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ABSTRACT 
 
Internal arcs cause a rapid increase in pressure in 
electrical installations. The type of insulation gas 
has influence on pressure rise. Typically SF6 is 
used in compact metal-clad switchgear. This gas 
has a high global warming potential. Because of 
this the replacement of SF6 by alternative gases 
such as CO2 is under discussion. The pressure 
developments in a closed vessel filled with CO2, 
SF6 and air are measured and compared. During 
internal arcing in gas-insulated switchgear the 
overpressure causes a rupture of a burst plate and 
heated gas escapes into the surrounding room 
mixing with air. The portions of electric energy 
causing overpressure are therefore determined 
depending on gas density. To perform pressure 
calculations, reliable gas data and arc voltages 
are necessary. The arc voltages in the test vessel 
have been measured. CO2/air gas data are pro-
vided in a wide range of pressure and tempera-
ture. The thermodynamic properties are directly 
calculated from the number densities and from 
the internal partition functions. The transport 
coefficients are deduced using the Chapman-
Enskog method. 
 

1. INTRODUCTION 

 
Apart from air sulphur hexafluoride (SF6) is the 
most important insulating gas in metal-clad 
switchgear in the medium and high voltage 
range. Its exceptional dielectric properties allow 
compact switchgear design. The drawback of SF6 
is its high global warming potential. That is why 
it is important to reduce the amount of SF6 in use 
or to find suitable alternative insulating gases. 
One of the gases under discussion is carbon diox-
ide (CO2).  
 
During internal arcing a pressure relief device of 
the gas-insulated compartment opens. Hot gases 

escape from this compartment and flow into the 
switchgear room. During this process the gas 
density in the compartment decreases on one 
hand and on the other hand the exhausted hot gas 
entering the switchgear room mixes with cold 
gas causing pressure rise. 
 
In this contribution the pressure rise in CO2 due 
to internal arcs is investigated experimentally 
and compared with those in air as well as in SF6. 
Apart from this, quantities that are necessary for 
reliable calculations of the pressure development 
in switchgear rooms, the density dependent 
thermal transfer coefficient (kp-factor; the por-
tions of electric energy, which results in pressure 
rise) and the arc voltage are determined for these 
gases. As the gas data of CO2/air mixtures, which 
are necessary to calculate the pressure develop-
ment in switchgear rooms equipped with CO2 
insulated switchgear, have not been available, 
they are computed in a wide temperature and 
pressure range. 
 

2. EXPERIMENTAL RESULTS  
 
Test setup  
Measurements have been performed in a closed 
test vessel (70 L; electrode distance 10 cm; Cu 
electrodes) filled with different insulating gases. 
Fig. 1 shows the energy source, which is a LC 
resonant circuit (L = 314 µH, C = 36 mF, charg-
ing voltage 4 kV, stored energy nearly 300 kJ). 
Arc bending is reduced by the magnetic field of a 
cage-like arrangement of return conductors. 
 

 
 
Fig. 1   Sketch of the test circuit 



During the tests arc voltage, current and pressure 
have been measured. A typical current and volt-
age profile is provided in Fig. 2 and the corre-
sponding pressure developments in the test ves-
sel are presented in Fig. 3. Due to the discharge 
of the condenser bank C the current peak de-
creases over time. The number of half cycles 
varies with filling pressure and with the type of 
insulating gas. The arc voltage is nearly constant 
during the half cycles. The filling pressure has 
been altered between 25 and 200 kPa.  
 

 
Fig. 2   Current and arc voltage development for a test in CO2 
(filling pressure of the vessel 100 kPa) 
 

 
Fig. 3   Pressure development in the test vessel (filling pressure 
100 kPa, arc energy 180 to 200 kJ) for different insulating gases 
 
Due to the smaller heat capacity of air compared 
with CO2 and SF6 in the present temperature range 
the pressure peak in air is the highest. Inversely, the 
maximum pressure in the switchgear room will be 
expected to occur for SF6 insulated switchgear. This 
results from the higher energy density of the heated 
SF6 entering the switchgear room. The pressure 
decay after arc extinction is due to heat conduction. 
  
