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Abstract�Currently, there is signi�cant effort worldwide in
the research and development of SF6-free high-voltage circuit
breakers, both in academia and industry. One of the most
important switching capabilities is thermal current interruption,
a process that, in modern self-blast breakers, strongly depends
on the coupled effects of nozzle geometry, nozzle ablation,
backheating, pressure build-up and gas out�ow, as well as contact
and puffer cylinder motion actuated through the drive. Previously
published investigations on the thermal interruption performance
of novel switching gases have used such designs, however, due
to the many coupled processes, it is not possible to control the
interruption conditions in order to make a full and comparative
evaluation of different SF6 alternative gas mixtures. The aim of
the present contribution is to present an experimental circuit
breaker tailored for use in basic experiments that allow for an
unbiased comparison of properties of alternative gas mixtures
relevant for current interruption. The breaker is based on a
novel puffer design with an overpressure relief valve that allows
the contact stroke and blow pressure to be predicted, controlled
and adjusted over a wide parameter range at current zero. This
contribution lists the requirements for such an experimental
circuit breaker and focuses on its design realization. Experimental
validation is given that this device can be used in benchmarking
the interruption characteristics of SF6 alternatives. Systematic
comparison of the thermal interruption performance of SF6
alternatives and investigations of the processes around current
zero will be reported in other publications.

Index Terms�Circuit breaker, SF6 alternatives, current inter-
ruption, thermal interruption performance.

I. INTRODUCTION

IN recent years, signi�cant advancements have been made
in the transition away from SF6 in the �eld of high voltage

technology. At the heart of this transition are high-voltage
circuit breakers, due to the sheer number and variety of their
tasks and demands in a power system. Different manufacturers
have proposed various SF6 alternatives, including both gas and
vacuum-based solutions. Commercially available gas alterna-
tives in high-voltage circuit breakers consist of CO2 as a base
gas with the possible addition of O2 and/or C4F7N or C5F10O.

Gas circuit breakers use an upstream overpressure to gen-
erate a strong gas �ow into the arcing zone, where the
arc is extinguished if conditions are favorable. After current
interruption, it is necessary to replace the hot gas present
between the arcing contacts with cold gas from upstream,
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in order to withstand the subsequent voltage stresses. The
upstream overpressure can be generated by mechanical action
(i.e. compression), by (back)heating driven by the arc itself, or
a combination of the two. For benchmarking the interruption
characteristics of gas mixtures, the same upstream pressure
must be maintained during the thermal interruption period,
to allow for comparisons under nominally equivalent, quasi-
stationaryconditions. In addition, the test object must ensure
that all components of the gas mixtures reach the arcing zone.
Investigations of the thermal interruption characteristics of
different gases/mixtures have usually been performed with
three types of test object: commercial circuit breakers [1]�
[4], pure self-blast devices with an ignition wire [5]�[7], and
two-pressure devices [8]�[10].

Commercial breakers have several disadvantages for such
investigations: in the case of self-blast breakers, the upstream
pressure is strongly coupled to the applied current, nozzle
geometry, and arcing time, making generalization of results
impossible. Puffer-type designs avoid this issue, however both
self-blast and traditional puffer designs will generate differ-
ent upstream pressures depending on the gas mixture under
investigation, due to differences in their �uid properties [11]�
[13]. Moreover, the possibility of keeping upstream pressure
constant around current zero for different gas mixtures is not
feasible in commercially available breakers of either design.

Test devices relying on an ignition wire do offer some
simplicity (no need for the drive), but they require more
work, including gas handling to open the device and install
a new wire for each arcing test. This effort is time and
resource intensive, and places severe limits on the number
of tests that can be performed. In addition, since the upstream
pressure is entirely generated with arc (back)heating, the same
disadvantages noted for self-blast breakers apply.

A two-pressure device is a device with de�ned (pre-
pressurized) upstream and downstream pressures. Although
this type of device is suitable for the comparison of inter-
ruption characteristics of natural-origin gases, gas mixtures
with �uorinated components such as C4F7N or C5F10O at
realistic upstream pressures (10 bar to 20 bar) will experience
liquefaction of these additives. Hence, it is not possible to use
this type of test object in the proposed investigation.

