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Summary

Compact load break switches (LBSs) are common inside compact substations, and other
places in the medium voltage distribution system where space is a limiting factor. SFg is
usually applied as interruption and insulation gas due to its excellent electrical characteris-
tics. However, because of its strong greenhouse gas potential, other more environmentally
benign gases, like air, are of interest to the industry.

Current interruption is a complex process, and optimising the design of a medium voltage
LBS is difficult. When using air instead of SFg, optimisation with regard to size is
important, since larger equipment will not fit in many existing installation sites. Due to
the superior properties of SFg, little research has been done on using air as interrupting gas
in LBSs, and good simulation tools for design optimisation are yet to be developed.

This master thesis concerns current interruption in air at load currents with different
nozzle and contact geometries, and investigates how the air flow is affected by these
parameters. Furthermore, the possibility to use the arcing voltage as a parameter in
the development of a simulation tool for predicting the outcome of an interruption is also
examined. A high-speed camera has been used to film the interruption to more thoroughly
understand the impact the air flow has on the arc.

This report consists mainly of experimental work conducted with a test switch and labo-
ratory designed for parameter studies, and with test conditions similar to those used for
product testing.

The results from current interruption testing show that the minimum upstream over-
pressure needed to successfully interrupt the current varies for different currents and
nozzle geometries. For the 24 kV / 630 A tests, a threshold value for obtaining successful
interruptions seems to be 0.3 bar over-pressure, while at 880 A an over-pressure of at
least 0.4 bar is required for the tested geometries.

The arcing voltage was monitored during successful and unsuccessful current interrup-
tions, but no clear difference in the arcing voltage was found between the two out-
comes.

During interruption testing, steep drops in the arcing voltage have occasionally been
observed. By filming the arc it was found that these steep drops most likely were caused
by the arc short circuiting itself due to unnecessary elongation.
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Sammendrag

Lastbrytere er vanlige i mellomspennigsnettet og strenge krav er satt til dimensjonering av
dem siden plass ofte er en begrensende faktor. SFg benyttes vanligvis som brytningsgass,
men siden det er en sveert sterk klimagass gnsker industrien & se pa mer miljgvennlige
alternativer, som luft. Strgmbrytning er et komplekst tema og lite forskning eksisterer
pa laststrgmsbrytning i luft. Om luft skal erstatte SFg i en lastbryter er optimering med
hensyn pa sterrelse viktig.

Denne masteroppgaven omhandler laststrgmsbrytning i luft med et utvalg av dyse- og
kontaktgeometrier. De gjennomfgrte brytningstestene viste at de beste geometriene brgt
630 A med et overtrykk pa 0,3 bar, mens for a bryte 880 A ma et overtrykk pa 0,4 bar
benyttes. Videre ble lysbuespenningen overvaket for a kartlegge om en forskjell i den
kunne benyttes som en parameter i en simuleringsmodell til & predikere utfallet av en
brytning, men ingen klar forskjell i spenningen ble funnet. Lysbuen ble filmet med et
hgyhastighetskamera, for a bedre forsta hvordan luftstrommen vekselvirker med lysbuen.
Her ble det blant annet funnet ut at lysbuen kortslutter seg selv, som fgrer til raske fall
i lysbuespenningen.
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AC — alternating current

CZ — current zero

DC — direct current

IEC — International Electrotechnical Commission
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NIR, — near-infrared

PAC — post arc current

RMS — root mean square

RRRYV - rate of rise of recovery voltage
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1 Introduction

Metal enclosed compact substations are commonly used in the medium-voltage distri-
bution system. In figure [I} a compact substation with a switchgear visible through its
front panel is shown. The switchgear design shown in the figure is a compact design,
and can, when applied in a compact substation, be detached and removed through a side
panel. This is making both maintenance and installation of the switchgear relatively easy.
However, the main advantage for the compact switchgear design is its space saving prop-
erties. The small dimensions of a compact switchgear is usually obtained through the use
of SFg or vacuum-based switchgear technology, which until now, have been dominating
the medium-voltage switchgear market. A compact switchgear contains several types of
equipment and breakers, there among several LBSs.

Figure 1: Compact substation with open front panel, showing the switchgear installed
inside of it [I].

A breaker interrupts the current by separating two contact members. At the moment of
separation, an electrical arc ignites between the two contacts, which allows the current to
continue to flow. The current is successfully interrupted when the arc is quenched, and
this usually occurs during one of the current zero (CZ) crossings. Most switchgear designs
interrupt the current during the first or second CZ. The interruption is unsuccessful if the
arc is not quenched after several CZ crossings, since this allows the current to continue
to flow. The interruption gas’ job is to remove hot gas and charge carriers during the
interruption, as well as act as a good insulator when the switch is fully open, to prevent
a re-ignition of the arc.

SFg has been the main choice of interruption gas in switchgear since the 1970 decennial,
because of its excellent heat transfer properties and high break-down voltage. SFg-based
switchgears tend to be cheap to produce compared to other designs, especially vacuum-
based switchgears, and the gas itself is also affordable at today’s prices. The main disad-
vantage of SFg is that it is one of the strongest greenhouse gases, and atmospheric releases



should be minimised. In Norway, most of the atmospheric releases of SFg is caused by
the electric power industry [2]. Therefore, the development of equipment utilizing air or
other environmentally benign gases instead of SFg is of interest to the industry.

This report is a part of a larger research project, which goal is to explore the possibility of
using air to interrupt load currents in a medium-voltage system. Little research has been
done at using air as interrupting gas in LBSs, and due to the efficiency of SFg, optimising
SFg-based designs have not been in focus, since they tend to work easily. To be able to
develop air based compact switchgear, high demands are put on optimisation to avoid
usage of unnecessary space. Accordingly, a test switch has been developed which allows
adjustment of design parameters such as nozzle and contact geometry, contact movement
speed, and upstream gas-pressure. Previously related work on air interruption using this
test switch have been conducted by Erik Jonsson and Nina Sasaki Aanensen, and most
of this work is published in the papers ” Current interruption in air for a medium voltage
load break switch” [3] and ” Air flow investigation for a medium voltage load break switch”
[4]. Results from these two papers will often be referred to for general comparison of the
results obtained in this report.

The experimental work in this report consists of interruption tests, arcing voltage mon-
itoring, and some miscellaneous observations obtained through filming the electrical arc
during the current interruption with a high-speed camera.

For the interruption test, two nozzle designs are tested at 630 A and 880 A, and the
chance for successfully interrupting the current at different upstream over-pressure is
used to evaluate the performance of the test objects. One of the nozzle designs is short,
narrow, and funnel-shaped at the end. This nozzle design has never been tested before,
but is expected to perform well due to the narrow nozzle. For this design, two contact
areas are going to be tested. The other nozzle design is longer and wider than the funnel
shaped design, and is also cylindrical along the whole nozzle. This design is equal to other
previously tested geometries, but the contact area used in this experiment has not been
tested before. Previously conducted tests have shown that by increasing the contact and
nozzle size, a lower upstream over-pressure is required to interrupt the current. However,
above a certain size, increasing the contact and nozzle does not improve the interrupting
capability further [4]. Therefore, it is expected that the cylindrical nozzle design chosen for
testing in this report is going to perform almost equally as the previously tested cylindrical
nozzles with other contact diameters at 630 A. At 880 A, it will probably perform better
compared to the previously tested geometry with a smaller contact area.

For the cylindrical nozzle at a given upstream over-pressure and number of interruption
tests, the arcing voltage will be recorded. It is possible that there will be a small difference
in how the interruption gas cools the arc during a successful and an unsuccessful current
interruption. If so, it might be linked with the arcing voltage. Therefore, the arcing
voltage for the two interruption outcomes are going to be compared to each other. If a
difference can be found, it might be possible to use it in a mathematical model to predict
the outcome of the interruption.

In the theory section of this report, the interruption sequence and properties of a general
switchgear design will be described with focus on the puffer principle. Some desired
properties of the interrupting medium, and why air can be challenging to use for current
interruption is going to be explained, as well as how the arcing voltage is expected to
behave for an arc which carries alternating current. The following method section includes
the laboratory set-up, as well as the dimension of the test objects and the procedure for



interruption testing.

The results from the experimental work mentioned above will be presented and discussed
in the results and discussion section, and some uncertainties connected to the results will
be analysed. Some suggestions for further work and conclusions follow. In the appendixes,
some additional results, and picture sequences of the arc will be presented.






2 Theory

2.1 Typical switchgear design and interruption sequence

Most of the information in section is collected from ”Current Interruption in Power
Grids” by Magne Runde [5]

2.1.1 Switchgear design and operation

Switchgear can be divided into four main categories:
e Disconnector Switch
e Load Break Switch
e Circuit Breaker
e Earthing Switch

This report will focus on the LBS design. An LBS is designed to be able to interrupt
currents with a magnitude equal to or less than the rated maximum continuous current at
the location of the switchgear in the system. An LBS should fulfil the following demands
in order to meet the requirements of the application area:

e When closed:
— Act as a good conductor.

— Be capable of interrupting any load that may arise, without generating too
high over-voltages.

e When open:
— Act as a good insulator.

— Be able to close without welding the contacts together, even under short-circuit
conditions.

A typical opening sequence for a switch is as follows: First, a control signal enters the
switch and activates the driving mechanisms. In most cases, this is a compressed spring
or a hydraulic system. The contacts begin to open, and a gap forms between them. At
the same time, an electrical arc ignites between the contacts, burning in the gap. The
gap is filled with some kind of interrupting medium which is usually a gas. When an
alternating current crosses zero it is possible to quench the arc, and interrupt the current.
For an alternating current with a frequency of 50 Hz, CZ will occur 100 times per second.
Direct current interruptions will not be considered in this report.

