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Abstract. C4F7N and its mixture with buffer gases are regarded as the most promising SFg-alternative
gases in gas circuit breakers. The switching arc can severely ablate the electrodes, producing copper
metal vapor that combine with the C4F7N gas mixture to change radiation characteristics. This paper
compares the net emission coefficient of C4F7N mixtures at various mixing ratios and assesses the effect
of 20% copper vapor. It is found that adding copper vapor can greatly enhance radiation.
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1. Introduction

SF¢ is widely used in gas circuit breakers (GCB) due
to its excellent insulation and arc extinguishing prop-
erties. However, SFg is a powerful greenhouse gas.
Its Global Warming Potential (GWP) is about 25200
times than that of COg [1]. Therefore, it is crucial
to find an environmentally-friendly alternative gas for
SFg. In recent years, a lot of attention have been paid
to the novel fluoride that C4F;N represents. It has a
low GWP and a high dielectric strength. For gas cir-
cuit breakers, the medium cannot be liquefied at low
temperatures. Due to the high boiling point of C4F7N,
it must be combined with other buffer gases [2, 3]. Ac-
cording to [4], C4F7N/CO4 and C4F7N/CO45/04 have
great potential to replace SFg, and there have been
reports on GCB products.

The research focuses on the radiative properties
of C4F7N mixtures, which are closely related to the
arc extinguishing ability. In high-temperature regions,
radiation is the most important energy dissipation
mechanism of the arc. Direct contact between the arc
plasma and the metal material of the electrode in a
circuit breaker will raise the temperature of the elec-
trode and result in severe ablation, which will inject
metal vapor into the plasma [5]. Therefore, the copper
vapor needs to be taken into account while calculat-
ing the radiation properties. The fact that radiative
energy transport depends on space, temperature, and
frequency makes it difficult to accurately estimate.
When considering computation time and accuracy,
the net emission coefficient (NEC) method [6] is one
of the best ways for assessing arc radiation proper-
ties. In this paper, the NECs of C4F7N mixtures with
various C4F7N concentrations are calculated and the
effect of Cu vapor on radiation is evaluated.

2. Theory

Radiative energy transfer is a very complex process.
NEC is the net emission energy per unit volume and

unit solid angle. Assumptions that are often applied
in the calculation of the NEC is that:

O The plasma state is in local thermodynamic equi-
librium (LTE)

O The directional distribution of the photons’ propa-
gation is isotropic

O The scattering of photons can be ignored

O The arc shape is considered as an isothermal and
homogenous sphere

To obtain the NEC, the internal emission and ab-
sorption mechanisms of the arc plasma must be un-
derstood.The calculation formula is as follows:

en(R, T, P) = /000 ex-exp (—K\(T,P)-R)dx (1)

Where, ¢) is the emission coefficient, K is the ab-
sorption coefficient, R represents the radius of the
arc plasma and is frequently determined empirically.
The exponential term is used to describe the self-
absorption of radiation emitted from the arc core.

The total radiation consists of two parts: line radi-
ation and continuous radiation [7]. Bound electrons
transit from high-lying excited states to low-lying ex-
cited states, which results in line radiation. The line
emission coefficient is written as:

Ezl_b = %}iﬂAulNuP,\ (2)
Where, EZ?b is the line emission, A,; is the Einstein
coefficient, N,, represents the number density of the
atoms at high-lying states. P, is the profile of the
line. Natural broadening, Doppler broadening, and
pressure broadening are considered in our research,
leading to a Voigt profile.
Continuous radiation is produced by free-bound
and free-free transitions. For free-bound transitions:

2hc? he !
f=b _ N I
€ G <exp ( kB)\T> 1) No  (3)
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Figure 1. NEC of pure C;FsN at 0.1 MPa (R = 0mm).

Where, N is the density of the chemical species, o is
the cross section for photoionization. The free—free
emission involving electrons and ions is considered. It
can be calculated for thermal plasmas using a hydro-
genic approximation carried out by Kramers [7]. The
free—free emission for electrons and neutrals is only
essential at low temperatures. The research mainly
focuses on the radiation properties of the hot region
of the arc and therefore does not consider this mecha-
nism.

For spectral calculations, the atomic energy levels,
Einstein coefficients, photoionization cross-sections,
and free—free cross-sections are obtained from the AT-
BASE atomic database [8]. It includes a large number
of atomic energy levels and transition data obtained
by theoretical calculations for all the elements we need.
In this investigation, 243600 lines for C, 311735 lines
for N, 429397 lines for O, 440433 lines for F, and 42714
lines for Cu are included in the calculation. Spectrum
are calculated using the PrismSPECT code [9]. On
the basis of the fine spectrum (atomic lines and atomic
continuum), the line-by-line method is used to cal-
culate the NEC (almost 250000 frequency points for
one temperature). Molecular radiation is disregarded.
The NEC is a useful tool in numerical modeling for
characterizing radiation losses in hot regions while
accounting for self-absorption.