None of these approaches offer both the necessary repre-
sentative range and control of the upstream pressure. From the
present body of literature consisting of experiments performed
with such devices, it is not possible to make a full comparative
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evaluation of the switching performance of SF6 alternatives.
The High-Voltage Laboratory of ETH Z¤urich has therefore
started investigations and basic experiments that will allow an
unbiased comparison of properties of alternative gas mixtures
relevant for switching, with a focus on short-line fault-like
conditions, as the most severe short-circuit case [14]. For these
investigations, a tailored circuit breaker has been developed
according to a carefully composed list of requirements. These
requirements are presented here, together with simulation
results and commissioning measurements that demonstrate the
capabilities of this experimental breaker. The �rst results of
thermal interruption investigations with this breaker in SF6
alternative mixtures have already been published [15], [16].

II. METHODS

A. Experimental Device
The focus of the planned investigation is on the intrinsic

characteristics of the alternative gases that are relevant for cur-
rent interruption; therefore a suitable test object (experimental
circuit breaker) must provide the following:

� upstream pressure build-up only during switching,
� the same, constant pressure difference and contact gap

around current zero, independent of switching gas,
� upstream pressure buildup without arc backheating, i.e.

only cold gas �ow around current zero,
� no signi�cant metal vapor present in the arc around

current zero,
� generic geometry of the interrupter (not optimized for any

particular gas),
� optical access to the arcing region,
� thermal interruption performance comparable to commer-

cial gas circuit breakers =(i.e. interruption limit in a
similar range to standard short-circuit current ratings for
high voltage circuit breakers).

Several more detailed requirements were introduced in [14]:
� �The thermal interruption performance is a function of

the upstream pressure and of the pressure ratio between
the upstream and downstream region [8], [17], [18]. In
the test device the upstream pressure should thus be
easily and reproducibly adjustable so that the thermal
interruption performance can be studied in detail.�

� �The downstream (�ll) pressure should be �xed to
�0:5 MPa to prevent liquefaction of �uorinated additives
at higher pressures. The upstream pressure should cover
a realistic range of 1:0 MPa to 1:5 MPa.�

The minimum pressure ratio for sonic �ow in the nozzle
throat is given by Eq. 1,

pup

pthroat
=
�

 + 1

2

� 


+1

; (1)

assuming isentropic �ow conditions [19]. The pressure range
speci�ed above well exceeds this minimum pressure ratio in
both CO2 (�1.7) and SF6 (�1.8), ensuring sonic �ow in
the nozzle throat, and a shock-free region of supersonic �ow
downstream of it.

The experimental circuit breaker designed and built to meet
these requirements can be seen at the top of Fig. 1. A

Fig. 1. Photograph of experimental puffer circuit-breaker with inset view of
arcing region (top), sketch of interrupter (middle), and zoomed drawing of
arcing region, with labeled dimensions reported in Table I.

TABLE I
KEY DIMENSIONS OF STANDARD NOZZLE AND ARCING CONTACTS

Dp Dt lu lt �
15 mm 18 mm 13:5 mm 3 mm 17�

large tank size (>750 liters) was chosen to allow for a high
number of arcing tests with minimal decomposition of the �ll
gas. The experimental circuit breaker was designed around
a large puffer cylinder, where pressure build-up is achieved
by compression delivered by an overdimensioned hydraulic
drive. In addition, the puffer cylinder is equipped with an
overpressure relief valve system [20], with the task of ensuring
the same upstream pressure around current zero for different
gas mixtures. Under these conditions with matched upstream
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pressure, the exact �ow-�eld generated in the nozzle may
differ between gases, due to differences in gas properties. The
differences are most pronounced between CO2 to SF6, and
quite small among the various CO2-based alternatives. Under-
standing how these differences in �ow conditions in�uence the
interruption performance is one motive for the investigations
this device was designed to undertake. A schematic drawing
of this interrupter design is given at the bottom of Fig. 1.

Although self-blast circuit breaker technology is charac-
terized by the use of a relief valve on the compression
volume, the implementation of a relief valve system on this
experimental puffer-type circuit breaker is a novel approach.
The relief valve here needs to provide �ner control of the
pressure than in a commercial circuit breaker, which is realized
with a compact in-house design. Moreover, the design allows
the relief valve setting to be changed without the need to
disassemble the entire circuit breaker nor even the entire
interrupter.