At the CZ, the arc will extinguish for at least a moment, because the current is zero, and
a voltage will build up between the contacts. This voltage is called the recovery voltage,
and is defined in equation (1), where Ugypply 1s the voltage on the supply side and w444
is the voltage on the load side of the open switch:

Urecovery = Usupply — %load (1)



Depending on the recovery voltage two possible scenarios can occur: a re-ignition or a
successful quenching of the arc. This is primarily dependent on the steepness and the
amplitude of the recovery voltage. There are two different kinds of re-ignitions: thermal
and dielectric. Thermal re-ignition takes place right after CZ, up to a few microseconds,
and is mainly dependent on the steepness of the recovery voltage. As the recovery voltage
rises and if a thermal re-ignition is avoided, a dielectric re-ignition may occur. This kind of
re-ignition is largely dependent on the amplitude of the recovery voltage, and will occur
after a millisecond or more. This report will mainly address thermal re-ignition. The
likelihood of a re-ignition will not be de-terminated by the arcing voltage itself, but by
how the interrupting medium used reacts on the arcing voltage. Other design parameters
like contact material, geometry, speed of the contact movement, and cooling mechanisms
are also important to the interruption properties.

The plasma state of an interrupting medium occurs when gas and metal vapour are heated
to very high temperatures. At a certain point, the molecules in the gas decompose to
ions, neutrons and free electrons. This mixture is called plasma, and it makes up for most
of the components in which an electrical arc burns, except for arcs that burns in vacuum.
Plasma is a good electrical conductor compared to a gas, which is an insulator. Vacuum
arcs will not be featured in this report.

In most switchgear designs, it is common to have two contact sets: one called the main
contacts and another called the arcing contacts. The main contacts are the first contacts
to open and the last to close. This is to ensure that an arc does not start to burn between
the main contacts. The arcing contacts are the last contacts to open, and the first to
close, and will ensure that the arc burns between the arcing contacts.

Since the main contacts open first and close last, their main purpose in the switchgear is
to act as a good conductor. Copper is a good conductor, and is commonly used to ensure
that this aspect of the switch is met. Sometimes, the contact surface is plated with tin,
gold, silver, or platinum in order to ensure an even lower contact resistance between the
contacts. The main problem with electrical losses in the switch is heat generation, which
may speed up metal creep and other ageing-related processes in the switch.

The arcing contacts are designed to withstand the harsh conditions that occur when an
arc burns between the contacts. The contact material has to meet strict requirements,
and has to tolerate high temperatures and arc erosion, and avoid welding and other
stresses that may apply when closing or opening an energized contact. Copper is not fit
for these tasks, since it will melt or erode from the stresses of an arc. It is common to
use composites that consist of metals with good electrical conductivity and heat-resistant
oxides. For high current and voltage switches, it is possible to use a composite of silver
or copper together with tungsten or tungsten carbide. These materials are highly heat
resistant, but they also have a high electrical resistance. A high electrical resistance in
the arcing contact compared to the main contact is, however, not a problem, since the
current only flows through the arcing contacts for a short period of time.

2.1.2 The puffer principle
This report is focused on LBSs, but most of the available literature is related to circuit

breakers. Therefore, the following section presents the working principle of different gas
blast mechanisms used in circuit breakers. Although circuit breakers are different from
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LBSs, the working principle of the gas blast mechanism is somewhat similar for both
kinds of switchgear.

In order to quench the arc, several mechanisms and interrupting mediums can be applied.
In a breaker based on a gas as interrupting medium, a puffer mechanism is often used.
In order to obtain a successful interruption of an arc, the arc and interruption medium
must be cooled down, and the charged particles and vaporised metal between the arcing
contacts must be blown away. The puffer mechanism generates a gas flow in the switchgear
in order to extinguish the arc. A typical design of this system consists of a fixed piston
integrated inside the movable contact part. A gas reservoir trapped between the arcing
contact and the piston is pushed out as the contact members move apart from each other.
Figure 2] displays a typical puffer design in a circuit breaker.

When SFg entered the industry in the 1960 decennial, it was in the form of dual pressure
breakers. This design was later replaced by the single pressure design which was less
complex and required less maintenance. The single pressure design has one pressure
chamber with low pressure, except during interruptions, when the chamber itself becomes
a high-pressure chamber.

The single pressure design uses a puffer or the self-blast mechanism to quench the arc,
or in some cases a combination of both. The self-blast mechanism is a concept that uses
the expansion of the gas for creating a pressure difference and a gas flow to cool the arc.
Common for both puffer and self-blast mechanisms is that they do not use a compressor
to generate the gas flow, but uses the energy stored in the switching mechanisms or
generated from the blast itself to interrupt the arc. These mechanisms work the same
way for both circuit breakers and LBSs, but will in a LBS be smaller and less complex.
This is because the currents and voltages are smaller, and therefore a lower pressure is
needed to obtain a successful interruption.

Figure 2: Interruption sequence in a circuit breaker using the puffer mechanism [5].

Figure [2| displays a typical interruption sequence of a circuit breaker based on the puffer
design. When the breaker is closed, as illustrated in figure , a gas volume (V) is trapped
between the piston (P) and the arcing contact, (8) and (6). During the period of time
where the movable part of the arcing contact (8) is pulled down, the volume decreases
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because of the placement of the fixed piston, and the pressure increases due to compression
of the gas. Figure illustrates the situation where the main contact is open and the
current now only flows through the arcing contact.

The next stage of the interruption sequence is shown in figure 2k. The arcing contacts
have now separated, and an arc (A ) has ignited between the contacts. The pressurised gas
that previously was trapped between the piston and the arcing contact is now released.
A nozzle (9) that is fixed to the movable arcing contact guides the gas flow so that it will
cool the arc down and blow away charge carriers between the contacts. If a sufficient gas
flow is obtained, the arc will neither re-ignite after current zero, nor extinguish before
current zero.

The gas flow is partly dependent on the cross-section of the arc, which again is dependent
on the current amplitude. A large current resulting in a large arc may block the hole in the
nozzle, preventing a gas flow. This is called current clogging, and may occur for certain
nozzle designs at high current interruptions. In such an event, the pressure in the gas
reservoir will increase further due to compression from mechanical moment of the arcing
contact and thermal expansion in the gas, because of heating from the arc. When the
current amplitude approaches zero, the arc’s cross-section will decrease and the clogging
effect will end. This will result in a powerful gas blast onto the arc, as indicated in figure
[2d. For smaller current amplitudes, the arc cross-section is smaller, and a clogging effect
does not occur to the same extent. This generates a less intense gas flow, preventing the
current from being interrupted before its natural zero crossing.

The self-blast, or third generation breaker, was developed with the goal of reducing me-
chanical power of the operating system, making it cheaper and less complex. Figure
illustrates the working principle of a breaker using self-blast to interrupt an arc. The
difference between self-blast and puffer mechanism is that the puffer mechanism increases
the pressure by reducing the volume, while the self-blast design has a constant volume and
relies on a rise in temperature to increase the gas pressure [6]. The self-blast design uses
the heat generated from an arc burning between the arcing contacts to interrupt the cur-
rent. The gas expands as it is heated by the burning arc. This increase in pressure leads
to a gas flow on the arc, which cools it down, leading to the arc being quenched.

L~d

Figure 3: Expulsion chamber in a circuit breaker using the self-blast mechanism [6].

12



There are some disadvantages of the self-blast principle when compared to the puffer
mechanism. The self-blast has a lower dielectric strength, due to hot gas between the
contacts after CZ. This gives a higher chance of re-ignition since hot gas has lower ioni-
sation energy than cold gas. The design is also not well suited to break smaller currents.
This is because the arc is less intense and therefore does not heat the gas sufficiently to
create a strong enough blast. Therefore, it is common to combine self-blast and puffer
mechanism in a hybrid design, so that it can handle both small and large currents. A
compact LBS design using air as interrupting medium will probably rely on an active
blowing mechanism like the puffer design. This is because an LBS faces smaller currents
than a circuit breaker, making the self blast design unsuited.

A good circuit breaker design is difficult to develop, and the industry needs to optimise
the product to meet the demands set by the market, such as size and pressure. This
is due to high short-circuit currents in the range of 40 kA and large recovery voltages.
Because of this, the industry has put a lot of effort into circuit breaker development.
Nonetheless, when designing an LBS based on SFg, it has been common to take the
working principle of a circuit breaker and scale it down to a suitable size for an LBS,
and then test it. If it works, the LBS might be sold on the market without further
alterations. Air is considered as a replacement for SFg as an interruption gas, due to
the strong greenhouse gas potential of SFg. When using air, this development technique
has not been implemented successfully, since higher demands are set to the interrupting
capabilities of the switchgear. This is because SFg is superior to air as an interrupting
medium, but also because the physical properties of the arc alters with the current.
However, the same interruption techniques might be used, but with an increased focus
on optimisation. In figure [ the interruption chamber of a LBS is shown. This is a
down-scaled version of a circuit breaker, which has successfully been used to interrupt
load current with SFg gas as interruption medium.

\, Interrupting
chamber

Compression
> chamber

Figure 4: Schematic of a medium voltage gas puffer interrupter [7].
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As can been seen in figure |4 the LBS features many of the same components as a circuit
breaker, but the dimensions are scaled down. The interruption technique used is puffer
based, and the operation sequence is the same as illustrated in figure [2l The paper ”Gas
flow analysis in low energy arc puffer interrupters” [7] presents an experiment where the
the pressure in the pressure chamber of a LBS is measured during opening operation, and
then simulated so that a comparison of the theoretical and measured pressures can be
presented. In figure[5] the measured and simulated gas pressure from the paper are shown
during a cold gas opening operation, which means that the switch was unloaded during
the test. When certain loss factors have been included in the simulation, the simulation
results correspond quite well with the measured pressures.

Pressure build up in compression volume
Marrow nozzle -no load test

Experiment

—Simulation without refill vahee leakage

= = «Simulation with refill vahve leakage

Pressure |bar)

L] [0 001 s [F k3 0035 03 b3s [T 0.0as
Time (s)

Figure 5: Simulated pressure build up with different refill valve leakage settings compared
to experimental results [7].

