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Abstract. C4F7N and C4F7N− CO2 mixtures are considered as alternatives to SF6 for use in medium
voltage gas insulated switchgear applications (GIS), due to the low global warming potential and good
dielectric properties of C4F7N. Current work is focused on the calculation of radiative properties
(absorption coefficients) of C4F7N− CO2 thermal plasma and computational fluid dynamics (CFD)
simulations of free burning C4F7N− CO2 arcs that are stabilized by natural convection. Absorption
coefficients of C4F7N− CO2 plasma used in the CFD model are derived from spectral absorption
coefficients by Planck averaging. An optimization procedure has been applied to find the optimal
number of spectral bands as well as spectral band interval boundaries. Radiation and flow model results
for C4F7N− CO2 in comparison to SF6 and air are provided and discussed.
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1. Introduction
Sulphur hexafluoride (SF6) is commonly used in gas
insulated switchgear applications (GIS) for medium
voltage and high voltage applications. In case of
medium voltage (1000V to 52 kV), SF6 is usually
used as an electric insulation medium that provides
significantly enhanced dielectric strength compared
to air as insulation medium, which can be utilized to
shrink the GIS switchgear design compared to air
insulated designs. Switching in SF6 is performed
in some medium voltage applications too, e.g. load
break switches. In case of high voltage switchgear
applications (above 52 kV), SF6 provides excellent
electric insulation as well as interruption capabilities,
which are used in GIS but also in circuit breaker
applications.

One important drawback of SF6 is the 23 500 times
larger global warming potential (GWP) compared to
CO2. Because of this very high GWP, many alterna-
tive gases have been considered in pursue of replacing
SF6 in medium and high voltage switchgear and cir-
cuit breaker applications. One promising alternative
gas is C4 perfluoro-nitrile C4F7N, which has a GWP
of 2 200 and its dielectric strengths is 2 times higher
than SF6. Because of the high boiling point of C4F7N,
which is -4.7 ◦C at atmospheric pressure, this SF6 al-
ternative needs to be diluted with some other gas
to avoid liquefaction. Otherwise the lower operating
temperature limit might not be sufficient.
In this contribution, the radiative properties of

C4F7N are calculated and applied in CFD models
of free burning arcs that are stabilized by natural
convection. Besides radiative properties, transport,
and thermodynamic properties are needed as well to
setup a complete model. The calculation approach

and results are introduced in a companion paper of
this conference [1]. Results of the radiation properties
calculation and the CFD model for C4F7N− CO2 will
be compared with those of air and SF6.

2. Radiative properties
Radiation transport is a very important part of power
balance of a thermal plasma. The simplest approach
to model the effect of radiation is the net emission
coefficient (NEC) [2], which describes the net radia-
tion from an isothermal sphere or cylinder. Although
the knowledge of the NEC allows to estimate the
radiation losses in the hottest regions of the arc, it
cannot predict the reabsorption of radiation in the
colder arc fringes and the radiative flux impinging on
surrounding surfaces.
More capable radiation transfer models are the

P1 and the discrete-ordinates method (DOM) [3].
With these models the radiation spectrum can be di-
vided into several gray bands to take into account the
spectral variation of radiative transport. A constant
Planck or Rosseland averaged absorption coefficient
is derived from the spectral absorption coefficient for
the particular band. Instead of resolving the whole
spectrum, the radiation transfer is solved for a small
number of bands only, which does reduce the compu-
tational effort dramatically while providing reasonable
accuracy. In this paper, we calculate Planck mean ab-
sorption coefficient kPlanck,i for each band i according
to:

kPlanck,i =
∫ νi+1
νi

kνBνdν∫ νi+1
νi

Bνdν
, (1)

where the lower and upper interval boundaries (band
limits) are denoted by νi and νi+1 respectively and
Bν represents the black body radiative intensity. We

144

brought to you by COREView metadata, citation and similar papers at core.ac.uk

https://core.ac.uk/display/268473827?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.14311/ppt.2019.2.144


vol. 6 no. 2/2019 Radiative properties of thermal plasmas

renormalize the line contribution of the spectral ab-
sorption coefficients according to [4] with a characteris-
tic plasma absorption length H = 3 ·Rp, as suggested
in [5]. The plasma radius Rp is defined as radius value
where the temperature decreased to 50% of the core
temperature.
To determine the necessary number of bands and

location of the band limits in the spectral range, op-
timization and verification procedures as introduced
in [5–7] are applied to a specific mixture of C4F7N
and CO2. In the optimization procedure two infinitely
long cylindrical calculation domains are considered,
one with 3 cm and the other one having a 10 cm ra-
dius. Both profiles are discretized using 30 points.
The plasma inside these domains shall be represented
by a fixed temperature profile along the radius, as
shown in Fig. 1.