The hydraulic drive is equipped with a throttle system for
adjusting its speed in the range from 2 m s�1 to 8 m s�1. This
system allows for additional �ne control over the upstream
pressure without opening the vessel, and can be adjusted to-
gether with the drive trigger delay to ensure the same distance
between arcing contacts around current zero. A suf�ciently
large nozzle throat diameter (18 mm) was selected in order to
avoid arc backheating for a pre-de�ned peak current (up to
5 kA), and to ensure that the arc is constantly blown during
switching. Since ablation of the nozzle will be minimal (throat
diameter is large for the selected current) the nozzle material
does not in�uence the performance, and it is possible to use
either standard PTFE or transparent PMMA interchangeably,
as shown in [16]. The opening angle of the nozzle was chosen
to be 17� to prevent shock formation through most of the
arcing region. The annular gap before the plug contact clears
the nozzle throat is 1:5 mm.

As the breaker is designed for purely experimental purposes
focused on thermal interruption, main contacts are not needed
and would interfere with optical access to the arcing region,
therefore only arcing contacts (made from W/Cu (80/20 wt%))
are used. A double-�ow arrangement (without an auxiliary
nozzle) was chosen, which, in combination with the limited
current amplitude, aids in minimizing the amount of metal
vapor present in the arc around current zero. The gap between
the arcing contacts at current zero can be set between 35 and
80 mm, depending on the arcing duration, independent of the
pressure build-up.

B. Simulation model

A lumped element model of the experimental circuit breaker
was created in Matlab Simulink. The model includes the
hydraulic drive, all moving parts, and the interrupter chamber,
including a dynamic model of the relief valve. The drive is
modeled using the hydraulic library, with the hydraulic �uid
connected via a piping system to the output rod which exerts
a force onto the puffer chamber pull rod. The internal piping
system has a variable �ow cross-section (throttle), with which
the speed of the drive can be controlled. The puffer chamber

TABLE II
SETTINGS FOR MATCHED CONDITIONS AT CZ IN SF6 AND CO2

CO2 SF6 (1) SF6 (2)
Relief valve spring pre-load 61 mm 61 mm 34 mm
Opening throttle cross-section 33 mm2 20 mm2 65 mm2

Opening trigger delay 19:2 ms 8 ms 24:1 ms

is modeled with the pneumatic library, and gas properties such
as density, compressibility, speci�c enthalpy, speci�c heat, and
viscosity need to be given as input parameters. The puffer
chamber is connected via the pull rod to the drive, and the
counter force from the piston pressure is self-consistently
calculated in the drive model. Alternatively, a measured travel
curve can be enforced as an input onto the puffer chamber.

The pressure build-up in the puffer volume is a consequence
of the reduction of the volume by the puffer motion, limited
by the gas out�ow. The out�ow cross-section varies during
the opening phase, as the plug contact initially blocks most
out�ow through the tulip contact and the nozzle throat, but the
maximum nozzle out�ow cross-section is gradually increased
as this blockage is reduced throughout the stroke. In addition,
during the high-current phase, the arc blocks part of the nozzle
cross-section and needs to be taken into account. The arc cross-
section is modeled according to Eq. 2 from [21],

D = 0:5
�
z
p

�1=4p
I=1000; (2)

where z is a critical length of the arc, p is the pressure
at the stagnation point, and I is the applied current. If the
puffer pressure exceeds a certain value, the resulting force
on the dedicated puffer relief valve surpasses the force of
the pre-loaded spring holding it closed, and the valve starts
to open, adding extra out�ow cross-section to limit the blow
pressure. At each time step, the position of the relief valve
plate is calculated based on the plate’s inertia and the net force
acting on it, bound at both end positions. The out�ow cross-
section of the valve is calculated based on the plate position
and other geometrical features. Finally, the net effective �ow
cross-section is calculated, taking the discharge coef�cient into
account.