When introducing an arc to the system, the measured and simulated pressures change
as shown in figure[6] As seen in this figure, the pressure was not successfully simulated,
and the difference between measured pressure and simulation results are substantial, and
increases with a longer arcing time. This simulation technique has been used with success
when simulating for circuit breakers. This gives reason to believe that the properties of
the arc alters significantly when the current is reduced, as in a LBS. Good simulation
tools for air flows when arcs like this are present are still to be developed, which makes
scaling a circuit breaker down to an LBS without the possibility to know how the arc
interacts with the gas flow difficult, especially when using air as interruption medium,
and not SFg.
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Figure 6: Pressure build up for load break tests with different arcing time [7].
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2.2 Properties of the interrupting medium
2.2.1 Electrical conductivity in an arc

Gases have the ability to be good insulators as well as good conductors, mainly depend-
ing on the gas temperature. This is due to charged particles and electrons created by
dissociation and ionisation of the molecules in the gas. Air is a mixture of several gases,
but might be simplified to consist mostly of nitrogen (Ng). In figure [7} the electrical
conductivity of air as a function of temperature can be observed.

. .. -1
Metals EIec}nc conductivity [(Qm)™]

10
Carbon :
Sea water 1 :
Tap water :

Silicon carbide 1 -4

Porcelain 10 '8___

Glass .

1073
I 1 1 1 1 ) I
01 0.2 05 1 2 5 10 20 50x10°

Temperature [K]

Figure 7: Electrical conductivity of air at atmospheric pressure [5].

The steep increase in conductivity can mainly be explained by the dissociation process
and ionisation of No due to temperature increase. The particle density of nitrogen as it
dissociates due to high temperature in the gas is illustrated in figure [§] When figure [§]
is compared to figure [7] a connection between temperature and the rapid decline of Nog,
generation of the positive ion NT, and the steep increase in conductivity of air is clearly

visible.
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Figure 8: Particle density for different dissociation and ionisation products of nitrogen as
a function of temperature [5].

Nitrogen is an electropositive gas, which means that it will have a tendency to give away
electrons from its outer shell, especially when a strong electric field is applied and the
gas is subjected to high temperatures. From figure |8 the electropositive effect of No is
indicated via the generation of NEL molecules. This reduces the breakdown voltage of the
gas. From table [I], the thermal ionisation energy for some gases are presented. The table
points out that No has a significant lower ionisation energy than SFg, and therefore gives
away electrons more easily.

Table 1: Thermal ionisation energy for some gases [5].

Particle type | Single ionisation [eV] | Double ionisation [eV]
Air 16.3

No 15.8

N 14.5 44.1

O 125

SFg 193

S 10.4 33.8

F 17.4

During a interruption sequence, it is preferred to have different electrical conductivity of
the interruption gas, depending on the current magnitude. When the current magnitude
is high or raising, a good electrical conductivity is needed. For most gases, including air,
this is obtained because the gas is heated by the current passing through it, resulting in a
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high temperature and a good conductivity. This is important for an interruption medium,
as a low electrical resistance results in smaller losses, and therefore less heat generation
of the surroundings. However, at the moment of CZ and after, a fast transaction from a
conducting to an insulating state of the interruption gas is important, as this will avoid a
re-ignition of the arc. At this stage, the interruption gas will use some time to recombine,
due to both cooling and relatively slow movement of the particles the gas consists of. In
addition to these effects, there will be free electrons in the contact gap, which increases
the chance of re-ignition. The oxygen in air is highly electronegative and will capture
electrons. However, the concentration of oxygen is small relative to the concentration of
nitrogen in air, and the electronegative effect is overall weak. Because of this, a puffer is
used to blow away the charged particles and hot gas between the electrodes to avoid a
re-ignition.

2.2.2 Heat transportation in an arc

There are several different thermal conduction mechanisms in an electrical arc. The
efficiency of these mechanisms vary with temperature, and therefore the heat transport
in the arc is strongly temperature dependent. In figure [0} the thermal conductivity of
several common interrupting gases as a function of temperature are compared.

Thermal conductivity [W/mK]

10 —

T T T T T T
0 2 4 6 8 10 12 14-10°

Temperature [K]
Figure 9: Thermal conductivity for various gases as a function of temperature [5].

Due to the nature of the different stages of the current interruption process, it is desirable
to use a gas that has a thermal conductivity that suits the different stages. When the
current amplitude is rising, or is high, it is preferred that the thermal conductivity is low.
This means that the plasma channel does not heat its surroundings, but mainly keeps
the dissipated energy stored in its core. This will result in a huge temperature rise in the
plasma channel and a relatively small increase in the surroundings. As explained in section
a high arc temperature will result in high electrical conductivity of the arc, which
gives a low arcing voltage. If the thermal conductivity is high in this region, more heating
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of the surrounding system will occur. This might result in a slower transition between
the conductive and insulating stage of the interrupting medium, due to the stored energy
in the medium and the surroundings, resulting in a higher chance of re-ignition.

At the moment right before CZ, it is an advantage if the thermal conductivity of the gas
is high. This will result in a short cool-down time of the plasma channel, since both the
current amplitude is decreasing and the energy stored in the arc now is released to its
surroundings. A gas with high thermal conductivity in this stage of the interruption pro-
cess will be able to recombine from an ionised and highly conductive to a non-conductive
state fast, making it more difficult for a thermal re-ignition to occur. In gases where
the thermal conductivity is low, the cooling mechanisms are of great importance, since a
quick recombination of ionised gas does not occur as fast. Therefore, removal of hot gas
and charge carriers must be done differently. This is described in detail in section 2.1
The thermal conductivity profile of air is not well suited for current interruptions, at least
compared to the one of SFg. If figure [0]is consulted, it can be observed that air has a
high thermal conductivity when the temperature is high, and a low thermal conductivity
when the temperature is low. This is the opposite of the preferred characteristics. Even
though air has a small peak in thermal conductivity between 3000 K and 4000 K, its
thermal conductivity profile is regarded as one of the major challenges when using air as
an interruption gas.

The temperature distribution in a plasma channel can be divided into three regions [g],
as illustrated with figure Zone 1 is the highly conductive arc core and also the zone
with the highest temperature. Zone 2 acts as an energy buffer during the decay of the
arc, while zone 3 is the cold gas surrounding the arc. When using cooling-mechanisms to
quench the arc, it is primarily the second zone of the temperature profile that is cooled.
The first zone’s temperature will mainly be dependent on the current passing through the
arc, and will not be influenced by the cooling mechanism to the same degree. If the cooling
is sufficient, the energy stored in zone 2 when the arc approaches CZ is low, and therefore
its effect as an energy buffer is reduced, resulting in a rapid decline in temperature in the
arc core as the current approaches zero. This makes the interrupting medium’s ability
to transport energy important when investigating efficient cooling methods. As figure [9]
points out, SFg has the ability to transfer heat between zone 1 and 2 fast in the correct
temperature range compared to the interrupting sequence. Air has to a smaller degree
the ability to do this.
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Figure 10: Radial temperature distribution in a plasma channel (schematically) [g].

Figure [11| shows how the temperature distribution varies with the electrical current. Due
to radiation losses in the arc, the temperature has an upper limit of about 20 000 K to 30
000 K. At this point the cross-section of the arc will increase, rather than the temperature.
However, it is not common for an LBS to experience these temperature ranges, and its
temperature distribution will mainly be in the lower current ranges of figure

Temperature
A

Large current

Small current

Figure 11: The radial temperature distribution in a plasma channel for different current
magnitudes (schematically) [5].

20



2.3 Arcing voltage

Most of the information in section [2.3|is collected from ”Current Interruption in Power
Grids” by Magne Runde [5]

2.3.1 Static arcing voltage

It is common to distinguish the description of the arc into two different types, dynamic
and static. A static arc can only be established when using DC current, and after any
transients have died out. Therefore, static arcs are uncommon, and in nearly all switching
operations the properties of the arc are best described by the dynamic arc model.

AC currents always generate a dynamic arc. This is because the current vary with time,
and thereby the properties of the arc. In cases where DC current is used, but external
factors like cooling varies over time, like in a puffer based switchgear, the arc is dynamic.
Due to the complexity of a dynamic arc, it is common to regard the arc to behave like a
static arc within a certain time interval, and therefore some properties of a static arc will
be described in this section. Dynamic arcs will be featured further in section [2.3.2

The static arc characteristic is illustrated in figure [I2] This figure describes the relation-
ship between current and arcing voltage in a static arc. The scaling of the axes are only
approximate and may vary with gas type and electrode material.

Arc voltage

\

~10° —

~10% — /

I >
-10" 102 Arc current [Ag]

Figure 12: Static arc characteristic (schematically) [5].

As can be seen from figure the characteristic is highly non-linear. At low currents
(tens of amperes), the voltage drop across the arc decreases with increasing current. Then
the voltage is constant, and apparently independent from the current flowing in the arc.
How large, and in which current range the constant part of the arcing voltage occurs,
depends highly on which gas the arc burns in. For currents above this range, the arcing
voltage begins to increase with the current.
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In figure the potential distribution of an electrical arc is illustrated. A electrical arc
might be regarded as divided into three regions:

Cathode region: The voltage drop, V¢, is typically some 20 V.
Arc column: There is a constant electric field in this region, typical 1 V/mm.

Anode region: The voltage drop, Vy, is typically some 3 V.
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Figure 13: Cross-section of a stationary arc and the corresponding potential distribution
(schematically) [5].

The description above is highly general, and the voltage distribution will vary depending
on which gas the arc is burning in, as well as the current range and the electrode materials
being used. Therefore, the potential distribution across a dynamic arc that burns in air
for a typical current range of an LBS is analysed. The analysis is based on results from
previously conducted tests performed with the test circuit presented in section [3.1] Three
interruption test, where a thermal re-ignition occurred after the first CZ and the second
CZ, are selected. The pressure in the pressure chamber was held constant throughout the
whole test, and was set to 1.0 bar upstream pressure. The RMS value of the current was
630 A, while the contact and nozzle geometry was the same for each of the three tests. In
figure the arcing voltage during the three chosen interruption tests is shown.
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Figure 14: Arcing voltage during three interruption tests. The y-axis is arcing voltage in
kV and the x-axis is time in seconds from test start.

