
doi:10.14311/ppt.2017.2.194
Plasma Physics and Technology 4(2):194–197, 2017 © Department of Physics, FEE CTU in Prague, 2017

INTERRUPTION OF WEAKLY COOLED ARCS IN AIR AND AIRPLUS
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Abstract. Switching of low current arcs in free burning or weakly cooled conditions is mainly
determined by the thermal properties of the gas. Products with such switching conditions are widely
found in secondary distribution medium voltage (MV) gas insulated switchgears (GIS). In this study,
we compare the current interruption capability of synthetic air and AirPlusTM, i.e. a mixture of
synthetic air with C5F10O fluoroketone (C5-FK). We focus on thermal interruption performance of the
gases. AirPlus mixture corresponds to -25◦C condensation temperature of C5-FK. An arc is drawn
between the contacts and cooled by blowing cold gas from a tank. Blowing pressure required for current
interruption is compared. Within the measurement accuracy, the current interruption performance of
both gases is similar. Chemical analysis of the AirPlus mixture after 69 shots was performed using Gas
Chromatography Mass Spectroscopy (GCMS) and it shows very little decrease in the concentration of
C5-FK.
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1. Introduction
Load break switches (LBS) are often used in medium
voltage (MV) secondary distribution for interrupting
low currents typically in the range of few hundreds
of Ampere. The arc in the LBS is either free burning
or very weakly blown. In these situations, current
interruption is mainly determined by the intrinsic
physical properties of the arcing medium. SF6 is
currently used in LBSs owing to its extremely good
switching and dielectric properties.
SF6 has a high global warming potential (GWP)

and this might lead to regulations in future to mini-
mize its usage in specific applications, e.g. European
Union (EU) has targeted to replace SF6 specifically
from MV secondary distribution GIS [1]. Recently,
the search for an alternative gas with low GWP value
has intensified for high and medium voltage appli-
cations. It is challenging to find a gas which has
as good switching, dielectric, and thermal proper-
ties as that of SF6. In last years, different families
of molecule like perfluoroketones (PFK) [2], perflu-
oronitriles (PFN) [3] have emerged as a promising
candidate for an alternative gas. These gases have a
relatively high boiling point and so they must be used
in mixture with other gases (like air or CO2) for low
temperature applications (−5◦C or below). Different
groups have reported on the switching [4, 5] and insu-
lation [6, 7] properties of these gases for HV [3, 8] and
MV [9–11] applications. In this article, we compare
the current interruption capabilities of AirPlus, i.e.
a mixture of C5F10O fluroketone (C5-FK) with air.
Current and voltage waveforms were based on the IEC
norm for active load test duty of 24 kV/630A rating
of LBS [12]. We specifically evaluate the thermal in-
terruption capability of AirPlus mixture and compare
it with air. Thermal interruption phase is dominated

by current (di
dt ) and voltage (du

dt ) stresses in a small
time window (few 10µs) around current zero (CZ).
We did not explore the performance of the gas in the
presence of the transient recovery voltage (TRV) peak
or the recovery voltage which appears later. For our
experiments, the arc is weakly cooled, i.e. the flow is
sub-sonic. After the experiments were completed, gas
samples were taken and analysed for the formation
of decomposition product and decrease in the C5-FK
concentration.

2. Experimental method
The test object (TO) has been designed in a way that
several parameters (blowing pressure, travel, work-
ing gas) can be varied independently. It is a metal
enclosed housing of 250 litre volume which can be
filled to different pressures. The housing encloses a
model LBS and a drive to move the contacts. The
model LBS consists of a plug-tulip contact made of
tungsten-copper and a nozzle made from transparent
Poly-methyl-methacrylate (PMMA). A simple pneu-
matic cylinder is used as a mechanical drive to move
the contacts. The stroke was adjusted to 85mm and
the average speed was in the range of 3–5m/s. The
metal housing also has a quartz window to gain direct
optical access to the arcing zone. A high speed cam-
era with a maximum frame rate of 14000 fps is used
to capture videos of the arcing zone during current
interruption.