Energy transfer coefficient kp 
The kp-factor has been determined depending on 
gas density by varying the filling pressure in the 
test vessel and adapting calculated pressure de-
velopments to measured ones. The calculations  

are performed with the equation 

∆!   =     
! − 1
!

   ∙ !!    ∙   !!"!#    ∙   Δ!    . 

where ! is the ratio of specific heat capacities, V 
the vessel volume and !!"!#  the electric power [1].  
 
The results are provided in Fig. 4, where kp var-
ies with gas density. For air and CO2 as insulat-
ing gases it decreases with declining density, 
while it rises for SF6. The decrease of kp for air 
and CO2 is attributed to a change in the energy 
balance at high temperatures. In this case energy 
portions, which do not contribute to thermal en-
ergy (pressure rise) like radiation, become more 
important. In SF6 the particle multiplication by 
dissociation might be of importance. In the high-
er range of gas density (filling pressure) the vari-
ation of kp is smaller. 
 

 
Fig. 4    kp-factor depending on filling pressure (gas density) 
 
If an arc is ignited in a switchgear compartment 
with pressure relief opening, the gas density in 
the enclosure changes over time and by this the 
kp-value. This causes a reduction in pressure 
increase in air and CO2 within the switchgear 
building compared with a free burning arc in the 
building (enclosure effect). 
 
Fig. 5 shows the calculated maximum pressure 
increase in the test setup depending on energy 
input. The calculations were performed for the 
same boundary conditions as for the correspond-
ing measurements (symbols). Pressure and tem-
perature dependent gas data have been used as 
well as the kp-values given in Fig. 4. The devia-
tion of the measurement points from the calcu-
lated curve for CO2 at 100 kPa results from the 
fitted kp-curve taken from Fig. 4. Due to the low-
er heat capacity of air compared with SF6 and 
CO2, the maximum pressure rise in SF6 and CO2  
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Fig. 5   Calculated and measured pressure increase in the test 
vessel depending on electrical energy for 100 kPa filling pressure  
 
is about 66 % and 40 % lower than in air at the 
same boundary conditions.  
 
Arc voltage 
The arc voltage is a further quantity, which is 
needed for pressure calculation. It depends on 
several parameters. One of them is the type of 
gas. In Fig. 6 measurement values are shown 
depending on the filling pressure of the test ves-
sel. The arc voltage rises nearly linearly with gas 
density (filling pressure). This is understandable 
if one has in mind that with increasing particle 
density more particles are present in the inter-
electrode spacing, which must be ionised. Due to 
the low ionisation potential of sulphur atoms in 
the arc (and a stabilized arc by the cage of return 
conductors) the arc voltage in SF6 is lower than 
in the other gases. The arc voltages in air and 
CO2 do not differ considerably in this arrange-
ment. 

 
Fig. 6   Measured arc voltages in the test vessel for different filling 
pressures (10 cm gap distance, arc energy between 180 and 200 kJ) 
 

3. TRANSPORT PROPERTIES OF CO2/AIR 
MIXTURES 

To obtain reliable pressure values, thermody- 

namic and transport properties are needed. Plas-
ma compositions were obtained from the mass 
action law and from the chemical base concept 
described by Godin and Trepanier [2]. Assuming 
the Local Thermodynamic Equilibrium, the cal-
culations were done for pressures between 0.1 
and 10 MPa, temperatures from 300 K to 30 kK, 
and several mixtures (step of 10 % mole fraction 
from pure CO2 to pure air). 37 molecular species 
are considered (C2, C2

+, C2
-, O2, O2

+, O2
-, N2, N2

+, 
NO, NO+, CO, CO+, CN, CN+, CN-, C3, C3

-, CO2, 
CO2

-, CNN, NCN, C2N, C2O, NO2, NO2
-, N2O, 

N2O+, O3, N3, CNO, C2N2, C4, C3O2, NO3, N2O3, 
N2O4, N2O5), 14 atomic species (C, O, N, C-, C+, 
C2+, C3+, O-, O+, O2+, O3+, N+, N2+, N3+) and elec-
trons.  
 