Further input parameters of the model include the oil
pressure and oil �ow cross-section in the drive, dimensions
of the differential piston, drive damping characteristic, masses
of moving parts, gas volumes of the puffer cylinder and circuit
breaker enclosure, puffer piston area, characteristic �ow cross-
section pro�les (tulip contact, nozzle, relief valve), relief valve
parameters (spring characteristic, spring pre-load, valve plate
area), and the applied current (when applicable). In addition,
the discharge coef�cients of the ori�ces (tulip contact, nozzle,
relief valve) were determined based on the work presented in
[20]. This model was developed for the design phase, but has
also been used during test campaigns to identify the proper
experimental settings to achieve desired conditions.

Fig. 2 shows how this model can be used to �nd the required
settings of the experimental circuit breaker to provide the same
upstream pressure (1 MPa) with the same contact gap (42 mm)
at current-zero for two different gases (CO2 and SF6). There
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Fig. 2. Simulation results showing matched pressure and contact stroke at
CZ (indicated with vertical line) for CO2 and SF6. Results presented for SF6
with the same relief valve setting (1) and after a relief valve adjustment (2).

Fig. 3. Simulation results showing different upstream pressures achievable
with CO2 for the same contact stroke at CZ (indicated with vertical line).

are two approaches to setting the breaker: solely adjusting
the drive’s opening throttle cross-section, thereby modifying
the opening speed, or also adjusting the pre-load of the relief
valve spring. The �rst approach is the easiest, as it requires
no mechanical changes, however reduced opening speeds can
result in necessary arcing times in excess of 10 ms. This can
be problematic in setups that require conditions to be achieved
within a single 50 Hz half-wave, however there is no 10 ms
restriction for the current source used in this investigation.
Adjusting the relief valve setting offers the possibility to limit
the upstream pressure without reducing opening speed, as seen
in Fig. 2. Table II lists the settings needed to achieved these
matched conditions in CO2 and SF6.

Fig. 3 demonstrates how the upstream pressure may be
set over the range from 1:0 MPa to 1:2 MPa for CO2, while
keeping the same distance between arcing contacts at current
zero. This range of pressure control in CO2 can be achieved
purely through adjustments to the drive opening throttle and
trigger delay settings (i.e. the time at which the signal is sent to

TABLE III
SETTINGS TO ACHIEVE TARGET UPSTREAM PRESSURE FOR MATCHED ARC

LENGTH AT CZ IN CO2

10 bar 11 bar 12 bar
Opening throttle cross-section 33 mm2 39 mm2 63 mm2

Opening trigger delay 0 ms 1:35 ms 4:5 ms

Fig. 4. Synthetic test circuit used for thermal interruption testing.

open the breaker, relative to the initiation of the experiment),
as shown in Table III. The settings are chosen to achieve the
desired pressure buildup and contact gap at the target time for
current-zero indicated in the �gure. In order to maintain quasi-
stationary conditions inside the nozzle during interruption, it
is also important that the pressure buildup is relatively stable
around current zero, a requirement that is examined more
closely in Section III-A2. Higher upstream pressures can be
achieved through additional adjustments to the relief valve.

C. Test Circuit
To produce thermal interruption test conditions, a Weill-

Dobke type synthetic test circuit was developed, as shown
in Fig. 4 and described in more detail in [14], [22]. This
drawing depicts the two parallel parts of the circuit: the high-
current (HC) circuit on the left side is initiated �rst, before
the arcing contacts of the experimental circuit breaker (ST)
are fully separated, delivering current to sustain an arc as
the breaker opens. On the right side of the drawing is the
high voltage (HV) circuit (i.e. the current injection circuit),
which is triggered via the spark gap (SG) shortly before the
current from the HC circuit is extinguished. The injection
circuit applies short-line fault-like current and voltage stresses
to the experimental breaker throughout the period of thermal
interruption surrounding current-zero. For some commission-
ing tests presented here, only the high-current part of the
circuit was used, while the interruption tests also used the
current injection circuit.

D. Measurement method
In order to measure the contact stroke/speed, a Novotechnik

TLH-0225 linear travel encoder is mounted on the drive cou-
pling, allowing for direct measurement of the contact position.
A KISTLER 4075A20 transient pressure sensor is mounted on
the piston, allowing for measurement of the transient pressure
build-up inside the puffer volume. A Photron SA-Z high
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Fig. 5. Comparison of measurement and simulation results from no-load tests
at two different �lling pressures.

speed camera was used together with narrowband spectral
�lters to investigate the metal vapor distribution in the arcing
region. The current delivered by the synthetic test circuit was
measured with a LEM LT-4000 current transducer, and the arc
voltage and transient recovery voltage were measured with a
1000:1 North Star PVM-1 HV divider.