2.1. Test circuit
During the experiment, an arc is drawn between the
contacts by moving them apart. Such an arcing event
is referred to as "shot" in the rest of this article. During
a typical shot, the plasma created during the high cur-
rent phase starts to cool down as CZ is approached. If
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Figure 1. Electrical circuit.

the plasma is not sufficiently cooled and stays conduc-
tive, the current continues after CZ. This is referred
to as "thermal failure". Both the current and voltage
stresses at CZ are decisive for successful thermal inter-
ruption. The circuit was built accordingly to measure
the thermal interruption performance of the gas.
The electrical circuit consists of three parallel

branches as shown in Figure 1. The primary cir-
cuit is optimized for low damping by using coils with
low ohmic losses (large conductor cross section) and
tuned to a frequency of 50Hz. The TO is located in
the secondary circuit, where the current is limited by
a high inductance Ls. Since Ls > Lp, only a small
fraction of the current is bypassed through the sec-
ondary circuit so that the damping rate is mostly
determined by the primary circuit, and there is only
a minor change in the power frequency due to the
influence of the secondary circuit. The rate of rise of
recovery voltage (RRRV) is adjusted by a capacitor
and a resistor parallel to the TO. The nominal val-
ues of the circuit elements are compiled in Table 1.
The circuit impedance Zcircuit = du/dt

di/dt

∣∣∣
CZ

seen by
the test object is mostly determined by the resistor
RTRV, and Zcircuit was adjusted to 250Ω by choos-
ing an appropriate RTRV. During the experiment, if
the current through the TO changes, the RRRV is
changed as well, since the Z is fixed (du

dt = Z di
dt ). The

value of Z for common ratings of LBS is shown in
Table 2. The circuit components were adjusted so
that at a charging voltage of ≈ 3 kV of Cp the de-
sired current (Irms ≈ 630A) is flowing through the
model LBS. Lower charging voltages would have led
to arc circuit interaction around CZ, while the highest
achievable charging voltage was limited by the voltage
rating of the capacitors Cp to 4 kV. The TRV peak
was typically in the range of 3–4 kV depending on the
charging voltage.

2.2. Gas handling system
The TO was filled to 1.3 bar, a pressure typical for
LBS. In some LBS, the puffer mechanism is used
to create a gas flow which cools the arc [11]. We

Circuit element Values
Cp 7mF, charged to 4 kV
Lp, Rp 1.66mH, 15.5mΩ
Ls, Rs 7.4mH, 0.1–1Ω
CTRV, RTRV 2 µF, 310Ω
f ≈ 50Hz
Zcircuit ≈ 250 Ω

Table 1. Circuit elements corresponding to the
schematic shown in Figure 1.

Rated voltage RRRVCZ Z
kV V/µs Ω
12 51.5 184
24 70 250
36 86 308

Table 2. RRRV and effective impedance at current
zero according to the IEC mainly active load type test
duty for a current of 630A and different rated volt-
ages [12].

wanted to control the pressure required to cool the arc
independently from the stroke and so a closed gas flow
system was built around the TO. The schematic of
the gas handling system is shown in Figure 2. At the
beginning of each experiment, the high pressure tank
(VHP) is charged with gas to high pressures by the
compressor. The pressure in VHP is highest amongst
all volume elements as it controls the pressures in the
tank and TO. Two precision pressure regulators are
directly connected to VHP and are used to maintain a
constant pressure in the tank (ptank) and TO (pTO).
In this way, the pressure in the TO is kept constant at
1.3 bar and the pressure in the tank is independently
and precisely controlled. During any experiment the
valve was opened for a certain amount of time and the
gas flew from the tank to the TO to cool the arc. This
system was used for both the series of experiments
related to air and AirPlus.

Figure 2. Sketch of the gas handling system.
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Figure 3. Sketch of gas flow path from tank to arc
during any shot.  denotes pressure sensor mounted
to the tank and mixing volume.

Figure 4. Image from high speed camera.

2.3. Experimental procedure
During any shot, the arc was drawn between the con-
tacts and cooled by blowing the gas from the tank.
The gas flows from the tank to the "mixing volume"
inside the TO and then through the tulip into the
arcing zone. The schematic of the blowing mechanism
is shown in Figure 3. The mixing volume (Vmix ≈
0.5 litre) was equipped with a differential pressure
sensor to measure the pressure pmix. Since the pres-
sure in the TO is fixed to 1.3 bar, measurement of
the pressure inside the mixing volume directly gives
the pressure drop across the tulip ∆p. During any
shot, the blowing was started first and a flow was
established before an arc was drawn between the con-
tacts. The current was injected just before contact
separation so that the arcing time is in the range of
tarc= 8–10ms. Interruption was considered successful,
when it took place at the first CZ after the contact
separation, otherwise it was considered as a failure.
The high speed camera was used to make video during
the entire arcing time. Figure 4 shows an image of
the arc drawn between the contacts. Figure 5 shows
current through the TO and the arc voltage for a
typical shot (resulting in interruption).