The mass density and the enthalpy were directly 
deduced from the number densities, energies and 
standard states. The specific heat capacity at 
constant pressure, essential to determine the 
pressure, was obtained by the numerical deriva-
tive of enthalpy. The transport coefficients (vis-
cosity, electrical and thermal conductivities) 
were obtained using the Chapman-Enskog meth-
od based on the Boltzmann integro-differential 
equation. These properties are governed by elas-
tic collisions between all the species which are 
represented through effective functions called 
“collision integrals”. More details can be found 
in [3] to calculate these functions and determine 
the transport coefficients. For collisions in pure 
plasmas (air and CO2), we used the same colli-
sion integrals than those in [3, 4]. The collision 
between carbon and nitrogen species were treat-
ed using the Lennard-Jones potentials for neu-
tral-neutral interactions, polarisation potentials 
for neutral-ion interactions and screened Cou-
lombian potential for charged-charged particles. 
The associated parameters are given in [3]. 
 
It is observed that transport properties are influ-
enced in different ways when air concentration 
rises in the plasma: the peaks of the thermal con-
ductivity are influenced in terms of amplitude 
but not really in terms of position; the maximum 
of the viscosity increases and is slightly shifted 
to lower temperatures; the electrical conductivity 
strongly increases at low temperatures.  
 
The thermal conductivity is shown in Fig. 7 for 
CO2/air mixtures at 0.1 MPa. The behaviour is simi-
lar to the specific heat capacity and presents several 
peaks corresponding to the dissociation or ionisation 
phenomena (dissociation of CO2 and O2 at approxi-
mately 3.5 kK, dissociation of CO and O2 close to 
7 kK, ionisation of C, O and N close to 15 kK). 
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Fig. 7   Thermal conductivity of CO2/air mixtures for different mole 
fractions at 0.1 MPa 
 
The pressure influence on the properties have 
been studied as well: the peaks of the thermal 
conductivity are attenuated and shifted to higher 
temperatures and its values are higher at high 
temperatures; the maximum of viscosity increas-
es and is shifted to higher temperatures; the elec-
trical conductivity decreases at low temperature 
and increases at high temperature because ionisa-
tion is delayed when pressure increases. An ex-
ample is given in Fig. 8 for the thermal conduc-
tivity of pure CO2. 
 

 
Fig. 8    Thermal conductivity of pure CO2, influence of pressure 

 
 

4. CONCLUSIONS 
 
In order to use alternative insulating gases in 
electrical installations, the design of the installa-
tion has to be reconsidered with respect to inter-
nal arcing among others. In this connection pres-
sure rise is of importance. In the switchgear com-
partment, where an arc might appear, the over-
pressure is lowest if SF6 is used as filling gas and 
highest for air. For CO2 it is in between. This is 
mainly due to the corresponding heat capacities. 

As arc tests are not possible in the planning 
phase of new installations, reliable pressure cal-
culations must be performed. This is only possi-
ble, if pressure and temperature gas data are 
available. The data for CO2/air were determined 
from the plasma compositions and assuming 
Local Thermodynamic Equilibrium. According 
to the Chapman-Enskog method, intermediate 
functions called “collision integrals” were calcu-
lated to estimate the transport coefficients: vis-
cosity, electrical conductivity and thermal con-
ductivity. The results show that the presence of 
air in CO2 strongly modifies the electrical con-
ductivity and the viscosity altogether and there-
fore, slightly influences the peaks of the thermal 
conductivity. Moreover, they highlight the fact 
that the pressure also modifies these properties, 
more particularly the viscosity and the thermal 
conductivity.   
 
Furthermore, the thermal transfer coefficient and 
arc voltage must be known and in general have 
to be determined experimentally. For the test 
arrangement under investigation these values are 
provided.  
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