III. RESULTS & DISCUSSION

The following results were obtained during the commission-
ing of the experimental circuit breaker, and are used to verify
that the breaker ful�lls the requirements outlined in Section
II-A. Comparisons are also made with simulation results (from
the Matlab Simulink model presented in Section II-B) in order
to validate the model and con�rm that the breaker operates
according to expectations. All measurement results shown
were performed with pure CO2.

A. Performance veri�cation under no-load conditions

1) Results: Since the experimental circuit breaker is de-
signed to avoid arc backheating, the results of no-load tests
(without an arc) can already give an indication of the capa-
bilities of the test device. Fig. 5 shows a comparison between
the pressure measured in the puffer volume during no-load
operation for two different �lling pressures, together with
simulation results. Two simulated pressure curves are shown
for each setting: for the �rst, dashed trace, the stroke measured
during the no-load test was used as an input, while for the
second, dotted trace, the complete model of hydraulic drive is
implemented and used to generate a simulated stroke. Mea-
surements were also performed to verify that target upstream
pressure values of 1, 1.1, 1.2 and 1.3 MPa could be generated
during no-load operation, as shown in Fig. 6. The target
pressures of 1, 1.1 and 1.2 MPa (corresponding to a �p
of 5, 6 and 7 bar, respectively) were achieved purely by
changing drive settings, while achieving an upstream pressure
of 1:3 MPa required also changing the relief valve setting.

Fig. 6. Upstream pressure and contact stroke measurements from no-load tests
in CO2 at four pressure settings. The target time for current zero is indicated
with the vertical line, while the horizontal line indicates the stroke position at
which contact separation occurs. Note: the break in the �p = 5 bar pressure
curve at 39 ms corresponds to a strong EMI noise spike that was removed
from the plotted measurement trace.

2) Discussion: Fig. 5 shows excellent agreement between
the measurement and simulation results for two different �lling
pressures of CO2 gas. Since the pressure in the puffer volume
during an opening operation is very sensitive to the contact
stroke, the simulation model of the interrupter was �rst veri�ed
with the recorded stroke as an input. For the 0:5 MPa �lling
pressure case, the knee in the pressure curve at around 40 ms
indicates the relief valve closing (showing that the relief
valve opened during this opening operation), while for the
0:3 MPa �lling pressure test, the relief valve does not open.
Good agreement is also maintained between the measured and
simulated contact stroke and pressure for the full simulation
case, validating the complete Simulink model, including the
model of the hydraulic drive.

The results shown in Fig. 6 demonstrate that the experi-
mental circuit breaker is able to achieve the required range
and control of the upstream pressure. The results also con�rm
the Simulink model’s prediction that upstream pressures of
up to 1:2 MPa may be achieved purely through adjustment of
the drive throttle setting, while the higher 1:3 MPa pressure
requires a relief valve adjustment. Even higher upstream pres-
sures are possible through further adjustment of the throttle
and/or the relief valve setting. The upstream pressure also
rises by approximately 0:1 MPa during arcing tests compared
to no-load conditions, as shown in Section III-B. Therefore,
it is possible to achieve upstream pressures ranging from
1:0 MPa to 1:5 MPa, with a plateau around current zero.
Higher pressures shorten this plateau, however 1 ms to 2 ms
of near-constant upstream pressure around current zero should
be more than suf�cient to develop quasi-stationary �ow in
the nozzle, as this is approximately the timescale of pressure
oscillations caused by �ow reversal under self-blast conditions
[23], [24], while here no �ow reversal occurs due to the
absence of backheating. Different gases/mixtures will require
different interrupter and/or drive settings, but the same up-
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Fig. 7. Comparison of measured and simulated pressure buildup in puffer
volume with and without an arc.

Fig. 8. Measured upstream pressure, current, and arc voltage from two
arbitrary arcing tests with the same circuit breaker and test circuit settings.

stream pressure range is accessible for all gases.