3. Results and Discussion

3.1. Validation with published data

Figure 1 compares our results with published data
[10]. Pure C4F7N at 0.1 MPa is selected. A good
agreement can be observed in the figure, and only
in the high-temperature zone our results are slightly
higher. Molecular radiation is also ignored in [10].
Thus a minor difference can be attributed to the dif-
ferent spectral data used. It can verify the accuracy
of our calculation.
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Figure 2. NECs of 8.5%C,;F7N/86.5%C02/10%03 at
different pressures (R = 0mm).

3.2. Pressure effect

Figure 2 shows NECs of 3.5%C4F;N-86.5%CO5—
10%05 at different pressures, assuming an optically
thin plasma. Due to an increase in radiation from a
rise in density, the NEC increases as pressure increases.
Additionally, because raising the pressure raises the
temperatures at which ionizations and dissociations
take place, it impacts the point at which the NEC
curve becomes smoother.

3.3. Effects of CO, and O, on mixed gases

Figure 3 shows the NECs for different C4F7N gas
mixtures. The gas mixture must satisfy the insula-
tion properties and the liquefaction temperature for
GCB. Generally, the percentage of C4F7N does not
exceed 20%. 3.5% is typical for ABB products. In
the study, the proportions of C4F7N are respectively
3.5%, 5%, 20%, and 100%, and the quantities of Oq
are 10% and 20%. It can be seen intuitively that
changing O5 and C4F7N gas concentrations have little
effect on the NEC. This due to the fact that at high
temperatures (T > 10000 K), the mixed gas is nearly
fully decomposed and ionized into atoms and ions,
and the radiation at that temperature only depends
on atomic radiation. At high temperatures, the con-
stituents of different mixed gases are very similar, and
the slight variations in C and O elements have little
influence on the total radiation characteristics. It can
be considered that the NECs of the mixed gases at the
high temperature area of the arc is only very slightly
affected by the addition of CO5 and Os.

Of course, we can predict that there will be more
pronounced disparities between various mixed gases
in the low temperature zone, i.e., the region where
molecular radiation cannot be ignored, which has also
been confirmed in [11, 12].

3.4. Influence of copper vapor

The effect of Cu metal vapor on NEC is shown in fig-
ure 4. In comparison to 5%C4F7N-75%C05-20%0-
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Figure 3. NECs of 8.5%C,;F7N/86.5%C02/10%03,
S%CFAN/15%C02/20%02, 20%C,F7N /70%CO2
/10%03, and pure C;FyN at 0.1 MPa (R = 0mm).

gas, SNC4F7N-95%C0, gas has a slightly higher NEC.
This is mostly due to the former’s higher carbon con-
tent at high temperatures. As carbon has a low ioniza-
tion energy and a high radiation emission, 5%C4F7N-
95%CO0; gas has a higher radiation emission. After
adding 20%Cu vapor, the radiation of the C4F7N gas
mixture is greatly enhanced. This is particularly ap-
parent when the temperature is below 22000 K, as the
NEC of 5%C4F7N-75%C05-20%Cu is significantly
higher than that without Cu vapor. This is due to the
low ionization potential of Cu metal, even lower than
that of C element, resulting in an increased number
density of excited energy levels of electrons and atoms
at a given temperature. At high temperatures, the
increase of the NEC by the added copper vapor is not
so obvious.

We compare the contribution of five elements (Cu,
C, O, F, N) to the total radiation in figure 5 under op-
tically thin conditions. As analyzed above, Cu almost
dominates the arc radiation in the low temperature
zone. The contribution of Cu to the total radiation
steadily declines as the temperature rises, whereas
the contribution of other elements gradually rises. Be-
cause of their low composition, F and N always make
up a very small portion of the total radiation. When
the temperature is higher than 25000 K, the contri-
bution of C and O is higher than that of Cu, and
gradually occupies a dominant position. At 30000 K,
the contribution of the C element can reach 60%,
which is around six times that of the Cu element. As
a result, the NEC of 5%C4F7N-75%C05-20%Cu is ex-
tremely near to 5%C4F7N-95%COs,. It also explains
that the improvement in NEC of C4F7N gas mixtures
at high temperatures with the addition of Cu vapor
is less noticeable than at low temperatures.

4. Conclusions

In this paper, the effect of adding Cu vapor on the
radiative transport properties of C4F7N mixed gas is
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Figure 4. NECs of 5%C,F;N/75%C02/20%Cu,

5%C4F7N/75%002/20%02, and 5%C4F7N/95%COQ
at 0.1 MPa (R =0mm).
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Figure 5. Contribution of the different elements to the
NEC for 5%C,F7N/75%C02/20%Cu.

studied according to the NEC method. First, the NEC
of 3.5%C4F7N-86.5%C05-10%04 at 0.1-0.8 MPa is
calculated. Then the NECs under various C,F7N
and Os ratios are examined, and it is discovered that
there was not much of a difference among them. Fi-
nally, After adding 20% Cu vapor to the C4F7N gas
mixtures, it is found that the NEC of the mixture
significantly increases, proving that the Cu vapor pro-
duced by the contact being ablated by the arc can
significantly increase the radiation ability and energy
dissipation ability after entering the plasma. From
this perspective, the presence of Cu vapor is beneficial

to arc quenching in C4F7N environmentally-friendly
GCB:s.
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