Figure 1. Assumed plasma temperature profiles.

The more constricted profile has a temperature
maximum at 16 000K while the diffuse profile is de-
fined with a 13 460K temperature maximum in the
arc core. Each domain is evenly filled with a 90% CO2
– 10% C4F7N gas mixture at atmospheric pressure
(1 atm). For both profiles optimization runs were
performed. The two temperature profiles are used to
calculate the species compositions first, which are used
as input for the calculation of the spectral absorption
coefficients kν . The frequency range in the calculation
covers 1012 Hz to 1016 Hz with a frequency step size
of 2 · 1010 Hz. An example of the calculated spectral
absorption coefficient with line and continuum contri-
butions for a 90% CO2 – 10% C4F7N gas mixture at
10 000K and 1 atm is shown in Fig. 2.

A relative error norm ∆F ′ν is used to quantify the
difference between the spectrally resolved and the
band averaged solution of the radiation transfer equa-
tion [6]:

∆F ′ν =

√∑
i (∇ · Fexact,i −∇ · Fmean,i)2∑

i (∇ · Fexact,i)2 , (2)

where ∇ · Fexact,i represents the divergence of the
radiative flux calculated in the spectral solution for
each point i and∇·Fmean,i represents the divergence of
radiative flux calculated using the line limited Planck
mean absorption coefficients.

Figure 2. Spectral absorption coefficient for a 90% CO2
and 10% C4F7N gas mixture at 10 000K and 1 atm.

In this paper contributions from atomic and molecu-
lar radiation as well as continuum radiation are taken
into account. Table 1 provides the list of species that
are considered in the radiation calculations. The opti-

Atoms N, O, C, F

Molecules N2, O2, O3, NO, C2, C3, C4, CO, CN,
CO2, CN2, C2N, C2N2, C2O, C3O2, F2,
CF, C2F2, C2F4, C2F6, CF2, CF3,CF4,
NF, NOF, NO2F, FNO3, NF2, N2F2,
F2O, F2O2, NF3, NOF3, N2F4, NO2,

N2O, COF2

Electron e, N+, N2+, N3+, N+
2 , O+, O2+, O3+,

and ions O+
2 , NO+, C+, C2+, C3+, CO+, CN+,

F+, F2+, F3+

Table 1. List of species used in radiation calculations.

mization procedure was performed for a different total
number of bands (2 to 6) to analyze the dependency of
accuracy of the band averaged model on the number
of bands. An example of the optimization results for
a 90% CO2 – 10% C4F7N gas mixture and the diffuse
temperature profile at 1 atm are shown in Fig. 3. As
a major result the derived band boundaries for the
different total number of bands are all located in UV
region of the spectrum.

Corresponding error norm values according to Eq. 2
are provided in Fig. 4. The 2–band approximation
results in an error of 12.98 % that is decreasing with
increasing number of bands down to 2.55 % for 6 bands.
A larger number of bands does improve the accuracy
of the radiation model as expected, but the gain of
accuracy using 6 bands rather than and 5 bands is
only about 0.13 %. For this specific gas mixture and
temperature profile, solving a 6–band model would
not provide a much benefit over a 5–band model.

Although the 6–band approximation provides higher
accuracy over the 3–band approximation, the 3–
band approximation is used in subsequent arc mod-
eling since a larger number of bands does increase
the computational effort when solving radiation
transfer. For this case following band limits in
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Figure 3. Optimized band boundaries of mean ab-
sorption coefficients for a 90% CO2 – 10% C4F7N gas
mixture and diffuse temperature profile at 1 atm.