B. Performance veri�cation under arcing conditions
1) Results: Fig. 7 shows the contact stroke and upstream

pressure measured during no-load and arcing tests in CO2 gas.
The current applied during the arcing test is also shown, with
the instants of contact separation and current zero indicated
in the �gure. The peak of the current is close to 5 kA and
the arc duration is 9 ms. For this test, only the high current
part of the test circuit was used. The difference between the
contact stroke for the no-load and arcing tests is negligible.
The upstream pressure around current zero is up to 0:1 MPa
higher during the arcing test compared to the no-load test.
In addition, simulation results (dashed lines) for the upstream
pressure are given, where the arc is treated only as a solid
body blocking the �ow, with a cross-section given by Eq. 2.
For both simulation results, the measured stroke and current
were used as inputs.

Fig 8 shows the measured upstream pressure, current, and
arc voltage for two arbitrary arcing tests performed in CO2 gas,

Fig. 9. Measured upstream pressure and contact stroke from two interruption
tests with different upstream pressure settings but the same test circuit setting.
Time axis is referenced to the current zero instant.

with the same circuit breaker and test circuit settings. Veri�-
cation measurements were also performed to con�rm that the
pressure build-up near current zero could still be adequately
predicted and controlled despite the in�uence of the arc. Fig.
9 shows example measurements taken from interruption tests
performed with two different upstream pressure settings. The
�gure is zoomed in on the last 2 ms prior to CZ, showing the
tail end of the high current pulse and the full 2 kA, 600 Hz
positive half-wave provided by the current injection circuit. In
both cases the injected current was successfully interrupted at
the �rst current zero crossing.

2) Discussion: It was hypothesized that the higher pressure
observed during arcing tests (in comparison to no-load tests) is
caused by the arc obstructing �ow through the nozzle, and is
not indicative of arc backheating. This hypothesis is con�rmed
by the results presented in Fig. 7, with good agreement
observed between the measurement and simulation results.
Since the model treats the arc only as a solid body obstructing
the �ow, and no arc (back)heating processes are considered,
this result demonstrates that the additional pressure buildup
observed during the arcing test can be fully explained by the
�ow disruption caused by the arc, and that no backheating
occurs during arcing tests up to 5 kA peak current.

For the planned investigation, the repeatability of experi-
mental conditions is paramount. Fig. 8 shows the measured
upstream pressure and arc voltage from two arbitrary arcing
tests in CO2 gas, with the same settings of the experimental
circuit breaker and test circuit. Subsequent test campaigns have
shown that the repeatability is similar in other gases and can be
maintained over a large number of shots, thanks to the design
choices that limit nozzle and contact erosion.

Another critical requirement is the ability to control and
maintain constant upstream pressure during the period around
current zero. The plot shown in Fig. 9 is zoomed in to highlight
that even with the arc in�uence on the pressure build-up, it is
possible to maintain a constant blow pressure around current
zero for different upstream pressure settings. The pressure
here changes very little for 1 ms to 2 ms around current zero,
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Fig. 10. Filtered high-speed camera images from arcing tests.

allowing quasi-stationary �ow to form in the nozzle.

C. Optical investigation of metal vapor distribution

1) Results: During the commissioning tests, a high-speed
camera was used in combination with narrowband (10 nm
FWHM) spectral �lters selected to correspond to strong emis-
sion lines of oxygen (780 nm) and copper (520 nm). These �l-
ters allow for separate imaging of emission from the switching
gas species (primarily oxygen in CO2), and from metal vapor
originating from ablation of the W/Cu arcing contacts (with
the Cu �lter). Fig. 10 shows a comparison between selected
frames with these two �lters from two arcing tests performed
with the same circuit breaker and test circuit settings (peak
upstream pressure around 1:0 MPa, peak current 5 kA, no
injection current). Four frames are shown, starting from the
high current phase, and ending 100 µs before current zero. In
the images, the inner contour of the nozzle is highlighted with
a yellow outline, the moving tulip contact is on the left, and
on the right is the stationary plug.