The average arcing voltage from these three tests is presented in figure[I5] and it is applied
to approximate the potential distribution of the burning arc.
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Figure 15: Average arcing voltage for three interruption tests. The y-axis is arcing voltage
in kV and the x-axis is time in seconds from test start.
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In both figure [[4]and [I5] contact separation occurs at ¢ ~ 0.0140 s. The first CZ occurs at
t =~ 0.0235 and the second CZ occurs at t = 0.0335 s. The time from contact separation
to the first CZ is approximately 9.5 ms for all the three tests.

The length of the arc is determined by the distance between the contacts, which move
apart with a constant speed of approximately 5.5 m/s. When the arc is short, most
of the arcing voltage will be close to the electrodes. To establish an estimate over the
voltage drop in close vicinity of the electrodes, the average voltage when the contacts were
between 0.4 mm and 1.4 mm apart was calculated. Because of transients in the arcing
voltage when the arc ignites, a contact gap length less than 0.4 mm was unsuited for this
use. Due to the short length of the arc in this time span, the average arcing voltage in
this region can represent an approximation of the voltage drop close to the electrodes.
This voltage drop is estimated to 33 volts in absolute value, when using the procedure
above.

Linear regression when the arc is between 23.2 mm and 38.8 mm is used to establish the
increase in arcing voltage caused by elongation of the arc. The increase per millimetre
was calculated to be 2.7 V/mm in absolute value.

The final expression in absolute value for the voltage across the arc, where x is the length
of the arc in millimetres, then becomes:

V(z)~2.7¢+33 x€[0.4,40.0] mm (2)

This estimation of the arcing voltage fits well in the region between contact separation
and the first CZ. In the region between first and second CZ, this model is not suited. It
is assumed that the values calculated here will be dependent on both upstream pressure
and test current.

2.3.2 Dynamic arcing voltage

When the current or cooling of the arc changes with time, the arcing voltage no longer
follows the static arc characteristics presented in figure This is because the temper-
ature cannot change instantaneously, since it is impossible to use an infinite amount of
power to heat or cool a certain mass instantaneously. This gives an arc a certain thermal
inertia.

Thermal inertia causes the arc to "remember” the amplitude of the current that just
passed for a short period of time. If the current follows a step function, the arc voltage
will at first take a higher value, and then gradually decrease to the value corresponding
to the static arc characteristic, as presented in figure [I6] This is because the arcing
voltage mainly is set by the electrical conductivity of the arc, which is highly dependent
on the temperature. Since the temperature cannot change instantaneously, the arcing
voltage can be regarded as a function of time with approximately an exponential decay.
The time constant of this decay varies from gas to gas. In table [2] the time constant
for some gases is displayed. The time constant for each gas depends on several factors,
like test method and current magnitude. The variation of the time constant alters with
the current, and can to a certain degree be compared to the inverse of the thermal
conductivity’s dependency of temperature presented in figure [0} where the temperature
is proportional to the current.
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Figure 16: Voltage drop of an arc exposed to a current that follows a step function
(schematically) [5].

Table 2: Time constants in a 1 A arc burning in a 19 mm tube [5].

Gas | Time constant [us]
SFg 0.8

09 1.5
CO9 15

Air 80

Ny 210

H, 1

A gas with a low time constant is faster to cool, and thereby reduces its electric con-
ductivity faster than a gas with a large time constant. This is an advantage during
current interruption. Air has a fairly high time constant resulting in a slower cool-down
time than other interrupting gases. This is closely related to the problems mentioned in
section

In figure [I7] the arcing voltage for a dynamic arc is illustrated. As shown by the figure,
the arcing voltage varies both with current and frequency. In figure [I8] the arcing voltage
with regard to current for a previously conducted interruption test is shown. As can be
observed from this figure, the arcing voltage follows the same pattern as an dynamic arc
burning at 50 Hz shown in figure Some differences in the burning conditions for the
arc in figure [17] and [18]| are present. In figure the arc is not cooled, and the contacts
are stationary with a fixed gap. In figure [I8] the arc is cooled with a 1.0 bar upstream
over-pressure, while elongated by the separation of the contacts.
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Figure 17: Static, low, and high frequency arc characteristics (schematically) [5].
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Figure 18: Arcing voltage during a full power cycle for a 50 Hz current in a test interrup-
tion.
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The numbered parts in figure represent different aspects of the arc during the inter-
ruption sequence, and are described in the list below. The arrows represent the direction
of time during the interruption. A full power cycle is plotted in the figure, resulting in a
time span of 0.02 seconds.

1: The contacts separate and the arc ignites. As the absolute value of the current in-
creases, the arcing voltage follows the same trend as illustrated in figure

2: After the first current peak, the arcing voltage is always higher than than the corre-
sponding arcing voltage for the same current magnitude that occurred before the
current peak.

3: The arcing voltage increases as the current decreases, then at the moment of the first
CZ, the arc is quenched and a high voltage peak arises.

4: Quickly after CZ, a thermal re-ignition occurs and the arc re-ignites. The high voltage
peak that occurred during CZ is probably due to the intensive cooling the arc
experiences. Some distortion of the arc causes the arcing voltage to drop and the
pattern seen in figure [17]is disturbed, but the same trend can be observed.

5: The arcing voltage rises as the second CZ approaches.
6: Almost instantly after CZ, the arc re-ignites as a thermal re-ignition occurs.

7: Mainly due to elongation of the arc, the arcing voltage is higher at this point than in
the beginning (point 1). If the length of the arc had remained constant throughout
the whole experiment, the arcing voltage would be expected to be approximately
the same at point 7 and point 1. The arc has now burnt a full power cycle, t=0.02
s, from ignition.

2.4 Thermal re-ignition considerations

As mentioned in section the main purpose of the puffer mechanism is to remove
charge carriers between the contacts after CZ to avoid re-ignition of the arc. After CZ, a
strong electrical field rises between the electrodes, better known as the recovery voltage.
This electrical field will accelerate the charge carriers in the air-gap, and the movement
of these will represent a current called the post-arc current (PAC). During a high current
and high voltage interruption for a circuit breaker, the peak of the PAC is usually a few
amperes or less, and have a duration for some microseconds. For currents and voltages in
the LBS range, the current peak of the PAC is expected to be considerably smaller.

A thermal re-ignition is avoided if the PAC reaches zero, since this means that the charge
carriers in the air gap are removed. On the other side, a thermal re-ignition occurs if the
PAC rises, an arc ignites, and the current obtains its common sinusoidal form. Figure
shows the PAC for a successful and an unsuccessful interruption in a circuit breaker when
using SFg as an interrupting gas. Although a different time span and amplitude for the
PAC are expected when using air as interrupting gas in an LBS, the figure still illustrates
the difference in PAC between a successful and unsuccessful interruption.
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Figure 19: The post-arc current during a successful and unsuccessful interruption [9].

The thermal interruption success rate is partly determined by the amount of stored energy
in the arc and in its surroundings. Power is the product of arcing voltage and current
and the energy produced by the arc is the integral of the power during a certain time
span. Research has shown that only the energy dissipated close to CZ has an effect on
the interruption capabilities, and that the cooling from the air flow mainly effects the
interruption rate between 50 to 100 microseconds before CZ [9].

The parameter dI/dt can be used to describe the energy losses close to CZ. In figure
two currents with the same dI/dt close to CZ can be observed.
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Figure 20: Comparison of dI/dt for a 200 Hz and 4000 Hz current wave.

These two currents, even though they have completely different frequency and amplitude,
have proven almost equally difficult to interrupt [09]. Therefore, it is assumed that the
effect of a puffer is most efficient close to CZ, where the energy dissipation is almost equal,
and right after CZ, when the PAC is present. The graph in the lower part of the picture
in figure [20| shows a half period of the 200 Hz current next to several periods of the 4000
Hz current, while the upper part of the figure shows both currents 100 us before CZ. As
can be seen form the figure, dI/dt for the 200 Hz and the 4000 Hz current are almost alike
for the last 50 us before CZ.

The thermal inertia of the interruption gas, as described with the time constants presented
in table[2] can give an idea of the rate the PAC is reduced. Gases with a long time constant
will probably have a longer time span for the PAC. In air based LBSs, thermal re-ignitions
are considered a major challenge, and this problem may partially be explained by the long
duration for the PAC.

As described in this section, the probability of thermal re-ignition depends on several
factors. The dI/dt close to CZ will give an estimate of the energy dissipation in the
arc and the temperature in the plasma. This will both influence the current peak and
time of the PAC. The time constant of the interruption gas gives an indication of how
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fast the gas responds to changes from for example cooling. The effect of cooling on the
arcing voltage and the energy dissipation close to CZ will be investigated in the following
experimental work in this report. A long time constant might lead to slower cooling of
the arc, resulting in a higher amplitude and time span of the PAC. The steepness of the
recovery voltage is also important, as a fast increase in this voltage will accelerate the
charge carriers that make up the PAC, resulting in a larger probability of re-ignition.
Further information on this topic can be collected from the book ”Current Interruption
in High-Voltage Networks” [9].

2.5 Air flow considerations

During the interruption process, a puffer based switch uses a piston to drive an air flow
to quench the arc. The energy loss from the arc is transported away by this air flow as
described in section [2.2.2] The efficiency of the cooling depends on the speed and mass of
the air flow, as well as how the flow is guided onto the arc. In figure[6] a typical pressure
during interruption in the pressure chamber of an LBS is illustrated. However, in the test
switch presented in section[3.1]and used in the interruption tests conducted in this report,
the pressure is more or less constant throughout the whole interruption process. This is
because it uses a large pressure reservoir rather than a piston to drive the air flow.

The mass flow, 1, of air through the nozzle can in most interruption cases be regarded
as conserved, and is presented in equation . The mass density, p, depends on pressure
and temperature, while the volume flow, @), depends on speed and area, as presented in

equation .

