’ recent work discusses magnetic insulation in nitrogen [33]. The present paper
investigates the response of an ultra-dilute SF; component in the binary mixture with the nitrogen
gas acting as the buffer gas slowing down the electrons effectively under the crossed fields. With the
application of the magnetic field, it is possible to remove the slowed-down electrons with increased
attachment processes of the ultra-dilute SFs component, resulting in avalanche inhibition at lower
B/N values compared to the case of pure nitrogen only.

At an E/N value of 400 Td, the B/N resulting in avalanche inhibition in nitrogen is
2.56 x 10718 Tem3 [33]. However, in the present paper, the required B/N for avalanche inhibition
is reduced to 2.17 x 10718 Tem? at 0.50% SF4 concentration and to 1.99 x 107! Tem? at 0.75% SFq
content. If the SFy content is increased, in the mixture with 3% SF¢ content, B/N = 1.59 x 10~18 TemS
is sufficient for avalanche inhibition, while a further increase of SF¢ content to 7% yields a value of
B/N = 1.37 x 10~!8 Tem?3 for the avalanche inhibition. Therefore, there is a marked reduction in the
required magnetic field for avalanche inhibition in the binary mixtures. Even with 0.75% SF¢ content,
a reduction of about 22.3% in the B/N is possible and a reduction in the magnitude of the magnetic
field reaches a value of about 46.5% in the 7% SFg binary mixture.

The design of the field winding that produces the crossed magnetic field will be easier in terms of
the coil current and the number of turns in practice with the reduction of the magnetic field. Rotary arc
load break switch and interrupter designs with increased dielectric strength due to a crossed magnetic
field against transient recovery voltages are available in the literature [34-36].

4. Conclusions

In combined fields, the values of magnetic field applied normal to the electric field direction are
evaluated in order to suppress electron avalanche growth in nitrogen mixtures with ultra-dilute SFg
contents. The particular magnetic field values calculated in the crossed fields at constant E/N values
inhibit electron avalanche growth in nitrogen mixed with an ultra-dilute SFs component, resulting
in increased dielectric strengths. It is possible to achieve high dielectric strengths depending on the
electronegativity and magnitude of the crossed magnetic field. The required magnetic field magnitude
at a given E/N for suppression of the avalanche growth decreases as the electronegativity of the
mixture is increased by increasing the ultra-dilute SFg component.

The recent work of Zhao et al. [19] in hot SF¢ + N, mixtures at 3000 K with a 5% SF¢ component
yielding a higher dielectric strength compared to that of 95% SF¢ content in the mixture indicates
the importance of ultra-dilute SFg + N, mixtures. It would be interesting to investigate a hot gas
analysis under the crossed fields, since, in switch design, the main objective is to have sufficient
dielectric strength in the hot gas region after current zero in order to interrupt the electric arc as rapidly
as possible.
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