2) Discussion: The nozzle curvature creates a lensing effect
that distorts the perceived shape and size of the arc, creating
the appearance of a discontinuity around the stagnation point.
This effect does not interfere with observation of the axial
development of the arc. Emission from the switching gas is
most intense in the upstream region, but is visible throughout
the nozzle from the high current phase until the last frame
before current zero. The measurements with the Cu �lter show
that the metal vapor largely �lls the contact gap during the
high current phase. After the plug contact clears the nozzle

Fig. 11. Plot of measured current and voltage near CZ during interruption
tests in CO2. Time axis is referenced to the current zero instant.

Fig. 12. Plot of measured current, voltage and pressure near CZ during 5
consecutive interruption tests performed with the same breaker and test circuit
settings in CO2 at p = 1:1 MPa.

throat (second frame), a stronger out�ow is generated and the
metal vapor begins to clear. In the �nal 1 ms before current
zero, the metal vapor is localized around the arcing contacts,
while 100 µs before current zero no Cu emission is visible.
This suggests that the presence of metal vapor in the arc at
current zero is minimal. This is an important con�rmation,
since the focus of the planned investigation is on intrinsic
properties of the alternative gases, requiring a high purity arc
composition near current zero. The amount of metal vapor
present leading up to current zero may increase somewhat
during interruption tests due to the higher di=dt, but the overall
contribution of metal vapor to the arc composition near current
zero is minimal for peak currents below 5 kA. Continuing
investigations will aim to achieve a more quantitative optical
evaluation of the arc with emission spectroscopy methods.

D. Thermal interruption performance of the experimental
circuit breaker
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TABLE IV
THERMAL INTERRUPTION LIMIT TEST RESULTS IN CO2 AND SF6 .

Gas pup Ntests (dI=dt)lim ISC
CO2 11 bar 90 9 A=µs 20 kA
SF6 11 bar 40 12:4 A=µs 31:5 kA

Fig. 13. Results of thermal interruption limit testing in CO2 at three different
upstream pressure settings, together with pressure scaling �t to Eq. 3

1) Results: The �nal part of commissioning was the deter-
mination of the thermal interruption limit of the experimental
circuit breaker in pure CO2 and SF6, with the upstream
pressure in the required range. The performance limit was
investigated with the full synthetic test circuit, including
injection current and transient recovery voltage, under short-
line fault-like conditions. The limit was found by varying the
applied di=dt (at a �xed 450 
 surge impedance) according
to the procedure described in [22], until the threshold is
identi�ed. This procedure entails performing at least 5 tests
at each prospective di=dt setting, and then varying di=dt in
increments of �0:3 A µs�1, until a range from 100% successes
to 100% failures is covered (typically 40+ shots). Fig. 11
presents the measured current and voltage around current zero
from two tests performed near the limit in CO2; one failure and
one success. The upstream pressure at current zero was set to
1:1 MPa. The results of the interruption limit tests performed
in CO2 and SF6 are summarized in Table IV. Fig. 12 shows
example current, voltage and pressure measurement traces for
the 5 shots performed at the highest di=dt setting tested in
CO2, corresponding to 10 A µs�1, where 5 consecutive failures
were observed.

The same thermal interruption limit testing approach was
repeated for three different upstream pressure settings for CO2
gas, at the same 0:5 MPa �ll pressure, producing the results
presented in Fig. 13. Also plotted is a �t to the functional form
given in Eq. 3,

di=dtlim(p) = A(
pup

p�ll
� 1)n; (3)

providing an estimate of the pressure scaling of the thermal
interruption limit in CO2. This �t yielded a value of n = 0.45

for the scaling exponent.
2) Discussion: For the 8:5 A µs�1 test presented in Fig.

11, the current ceases after the current zero instant while
the arc voltage reverses and rises to the transient recovery
voltage. When the applied di=dt is increased to 9:5 A µs�1,
the same upstream pressure was not suf�cient to provide
favorable conditions and a thermal reignition occurs, where
the voltage shortly after current zero collapses back to the arc
voltage and current continues to �ow. It has also been observed
that in CO2 gas, �hot dielectric� failures may occur under
short-line fault-like conditions, however not all gas mixtures
exhibit such failures [15], [16]. This phenomenon points to
intriguing differences in the intrinsic switching properties
of the SF6 alternative mixtures, however to benchmark the
performance of the device, only the pure thermal interruption
performance should be considered. Thermal performance can
be investigated independently by classifying failures according
to the reignition mechanism, as described in [15].