1 = pQ (3)

Q:/vdA (4)

In equation , the area, A, is the cross-section area of the nozzle if considering the volume
flow rate in a nozzle. This will vary depending on where in the nozzle the volume flow is
calculated, as well as the arcing contact’s position. The speed of the air flow, v, depends on
the pressure difference, Ap, between the pressure chamber and the interruption chamber,
and it will increase with an increasing pressure difference. An increase in air flow velocity
will result in a greater mass flow, which if guided properly will lead to a more efficient
cooling of the arc. In the test switch used during the experiments conducted in this
report, the efficiency of the cooling can be set by adjusting the pressure in the pressure
reservoir before interruption, as described in section [3.1]
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3 Method

3.1 Test switch and circuit

Figure illustrates the physical appearance of the test switch. The numbered parts
are: 1. Compressed air reservoir (connected to the high voltage supply circuit), 2. Tulip
contact, 3. Nozzle, 4. Pin contact, 5. Connection to load circuit, 6. Spring drive
mechanism, 7. Electromagnet release mechanism, and 8. Position transducer.

Figure 21: The physical appearance of the test switch [4].

Figure [22| displays the laboratory test circuit used for the interruption tests. The circuit
is designed to supply a current of 50 Hz / 13.8 kV. It is possible to shape the transient
recovery voltage (TRV) by tuning the parameters L1, Lgs, Ry, Ry, and C. The systems’
short circuit parameters are Rge and Lge. The TRV generated during interruption is set
to simulate the standard for a 24 kV / 630 A class from the International Electrotechnical
Commission (IEC), which corresponds to:

e The initial part of the TRV has a rate of rise in recovery voltage (RRRV) of 71 - 74
V / ps. The voltage difference is measured over the first 20 us after CZ.

e The first voltage peak is between 7.0 and 7.4 kV, with a rise time of 96 us.

Test object
R L +L, oo :

sC

114 kV ’_@3_3 kv R, D Lé

Figure 22: Circuit used for the interruption test [4].

In table [3] the values of the different test circuit parameters and the corresponding cur-
rents can be observed. The test is conducted at currents with an RMS value of 630 A or
880 A. During the entire experiment, the TRV is kept constant up to and including the
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first voltage peak. In the case of a failed interruption, a thermal re-ignition occurs within
a few microseconds after CZ.

Table 3: Circuit parameters and resulting currents [4].
Ly [mH] [ Ly [mH] | Ry (9] [ C [F] [ Ry [ | L[A]
6.9 86.2 22.1 102 198 630
2.9 60.2 15.1 156 170 880

A resistive transducer is measuring the contact position, while a Hall Effect current trans-
ducer is measuring the current through the test switch with a sampling frequency of 100
kHz. The voltage between the contacts is measured with a parallel resistive / capacitive
voltage divider. All measurements are transmitted through optical fibres to a 12 bit reso-
lution transient recorder with a sampling frequency of 2.5 MHz. The pressure in the tank
is only measured before each test, and with an accuracy of 0.01 bar.

A near-infrared (NIR) high-speed camera produced by Xeneth (Cheetah 1470), records
the opening sequence of the switch and the arc that burns between the contacts with a
frame rate of approximately 10 000 fps, with an integration time of 3.7 us and an image
resolution of 384 x 120 pixels. The camera lens used is a 75 mm Apochromat Kinoptik
Paris No. 99585, with an adjustable f-number set to f/16.

3.2 Contact and nozzle design

This experiment is conducted using copper-tungsten arcing contacts, polytetraflourelthy-
lene (PTFE) nozzles, and air as interrupting medium. Copper-tungsten arcing contacts
and a PTFE nozzle are commonly applied in commercial LBSs, and are therefore used in
this experiment. PTFE is also chemically stable during the arcing time, which prohibits
vaporisation products from the nozzle to influence the interruption capabilities of the test
object. As mentioned in section [2.1.1] copper-tungsten is applied because it is highly
resistant from stresses from the arc. The system is an open system, with the surrounding
air at atmospheric pressure, pg, and a six-litre tank with a pre-filled upstream overpres-
sure, py, used during the interruption process to quench the arc. It is possible to adjust
the upstream pressure, contact speed, and position at current zero (CZ) independently,
as well as the contact and nozzle geometry. The current and TRV can be manipulated by
changing the parameters of the laboratory test circuit, as described in section [3.1]

Two different kinds of nozzle designs are going to be tested. One of the nozzle designs
is a short and narrow nozzle with a funnel shape at the end. It consists of two different
contact geometries, which are denoted a and b. The other nozzle design is a longer and
wider nozzle with a cylindrical shape, this contact geometry is denoted c.

The contact position z is defined as the axial distance between the tulip and the pin
contact. At starting position, = -60 mm, the pin contact is acting as a plug for the
tank. This makes it possible to pre-set an upstream over-pressure. The contact is held in
place by an electromagnet, and is set to motion when the magnet releases a compressed
spring. The spring accelerates the pin contact up to a speed of approximately 5.5 m/s at
£=0. At this position, the spring is unloaded and the pin moves with a constant speed
until the contact is fully open at z=110 mm.
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A simple drawing of the contact and nozzle for geometry a and b is displayed in figure
The length of the nozzle is 20 mm, and its inner diameter is D. Axial symmetry is
present along the x-axis. The dimensions of geometry a and b are given in table [4] and
the definitions of the different areas are illustrated in figure 24] Previously conducted
experiments presented in the paper ”Air flow investigation for a medium voltage load
break switch” [4] have suggested that the interruption success rate is better outside the
nozzle than inside the nozzle. During a normal interruption, when a switch is applied in
the transmission grid, the position of the pin at the moment of CZ is random. Therefore,
a short nozzle is used, since this will (in an interruption outside the laboratory) increase
the probability for the first CZ to occur outside the nozzle. Due to the difference in
interruption rate between inside and outside of the nozzle, a funnel shape at the end
of the nozzle is applied. This results in a smoother transaction between the inside and
the outside, so that the sudden change in interruption rate can be better analysed. The
funnel shape also makes it more alike a commercial nozzle design.

P 1
,,,,,,,,,,, d Dt
J !
[
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Figure 23: Diagram over the contact and nozzle for geometry a and b. The diameter
of the contact is d, and the inner diameter of the nozzle is D. In table [d] the differences
between the two geometries are shown.
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Figure 24: Overview of the definitions of the areas.

For geometry a and b the following definitions apply:

e Acontact is the cross section of the contact pin, as well as the area of the tulip
contact. The area is described by equation .

Apozzle is defined as the area of the cylindrical part of the nozzle, where x=[0,10]
mm. The area is described by equation @

Afunnel is defined as the area at the end of the nozzle, where x=20 mm, and the
diameter of the funnel is at its largest. This area is described by equation .

The angle ¢ is defined so that Afpnel = 4 - Apogzle for each geometry.

Aping is in table |4] defined as the area between the pin contact and the cylindrical
part of the nozzle, where x=[0,10] mm, and is described by equation . For
x=[10,20] mm, Ay, is a function of the pin’s position, x, inside the nozzle, described
by equation (9).

d2
Acontact = Atulip = WZ (5)
D2
Anozzle = WT (6)
DZ

Atunnel =4 Anogzle = 47rT (7)

D? 42
Aring = Apozzle — Acontact = T (4 — 4) (8)

X — an 2 2
Aring(x)W<<2( 10)2t 9+D) i) o)
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Table 4: Contact geometry parameters for the funnel shaped nozzle design.
D

Geometry D d d 0 Acontact Aring; Anozzle | Afunnel
[mm] | [mm] €] | mm?] | mm?] | [mm?] | [mm?]

a 6.25 6.0 1.04 | 174 28.3 2.4 30.7 122.8

b 7.40 7.1 1.04 | 20.3 39.6 3.4 43.0 172.0

In figure 25 the contact geometry denoted c is presented. The length of the nozzle is 30
mm, and axial symmetry is present along the x-axis. The diameter of the contact is d,
and the inner nozzle diameter is D. The dimensions for the geometry is given in table
Acontact and Ay, are defined in the same way as for geometry a and b, as presented
in equation and @ The nozzle is cylindrical for its entire length (x=[0,30] mm),
therefore, Agpyel does not exist for this geometry and Ayjpg is defined as in equation
for the entire length of the nozzle, x=[0,30] mm.

As stated in section a LBS design is often a scaled down version of a circuit breaker
design. A result of this is that a common contact diameter is approximately 11 mm.
However, test results presented in the paper: ” Air flow investigation for a medium voltage
load break switch” [4] have suggested that the optimal contact diameter depends on the
current passing through the switch. In the paper mentioned above, tests for another
geometry (denoted d in this report), which has the same D/d as geometry c, has been
conducted, and results from this test are going to be compared with the interruption test
results for geometry c. Geometry d has a d=6.0 mm, which seems to be the optimal
value for a current of 630 A. From the previously conducted test results on geometry d,
Nina Sasaki Aanensen has calculated that the optimal contact diameter for a current of
880 A is 7.1 mm. Therefore, this value has been selected as contact diameter for geometry
c. Contact geometry parameters for geometry ¢ and d are presented in table

30 mm
[ Py
p ¢ -DH
( ] d "D
| - Ap=p,-p,

Figure 25: Diagram over the contact and nozzle for geometry ¢ and d. The diameter of
the contact is d, and the inner diameter of the nozzle is D. In table |5] the differences
between the two geometries are shown [4].

Table 5: Contact geometry parameters for the cylindrical shaped nozzle design.

Geometry D d % Acontact Arin; Anozzle
] | ] pm?] | [mm?] | [mm?]

c 9.6 7.1 | 1.35 39.6 32.8 72.4

d 8.0 6.0 | 1.33 28.3 22.0 50.3
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3.3 Procedure

Interruption tests with CZ occurring both inside and outside of the nozzle are carried
out. Six types of tests in total are conducted in this interruption experiment. One type
of test consists of one contact geometry at a current magnitude of either 630 A or 880 A
with a minimum of:

e For geometry a and b:
Five interruptions inside of the funnel part of the nozzle and five interruptions
outside of the nozzle at each pressure level.

e For geometry c:
Five interruptions outside of the nozzle at each pressure level.