Figure 4. Error norm for a 90% CO2 – 10% C4F7N
gas mixture and diffuse temperature profile at 1 atm.

terms of wavelength are considered: the first band
covers λ = 30nm to λ = 111.6849nm, the second
band covers λ = 111.6849nm to λ = 135.7897nm,
and the third band covers λ = 135.7897nm to
λ = 29864.21nm.
The divergence of the radiative flux along the do-

main radius as result of the spectrally resolved model
is shown in Fig. 5 for the 90% CO2 – 10% C4F7N gas
mixture as well as for pure C4F7N, CO2, SF6, and air.
The divergence of the radiative flux in the arc core for
pure CO2 is 6.9% larger compared to pure C4F7N .
The 90% CO2 – 10% C4F7N mixture shows the same
profile of the divergence of the radiative flux in the arc
core compared to pure CO2 due to small mass frac-
tion of C4F7N in the gas mixture. Small differences
between profiles are observed only in the reabsorption
region. Compared to pure SF6, the cooling term is
increased by almost 100 % for pure C4F7N.

3. CFD simulations
The commercial finite-volume solver ANSYS ® Flu-
ent [8] is used to model free burning SF6, air, and
90% CO2 – 10% C4F7N arcs that are stabilized by
natural convection. The governing equations consist
of the compressible hydrodynamic equations includ-
ing the k − ε turbulence model and the simplified
set of Maxwell equations [9]. The discrete ordinate

Figure 5. Divergence of radiative flux for various gas
mixtures, spectral resolved model.

method (DOM) in ANSYS ® Fluent is used to solve
the radiation transport in the plasma using Planck
mean absorption coefficients as presented in above sec-
tion. The plasma is treated as a single-fluid at local
thermodynamic equilibrium (LTE) and the necessary
thermodynamic and transport properties of the pure
gases and gas mixtures are calculated according to
[9].

A 2D axi-symmetric geometry was defined to model
free burning arcs as investigated in [10]. The simula-
tion domain has a radius of R = 1.5 cm (y-direction,
see Fig. 6), the distance between the electrodes is
d = 1.5 cm (x-direction, see Fig. 6), and the distance
between gas inlet (max. x-coordinate, see Fig. 6) and
outlet (min. x-coordinate, see Fig. 6) is l = 2 cm. A
constant current of 10A is applied on vertical surfaces
of electrodes (y-direction, see Fig. 6). The effect of
gravitation is considered by means of a -1.34Pa gauge
pressure boundary condition at the outlet (gravity is
acting in x-direction, see Fig. 6).
The resulting stationary arc temperature distribu-

tions for SF6, air, and C4F7N− CO2 arcs are shown in
Fig. 6. Due to the pressure gradient between inlet and
outlet, natural convection leads to a broadening of the
plasma temperature profile close to outlet boundary
condition. The calculated radial temperature profiles
for SF6, air, and C4F7N− CO2 arcs at the midpoint
between electrodes are given in Fig. 7. Additionally,
radial temperature profiles from Lowke’s paper are
shown. The model results are in good agreement with
Lowke’s model results for SF6 and air arcs in the
central regions of the discharge. Slight deviation can
be observed in the outer region of the plasma mainly
because of different transport, thermodynamic, and
radiation properties used in the models. It is well
known that SF6 is superior to air as an arc quenching
medium, where the constricted radial temperature
profile result in higher temperature gradients with
larger heat conduction losses. This is one reason for a
better performance of SF6, besides a faster recovery
compared to air due to its electronegativity.

The C4F7N− CO2 arc has more constricted radial
profile than the arc in air, but it is more diffuse in

146



vol. 6 no. 2/2019 Radiative properties of thermal plasmas

Figure 6. Temperature distribution of 10A free burning
arcs in various gases.

comparison to SF6 arc. This is an indication for a
weaker arc quenching performance of a C4F7N− CO2
gas mixture compared to SF6.

4. Conclusions
C4F7N− CO2 gas mixtures are promising candidates
to replace SF6 in medium and high voltage switchgear
applications. In this contribution, radiative properties
of a specific C4F7N− CO2 gas mixture have been
calculated that can be utilized as input data for arc
models of medium and high voltage switchgear. An
optimization procedure was performed for a 90% CO2
– 10% C4F7N gas mixture and defined temperature
profiles to find the optimal number of spectral bands
and spectral band interval limits. CFD simulations
of free burning 90% CO2 – 10% C4F7N arcs that are
stabilized by natural convection, are carried out and
compared with arcs burning in SF6 and air. The
calculated temperature profile of the arc in 90% CO2

Figure 7. Calculated temperature profiles for the 10A
arcs at midpoint between electrodes.

– 10% C4F7N gas mixture is more diffuse compared to
the SF6, which indicates a weaker arc extinguishing
performance.
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