For CO2 gas at an upstream pressure of 1:1 MPa, the
thermal interruption limit was determined to be 9 A µs�1. The
same testing procedure was carried out in SF6 at the same
upstream pressure setting, and yielded a limit of 12:4 A µs�1.
For SLF L90-like conditions, these di=dt values closely corre-
spond to 50 Hz IEC short-circuit current ratings of 20 kA and
31:5 kA for CO2 and SF6, respectively, con�rming that the
thermal interruption performance of the experimental circuit
breaker is comparable to commercial high-voltage circuit
breakers, considering the pressure used.

The measurements shown in Fig. 12 are exemplary of
the high repeatability of the full experimental system during
interruption tests. It can be seen that for a given experimental
setting, current zero reliably occurs at the same instant relative
to the initiation of the experiment to within 5 µs. Though the
instantaneous arc voltage can vary somewhat between shots
due to the stochastic nature of arc �uctuations, the shape and
timing of the extinction peak rise is also highly reproducible.
Furthermore, the pressure measurements demonstrate that the
pressure buildup at current zero can be controlled to within
100 mbar, and kept nearly constant over the few hundred µs
surrounding current zero.

The results presented in Fig. 13 show good agreement with
the pressure scaling �t. The best-�t exponent value of n =
0.45 is very close to the theoretical prediction of pp pressure
scaling reported in [25], where it was also shown that the
pressure dependence of the thermal interruption performance
should be largely insensitive to the gas mixture. These results
are consistent with previous investigations performed in SF6,
where it was shown that the thermal interruption limit scaled
according to p0:42

up , while the pressure ratio was held �xed
[26]. Similar scaling was observed in the same study as the
pressure ratio was varied at a �xed upstream pressure, until a
plateau was reached. At higher pressure ratios it is expected
that the dependence on the pressure ratio becomes weak,
and that performance scales mainly with upstream pressure.
Future experiments with this device will aim to attain a deeper
understanding of the interruption performance in CO2 over a
wide range of pressures and �ow conditions.

The shaded region in Fig. 13 represents the scatter in
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test outcomes that originates from the inherently statistical
nature of interruption tests, which was characterized using the
method described in [22]. Inside of this region, the result of
an individual interruption test cannot be predicted to better
than 1� uncertainty, while in the area below, a successful
interruption can be anticipated. The determined thermal in-
terruption limits are susceptible to uncertainties originating
from the experimental scatter in test outcomes, from the
classi�cation of the failure mechanism, and from pressure
variation over the course of many tests (� 100 mbar). Despite
these uncertainties, which are represented with error bars in
the �gure, it can be seen that the interruption limit can be
determined to a high degree of precision. This is due to the
large number of tests used to identify the limit, which is made
possible by the high repeatability afforded by the test device,
with minimal erosion and gas decomposition.

IV. CONCLUSIONS

This paper presents a tailored experimental circuit breaker
that will be used in basic experiments that allow an un-
biased comparison of properties of alternative gas mixtures
relevant for current interruption. This investigation requires
a test object that develops an upstream pressure build-up
only during switching, a constant pressure difference and
constant contact gap around current zero, exclusion of arc
backheating, exclusion of metal vapor in the arc around current
zero, a generic interrupter geometry, and thermal interruption
performance comparable with commercial high-voltage circuit
breakers. The presented experimental circuit breaker is based
on an oversized puffer cylinder, where pressure build-up is
achieved by compression delivered by the stroke of an over-
dimensioned hydraulic drive. In addition, the puffer cylinder
is equipped with a relief valve system that allows for the
same upstream pressure around current zero for different
gas mixtures. The exclusion of arc backheating and metal
vapor around current zero was achieved with suf�ciently large
nozzle throat diameter and with a double-�ow arrangement,
respectively. The results of commissioning tests showed the
necessary range and control of the upstream pressure, veri�ed
the absence of metal vapor and backheating, and con�rmed
similar thermal interruption performance to commercial high-
voltage circuit breakers, demonstrating the ful�llment of the
above listed requirements.
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