At least three different pressure levels are included in each test. Both the first and second
CZ are included in this study in order to provide as much data as possible.

For geometry a and b ”inside funnel” is defined as contact position x = [11, 19] mm
and "outside nozzle” as x = [21, 60] mm for the first CZ. A boundary region of 1 mm is
added between the end of the cylindrical part of the nozzle and the start of the funnel
part of the nozzle, and a similar boundary region of 2 mm is added between the end
of the funnel part of the nozzle and outside of the nozzle. Results that occurs in this
boundary region are discarded in order to be certain of which region the CZ occurred in.
Results from zero crossings that occurs in the cylindrical part of the nozzle, x < 10 mm,
between the tulip contact and the start of the funnel-shaped nozzle are discarded. For
geometry ¢ ”outside nozzle” is defined as x = [35, 60] mm at first CZ. Interruptions that
occurs ”inside nozzle” , x < 30 mm, or in the boundary region between inside and outside
the nozzle, x = [30, 35] mm, for geometry c are discarded. The first CZ occurs within
x < 60 mm, and the second CZ occurs for x > 60 mm, as the contact speed during all
tests is 5.5 mm/ms + 0.5 mm/ms. When testing the interrupting capabilities inside the
funnel, the first CZ is aimed to occur at x=15 mm. When testing outside the nozzle,
the first CZ is aimed at x=30 mm for geometry a and b, and x=45 mm for geometry c.
Due to variation in the travelling speed of the contacts and activation time of the release
mechanism, some difference in the position of the pin at the moment of CZ will occur
between each interruption attempt.

When testing the interrupting capabilities, the test procedure for each of the six cases is
as follows:

1. A pressure level that seems to be in the area of interest is found by performing some
initial test interruptions at different pressure levels. This level is kept constant for
at least five interruption tests.

2. If a pressure level results in less than 100% successful interruptions, at least five new
tests with a higher upstream pressure (next level) are conducted. This is repeated
until at least one pressure level with five successful interruptions is found.

3. Then, the pressure is stepped down until 60% or more of the interruption attempts
fail, or the lowest possible pressure level is tested.

When testing for variations in the arcing voltage between a successful and an unsuccessful
interruption, a pressure level where the interruption success rate is 50% is used. Then, five
successful interruptions and five unsuccessful interruptions are obtained while the arcing
voltage is measured and stored for further use. All the interruptions should take place so
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that the second CZ occurs at x=75 mm. The switching process is filmed by a NIR high-
speed camera so that the path of the arc can be monitored during the interruption.

The pin is cleaned, polished, and greased between each test to ensure a smooth surface.
The contact members and nozzle are replaced regularly to avoid contact wear and nozzle
deformation. This is to ensure that the geometry has a constant form through the whole
experiment.
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4 Results and discussion

4.1 Interruption tests
4.1.1 Interpretation and differentiation of interruption results

In the following section interruption results from the tests conducted on all the three
geometries are presented. For each interruption test there are two final results: success or
failure. The final result is determined by the interruption outcome from the first or second
CZ. At the first CZ the interruption can succeed or a re-ignition can occur. A re-ignition
can be either thermal or dielectric. Given a re-ignition in the first CZ, the current can
be interrupted at the second CZ, or another re-ignition can occur. The outcomes are
explained by figure The total interruption success rate for a geometry at a pressure
level, is based on the ”final result” for a given number of interruption tests at that pressure
level. The number of interruption tests at each pressure level depends on which geometry
that are being tested as described in section 3.3

Qutcome:

Re-ignition Success
First CZ T T
¥ R g
Thermal Dielectric
SRR e iy e -
= 1)
Re-ianiti
e-ignition Success
Second CZ
) L
¥ ¥
Thermal Dielectric
Final result Failure Successful

Figure 26: Flowchart over different interruption outcomes.
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Previously conducted tests have shown that the most common re-ignition are thermal re-
ignitions, and experience has also indicated that in practical interruption cases thermal
re-ignitions are the most demanding tasks for LBSs in the 24 kV /630 A class [4]. However,
dielectric re-ignitions can also occur, usually at the first CZ.

In figure the current and voltage during an unsuccessful and a successful interruption
are shown for a 630 A/24 kV test. The upper plot illustrates a thermal re-ignition, as
can be seen the current is almost unaffected by the interruption attempt and continues
as normal after the CZ. The lower plot is illustrating a successful interruption, where the
current stops flowing after CZ and a TRV rises between the contact members.

In figure the voltage and current during a dielectric re-ignition are shown for an 880
A /24 kV test. As can be seen from the figure, the current stops flowing for more than one
millisecond after the CZ before the electrical field caused by the TRV, which has risen
between the contact members, becomes too strong and results in an electrical breakdown
of the air. Then the current continues to flow and will quickly obtain the sinusoidal form
set by the supply side of the switch.

THERMAL 1000
RE-IGNITION 200
600
Current [A]
400
——  Voltage [V x 10]
200
Pionsptiition sauinisiouiss
—l.” —E.)Ig —Hg —“ﬁ —”3 02 04 06
-200 Time [ms]
-400 —
SUCCESSFUL 1000
INTERRUPTION 300 —
600 —
Current [A]
Voltage [Vx 10] 2007
—— Voltage
¢ 200 —
5 e e i 02 04 0.6
-200 Time [ms]
-400 —

Figure 27: Current and voltage waveforms near CZ for a thermal re-ignition and a suc-
cessful interruption [4].
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Figure 28: Current and voltage waveforms near CZ for a dielectric re-ignition.

4.1.2 Interruption results for geometry a
630 A interruption tests

In figure the total interruption success rate for the 630 A test for geometry a is
presented. Each data point consists of 10 tests. For five of the tests, the first CZ occurred
inside the funnel part of the nozzle, while the remaining five tests occurred outside of
the nozzle. Key values for the total interruption success rate are presented in table [0] in

section 1.4

The results when comparing the interruption success rate between tests that occurred
inside the funnel and outside the nozzle for the first CZ are presented in figure In this
figure each data point consists of five tests which occurred either ”inside funnel” (purple
line) or ”outside nozzle” (red line). Both tests series have the same 100% interruption
success rate at an over-pressure of 0.3 bar and a 0% interruption success rate at 0.15 bar
over-pressure. The 50% interruption success rate for the two series corresponds to approx-
imately 0.18 bar over-pressure for ”outside nozzle” and 0.22 bar over-presser for ”inside
funnel”. In total the interruption success rate between ”inside funnel” and ”outside noz-
zle” is almost equal, even though, there is a difference between the 50% interruption rates
of the two series. Variance like this must be expected when each data point only consists
of five tests.
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Figure 29: Interruption test results for geometry a at 630 A when tests occurring ”inside
funnel” and ”outside nozzle”, and the results from the first and second CZ are added
together.
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Figure 30: Interruption test results for geometry a at 630 A when only the first CZ is
included and tests that occurred inside the funnel is separated from tests that occurred
outside the nozzle.
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880 A interruption tests

Due to wear of the nozzle when testing at 630 A for geometry a some alterations of
the test procedure presented in section [3.3] were done for the 880 A test for geometry a
to prevent running out of replacement nozzles. Instead of using five tests from ”inside
funnel” and five tests from ”outside nozzle” for each data point in the 880 A interruption
test, ten test with any x position were used as long as the first CZ occurred in the region
where the pin’s position was between 11 mm and 60 mm away from the tulip contact.
From the interruption results presented for geometry a at 630 A and geometry b at 630
A and 880 A it can be seen that this simplification of the test procedure probably did
not have a significant impact on the total interruption success rate, since the interruption
success rate between ”inside funnel” and ”outside nozzle” are almost equal for all the other
three conducted interruption cases for the funnel shaped nozzle designs. This reduced the
total number of conducted tests, since many extra tests was performed in order to hit
the desired region of the nozzle at the interruption tests for geometry a at 630 A, and
geometry b at 630 A and 880 A. With the simplified test procedure the total interruption
success rate where obtained and can be seen in figure and key values from it are
presented in table [§] in section
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Figure 31: Interruption test results for geometry a at 880 A when tests occurring ”inside
funnel” and ”outside nozzle”, and the results from the first and second CZ are added
together.

4.1.3 Interruption results for geometry b
630 A interruption tests
In figure the total interruption success rate for the 630 A test for geometry b is

presented. Each data point consists of 10 tests. For five of the tests, the first CZ occurred
inside the funnel part of the nozzle, while the remaining five tests occurred outside of the
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nozzle. The lowest tested over-pressure was (.15 bar with an interruption success rate of
10%. More key values for the total interruption success rate are presented in table |§| in

section [L.1.41

The results when comparing the interruption success rate between tests that occurred
inside the funnel and outside the nozzle for the first CZ are presented in figure In
this figure each data point consists of five tests which occurred either ”inside funnel”
(purple line) or ”outside nozzle” (red line). The ”outside nozzle” interruption test has
a 100% interruption success rate at an over-pressure of 0.25 bar and a 20% interruption
success rate at 0.15 bar over-pressure, which was the lowest pressure level tested. The test
results for ”inside funnel” experienced one re-ignition at the first CZ for 0.2 bar, 0.25 bar
and 0.3 bar over-pressure, resulting in a 80% interruption success rate for all these three
pressure levels. However, it should be noted that the current was successfully interrupted
at the second CZ at 0.3 bar and 0.2 bar upstream over-pressure at these. Therefore, the
interruption success rate between the ”inside funnel” and ”outside nozzle” is almost equal
if both CZs are taken into account. However, at the lowest tested pressure of 0.15 bar
over-pressure, none successful interruptions where obtained at first CZ occurring while
the contact was inside the funnel. The 50% interruption success rate for the two series
were almost the same, and corresponds to an estimated value of 0.175 bar over-pressure
”outside nozzle” and 0.18 bar over-pressure for ”inside funnel”.
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Figure 32: Interruption test results for geometry b at 630 A when tests occurring ”inside
funnel” and ”outside nozzle”, and the results from the first and second CZ are added
together.
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Figure 33: Interruption test results for geometry b at 630 A when only the first CZ is
included and tests that occurred inside of the funnel is separated from tests that occurred
outside of the nozzle.