We used the standard Up&Down statistical method
[13] to determine the current (I50) at which holds and
fails occur with 50% probability for a fixed set of
parameters (blowing pressure, Z, travel, speed).
We used a mixture of ≈ 8% C5-FK and air. This

mixture remains fully gaseous down to temperature
of −25 ◦C. The total filling pressure was 1.3 bar. For
the case of air, synthetic air was filled up to 1.3 bar
inside the TO.

3. Results and dicussion
3.1. Interruption performance
Figure 6 shows the result from the two experimental
test series. I50 is plotted against the blowing over-

Figure 5. Arc voltage of AirPlus and air. Inset shows
the current and the TRV-peak.

Figure 6. I50 against the normalized pressure drop
across the tulip.

pressure. The X-axis shows the pressure required
to interrupt a current normalized by the pressure re-
quired to interrupt 435A of current for AirPlus. From
the plot, we can conclude that within the measure-
ment accuracy, the interruption performance of both
gases are similar. Addition of C5-FK has no significant
influence and the thermal interruption performance
of the mixture is dominated by air which contribute
to about 92% of the mixture. Figure 5 shows the arc
voltage from a measurement of air and AirPlus for
the same current and blowing over-pressure. From
the plot one sees that there is no significant difference
in the arc voltage of the two gases. The inset in the
figure shows the current and the full TRV peak.

The energy injected into the gas volume can be esti-
mated by the following procedure. Taking an average
arc voltage of 200V from Figure 5 and 630A current
and 10ms of arcing time leads to an approximate value
of 87 kJ of energy for all the 69 shots. But the actual
energy input should be higher than the approximate
value because we have performed up-down statistics
on current and many of the shots have higher than
630A of current flowing. For example Figure 5 shows
about 920A of current. Besides this, about 50% of
the shots resulted in fails and for these shots, the
arcing time varied between 20–50ms. Hence the total
energy input can be estimated to be 3–4 times higher
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Figure 7. Chromatogram of gas sample taken after the
arcing experiment.

Nr. Chemical name Formula
1 Nitrogen/Oxygen N2, O2
2 Tetrafluoromethane CF4
3 Carbondioxide CO2
4 Hexafluoroethane C2F6
5 Octafluoropropane C3F8
6 Hexafluoropropene C3F6
7 Decafluorobutane C4F10
8 2H-Heptafluoropropane C3HF7
9 C5-FK C5F10O

Table 3. Molecules found after the test.

than the approximate value. Taking an integral of
I × V for all shots we get 341 kJ which is close to the
approximate calculation.

3.2. Decomposition products
Experiments were performed without any adsorbent
inside the TO to get the full composition of the by-
products. For experiments with AirPlus, gas samples
were taken before and after the test and given for
analysis using GCMS [14]. The chromatogram of the
sample after testing is shown in Figure 7. The peak in
retention time corresponds to different species present
in the gas sample. The molecules corresponding to
these peaks are shown in Table 3. These created
molecules are also found in other investigations re-
lated to switching in C5-FK mixture [5]. All of these
compounds have LC50 value (4 hour exposure to rats)
greater than 2500 ppmv and hence they are not toxic
according to GHS regulation [15]. Fourier transform
infrared spectroscopic measurements were not per-
formed and therefore the presence of CO or CF2O
cannot be excluded. Comparison of the GCMS results
from gas samples taken before and after the experi-
ments show very little drop in the concentration of
C5-FK. Pressure was measured in all the volume ele-
ments during the experiment and negligible pressure
rise below 20mbar was observed.

4. Conclusions
In this report we compared the low current ther-
mal interruption performance of AirPlus with air in

weakly blown conditions. The dielectric performance
of the mixture is not compared. The results show that
AirPlus has similar thermal interruption performance
as compared to air. Chemical analysis of the gas sam-
ples with GCMS shows no toxic by-products and very
little decrease in the composition of C5-FK. There
was negligible pressure rise after the experiment.
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