880 A interruption tests

In figure[34] the total interruption success rate for the 880 A interruption test for geometry
b is presented. Each data point consists of 10 tests. For five of the tests, the first CZ
occurred inside the funnel part of the nozzle, while the remaining five tests occurred
outside the nozzle. Key values for the total interruption success rate are presented in

table [6] in section [.1.4]

A compraison between the results from the interruption success rate between tests that
occurred inside the funnel and outside of the nozzle for the first CZ is presented in figure
In this figure each data point consists of five tests which occurred either ”inside
funnel” (purple line) or ”outside nozzle” (red line). The 100% interruption success rate
for tests inside the nozzle is at 0.4 bar over-pressure, while the 100% interruption success
rate for tests outside the nozzle is at 0.3 bar over-pressure. However, the ”outside nozzle”
test failed two times at higher pressures for the first CZ. One time at 0.35 bar and one
time at 0.4 bar upstream over-pressure. Since each data point only consists of five points,
variance like this is expected and it can be assumed that the true 100% interruption
success rate for the ”outside nozzle” test is somewhat higher than 0.3 bar over-pressure.
Both test series obtained none successful interruptions at 0.25 bar over-pressure. The 50%
interruption success rate for the two series corresponds to an estimated value of 0.275 bar
over-pressure ”outside nozzle” and 0.29 bar over-pressure for ”inside funnel”. As can be
seen from figure there is only a marginal difference between the interruption results
when the first CZ occurs inside of the funnel or outside of the nozzle. The difference
between the two interruption tests is probably because of the limited tests at each data
points.
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Figure 34: Interruption test results for geometry b at 880 A when tests occurring ”inside
funnel” and ”outside nozzle”, and the results form the first and second CZ are added
together.
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Figure 35: Interruption test results for geometry b at 880 A when only the first CZ is
included and tests that occurred inside the funnel is separated from tests that occurred
outside the nozzle.
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4.1.4 Comparison and discussion of the test results for geometry a and
b

In table [6] and figure [36] the results for the total interruption success rate for geometry
a and geometry b are compared. As shown in the figure geometry b performed better
than geometry a for the 880 A interruption test with a 50% interruption success rate
estimated to 0.28 bar over-pressure, while geometry a had a 50% interruption success rate
of 0.35 bar over-pressure. However, the 100% interruption success rate was equal for both
interruption tests at 0.4 bar over-pressure. For the 630 A interruption case geometry b
had a better 50% interruption success rate than geometry a. Both geometries interrupted
the current successfully all the tests at 0.3 bar over-pressure, and interrupted 90% of the
tests at 0.25 bar over-pressure, resulting in almost an equal performance at the 630 A
interruption test.

Table 6: Comparison of the interruption success rates for geometry a and b.

Interruption success rate
Geometry: 630 A interruption test 880 A interruption test
0% [bar] | 50% [bar] | 100% [bar] | 0% [bar] | 50% [bar| | 100% [bar]
a 0.15 0.19 0.3 0.3 0.35 0.4
b N/A 0.175 0.3 0.25 0.28 0.4
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Figure 36: Comparison of the total interruption success rate for geometry a and b at 630
A and 880 A.
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Previously conducted studies have shown that a short and narrow nozzle is preferred
opposed to a long and wide one. The good performance of geometry a and b at 630
A was therefore as expected. As explained in section the nozzle for geometry a
and b consists of two parts; a cylindrical part, with almost the same diameter as the
contact pin, and one part shaped as a funnel at the end of the nozzle. Both parts are
designed to obtain certain preferable air flow features during interruption as discussed in
the paragraphs below.

During testing it became clear that the cylindrical part of the nozzle had an effect on the
interruption success rate, since the interruption success rate decreased when the nozzle
were starting to show signs of wear. Most of the wear on the nozzle were located in the
cylindrical part, since this part was the most exposed to the stress from the arc. This
wear resulted in an increase of the nozzle diameter, D, which seems to be the cause of the
decreasing interruption success rate.

One possible explanation for that this wear caused decrease in interruption success rate for
geometry a and b, as well as the good performance compared to wider nozzle designs, is
how the air is replaced inside of the cylindrical part of the nozzle. In figure[37]a simplified
example is presented. The figure shows a sketch over two nozzle designs during CZ, one
wide nozzle (upper) and one narrow (lower). The blue area represents cold air, while the
red area represents hot air. The tulip contact is marked with (1), and the nozzle is the
grey area, marked with (2). The tulip contacts in the wide and narrow nozzle have the
same contact area, and the pin is outside the nozzle at CZ. In the example it is assumed
that the cold air from the pressure tank replaces the hot air heated by the arc by pushing
it out of the nozzle, rather than mixing with it. In a more realistic scenario a combination
of replacement and mixing of the air will occur. If the same upstream over-pressure is
used for both nozzle designs, the same volume of hot air will be replaced. However,
a wide nozzle have a larger cross-section area than a narrow one, and this results in a
longer distance for the arc to re-ignite between the tulip contact and the hot air zone in
the narrow nozzle, making a re-ignition of the arc less likely.

2
2
L
— —mm

Figure 37: Two nozzle designs, one wide (upper), and one narrow (lower). Ilustration of
how the re-ignition distance for the arc will increase when the same volume of hot air (red
area) is replaced by cold air (blue area) inside of the two nozzle designs (not to scale).
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If the simplified model explained above is extended to include a more realistic air flow
scenario it will look like presented in figure The viscosity of the air flow is now
included in the sketch. As can be seen in the figure two pockets of still, or rotating air
can be seen between the tulip contact and nozzle wall, marked by orange triangular areas
in the figure. In these regions the air will not be as efficiently replaced as in the rest of
the nozzle, resulting in a higher concentration of ions and charged particles, as well as
hotter air in than the cold area. The degree of air mixing will depend on how turbulent
the flow is, which will increase with increasing pressure. As the figure shows, the distance
the arc has to re-ignite in cold air will be even smaller than as presented in figure
Even though the theory presented here is highly simplified, it might partially explain why
a narrow nozzle is preferable compared to a wide nozzle.

Figure 38: The wide nozzle design from figure [37] when the viscosity of air is included
(not to scale).

Another possible explanation for the good interruption success rate experienced for ge-
ometry a and b is that the narrow cylindrical nozzle section acted as an pressure chamber
giving the test switch a small self blast function, as explained in section [2.1.2] The di-
ameter of the contact pin is almost equal the diameter of the nozzle, and the pin might
partially clog the nozzle while inside the cylindrical part of it. This will make the cylin-
drical nozzle section into a pressure chamber. When air gets heated by an arc, a pressure
build-up will occur, since the air expands in a restricted volume. Due to this pressure
build-up a short air blast might occur when the pin moves outside of the cylindrical part
of the nozzle. If the air blast occurs in the right time, so that it cools the arc when it ap-
proaches CZ, the chance for re-ignition might be smaller, due to a more efficient removal
of hot air. Thereby, resulting in a lower upstream over-pressure needed to successfully
interrupt the current.

In appendix [A] a picture sequence of an air blast occurring during testing is presented
for an 880 A interruption test for geometry a. The pre-set upstream over-pressure used
was 0.3 bar. The first frame of the sequence show the moment right before the pin enters
the funnel shaped part of the nozzle. Frame 2-14 shows the air blast, in the picture
sequence every second frame was removed, so that the sequence would fit in one figure.
The sequence was filmed with a frame rate of approximately 10 000 fps which resulted in
a 2.5 ms time span for the air blast. After this time it is only the air flow generated by
the pre-set pressure in the pressure tank that cools the arc.

Although this self blast effect is present in the picture sequence, its impact on the arc
quenching abilities of the test switch is probably small. The duration of it is short, and
for it to have any effect it is assumed that the CZ must occur right after it starts. For
geometry a and b this will be when the pin is inside of the funnel part of the nozzle, but
as presented in figure and [35| no significant difference in the interruption success
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rate was found between ”inside funnel” and ”outside nozzle”. Therefore, the effect of the
observed air blast is assumed to not have had any significant impact on the interruption
results performed in this experiment. To further understand and evaluate the impact of
this self blast effect, more tests with a different nozzle design should be conducted. It is
suspected that the effect of the air blast will depend on the RMS value of the current, as
well as the volume of the pressure chamber. If the narrow cylindrical part of the nozzle is
replaced with a bellow form, which have the same diameter at each end as the cylindrical
part of geometry a and b, the effect of the volume in the pressure chamber can be more
thoroughly analysed. It is possible that there exists an optimal volume and shape of
the pressure chamber for a given current to maximise the pressure build-up in it, and
thereby increasing the self blast effect so that it may will have a larger impact on the
total interruption success rate.

During testing of geometry a and b two other phenomena were observed, which are
assumed to have had an impact on the arc quenching abilities. In figure [39|a comparison
of the air flow in a short funnel shaped nozzle (upper) and a long cylindrical shaped
nozzle (lower) is shown. The short funnel shaped nozzle is geometry b from this report
and has an air flow formed as a drop with a tail, while the long cylindrical nozzle, which
is geometry c from this report, has a more triangular formed air flow. It is possible that
the air flow for geometry b is an advantage, since it might stabilise the arc, as well as
cooling it more efficiently. This is because in the long cylindrical nozzle designs it has
often been observed that the arc winds itself, causing unnecessary elongation of the arc.
This elongation results in an increase of the arcing voltage as described in section [2.3.1]
which will result in a higher energy dissipation and might set higher demands to the
cooling mechanisms. Furthermore it seems like the drop formed air flow gives a more
uniform and concentrated cooling along the whole length of the arc. The pictures are
taken under fairly high current magnitudes far from CZ. This is because the air at CZ is
not hot enough to be seen on the NIR camera, however, it is reasonable to assume that
the air flow seen in the pictures would be obtained close to CZ, as well as at high currents.
The two air flows shown in the figure below was taken under almost equal interruption
conditions, and with the same camera settings. The current had an RMS value of 630 A,
and had almost the same magnitude in the pictures. The arc had approximately the same
length and an upstream over-pressure of 0.3 bar was used. The same air flow observed in
geometry b, was observed for geometry a for all filmed interruption tests.

Figure 39: Shape of the air flow during interruption testing for geometry b (upper) and
geometry c (lower).
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The other phenomenon observed for the funnel shaped nozzle, which have not been ob-
served in other interruption tests when using cylindrical shaped nozzles is a considerable
milder peak in arcing voltage right before CZ, as shown in figure [40] It is possible that
the milder arcing voltage observed for geometry a and b is linked with the different air
flow discussed above, however, this link is yet to be confirmed.
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Figure 40: Arcing voltage for geometry b (blue line) and c (red line) the last 100 us
before CZ during a successful 630 A interruption test.

Figure 40| shows the arcing voltage during a 630 A interruption test for geometry b (blue
line) and c (red line), with an upstream over-pressure of 0.3 bar. The arc was successfully
interrupted at the second CZ, which occurred when the pin contact was approximately 75
mm from the female contact. The shape and magnitude of the arcing voltage presented
in the figure above for geometry b, was observed for nearly all of the interruption tests
conducted on geometry a and b, at both current levels. If the two voltages presented in
figure [40] are compared it is clear that the arcing voltage is much higher during this time
span for geometry c. For geometry c the arcing voltage starts at approximately 300 V,
and steadily increases up to above 400 V. For geometry b the arcing voltage starts at
200 V, and rises to a peak of only 235 V before CZ. The result is a considerable lower
dissipated energy for geometry a and b, if compared to a long cylindrical geometry, like
geometry c, since the current magnitude is equal and unaffected of the arcing voltage.
As argued in section a low amount of dissipated energy close to CZ will most likely
result in an easier interruption, as seen for geometry a and b, when compared to other
previously tested cylindrical nozzle geometries.

In the paragraph above some theories and observed differences between the funnel shaped
nozzles and previously tested cylindrical shaped nozzles are presented. It is however, not
clear if it is the narrow cylindrical part or the funnel shape at the end of the nozzle
which had the biggest impact on the good interruption success rate for geometry a and
b. Therefore, further experiments with a nozzle design equal to geometry a and b, but
without the funnel part of the nozzle should be conducted. Then the impact of the narrow
cylindrical part of the nozzle on the interruption success rate can be found, and used to
evaluate the effect of the funnel shaped part of the nozzle.
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The 880 A interruption test for geometry a and b also performed well and as expected
when compared to previously tested geometries. Both the interruption theories presented
above for the 630 A interruption test, are still considered as possible explanations for the
good interruption success rate at 880 A. The 880 A tests showed similar air flows as in
figure [39] and the mild arcing voltage presented in figure [40] was also present.

The variation between geometry a and b at 880 A, where geometry b had a better
interruption rate at most pressure levels was also as expected. This can be explained
by the volume flow of air that is larger through geometry b at a given upstream over-
pressure. The volume flow (Q) is defined by equation , which states that the volume
flow depends on the velocity of the air flow (v), as well as the cross-section area (A) it is
flowing through. The velocity of the air flow can be obtained from Bernoulli’s equation. If
the air flow is simplified to be incompressible and inviscid, the velocity of the air flow will
only depend on the over-pressure in the pressure tank. The velocity found with Bernoulli’s
equation is the maximum speed of the air flow, which will occur in the narrowest part of
the geometry. For geometry a and b, this is inside of the tulip contact when the pin is
outside of the nozzle at the moment of interruption.

If the air flow is simplified to be regarded as incompressible, it can be assumed that the
volume flow of air must be conserved through the tulip contact and the nozzle. Given this
assumption the velocity of the air flow inside of the nozzle can be calculated as shown in

equation .

Q = VnozzleAnozzle = UtulipAcontact

d\? (10)
Ynozzle = Ytulip \ )

As shown in table [4] from section D/d is equal for both geometry a and b, resulting
in the same velocity of the air flow at a given pressure for the two geometries. Therefore,
the only difference between the two geometries is the volume flow of air, that is larger for
geometry b, which is an advantage when interrupting currents. It should be noted that
the assumption of an incompressible and inviscid air flow is probably not correct, since
turbulence, wall effects, and variation in density and temperature is likely to be present.
However, despite these effects, the volume flow is still larger for geometry b.

Furthermore, empirical data collected from this, and previously conducted tests has pro-
vided a sketch illustrating the relationship between the upstream over-pressure and the
area of the contacts needed to obtain an 50% interruption success rate, shown in figure
As described from this empirical model seen in the figure below, a rather small increase in
over-pressure is needed to obtain an equal interruption rate for geometry a and geometry
b for 630 A, but for 880 A a considerable increase in pressure is expected. Given this
model, the variance between the two geometries at the 880 A interruption tests, and the
equal interruption rate at 630 A was as expected.
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Figure 41: Relationship between contact area and upstream over-pressure used to obtain
50% interruption success rate for two different currents (schematically).

When choosing a contact geometry for a commercial switchgear design, several parameters
must be addressed so that the total costs of the switchgear is minimised, while good
functionality and lifespan is obtained. In the experimental set-up used in this report, a 6
litre tank is used to provide an almost constant pressure throughout the whole interruption
process. In a commercial switchgear based on the puffer design, the puffer volume is
limited and the pressure will vary with time, as described in section An increase in
volume flow is strongly linked with an increase in contact area, like between geometry a
and b. To obtain a sufficient pressure in the puffer volume throughout the interruption
process by increasing the contact area, a more powerful spring to drive the piston can be
used. But a stronger spring requires a more powerful motor to load it after use, which uses
more space and adds to the expenses of the switchgear. Furthermore, a larger contact
area will decrease the time the piston will use to empty the puffer volume, so that the
puffer might not cover enough CZ crossings before it is empty of pressurised air. To
adjust for this the volume of the puffer can be increased, which will add to the size of the
switchgear. To the contrary a too small contact might not give a sufficient air flow, even
at fairly high pressures, as explained by figure Another problem which can arise if the
contact area is too small and sharp is dielectric flash overs when the switch is open due
to voltage transients, or welding under closing operation. Copper-tungsten, which the
contact members are made of, is also an expensive metal, and by using a smaller contact
geometry the total costs of the switch might be lowered. This means that a geometry that
needs a high upstream over-pressure to successfully interrupt a current is not necessarily
unsuited for a switchgear design, as long as the needed pressure is obtainable. Therefore,
the choice of contact size can be considered as a trade-off between available space, motor
power and total costs.
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4.1.5 Interruption results for geometry c
630 A interruption tests

In figure the total interruption success rate for the 630 A test for geometry c is
presented. Each data point consists of 5 interruption tests, except for the tests performed
at 0.3 bar upstream over-pressure where 10 interruption test was conducted. For all the
tests the first CZ occurred outside of the nozzle. The extra five tests performed at 0.3 bar
was conducted because the initial five tests at 0.3 bar had a 100% interruption success
rate, but since all the tests at 0.25 bar over-pressure failed it was suspected that the
results at 0.3 bar were inaccurate. Five new tests at 0.3 bar were conducted and the
interruption success rate decreased. After this adjustment, the normal test procedure
was followed and new tests where conducted at a higher pressure level.

After the test procedure was adjusted as described above the 100% interruption suc-
cess rate occurred at an upstream over-pressure of 0.4 bar. Other key values from the
interruption tests can be seen in table
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Figure 42: Interruption test results for geometry c at 630 A when tests occurring ”outside
nozzle”, and the results from the first and second CZ are added together.

880 A interruption tests

In figure [43] the total interruption success rate for the 880 A test for geometry b is
presented. Each data point consists of 5 interruption tests and for all the tests the first

CZ occurred outside of the nozzle. Key values from the interruption tests can be seen in
table [0

95



100

20

80

70

60 1
880 A Geometry ¢

50 A

40

30

Successful interruptions [%]

20

10

0.35 0.4 0.45 0.5
Upstream over-pressure [bar]

Figure 43: Interruption test results for geometry c at 880 A when tests occurring ”inside
funnel” and ”outside nozzle”, and the results from the first and second CZ are added
together.

4.1.6 Comparison and discussion of the test results for geometry c and
d

As stated in section [3.2] geometry c is going to be compared to a previously tested
geometry, denoted d. Geometry d was tested by Nina Sasaki Aanensen and the results
will be published in the paper: ”Air flow investigation for a medium voltage load break
switch” [4] (In that paper geometry d was denoted as geometry a). In this paper only
the first CZ was included in the presented results and each data point consists of ten
interruption tests. To be comparable to geometry c the interruption results for geometry
d has been extended, so that the second CZ is included in the interruption results for
geometry d in this report. In figure {4 a comparison of the total interruption success rate
for geometry c to the previously tested geometry d can be seen.

Figure [44] shows that geometry d performed somewhat better than geometry c for the 630
A interruption tests. Geometry d interrupted all the tests at 0.3 bar over-pressure, while
geometry ¢ had a 100% interruption success rate at 0.4 bar over-pressure. Geometry
¢ had none successful interruptions at 0.25 bar over-pressure, while geometry d had a
0% interruption success rate at 0.2 bar over-pressure. The 50% interruption success
rate for geometry ¢ was estimated to 0.28 bar over-pressure and geometry d had a 50%
interruption success rate at approximately 0.26 bar over-pressure.

For the 880 A current interruption test, geometry ¢ was considerably better than geometry
d. Geometry c interrupted all the tests at 0.5 bar over-pressure, which was the same
pressure level where geometry d only successfully interrupted 40% of the tests, this was
also the lowest tested pressure for geometry d. Geometry d had a 100% interruption
success rate at 0.6 bar over-pressure, and a 50% interruption success rate at about 0.52
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bar over-pressure. Where geometry c failed all the interruptions at 0.35 bar over-pressure
and had a 50% interruption success rate estimated to 0.425 bar over-pressure.

In table [7] a summary of the performance of geometry ¢ compared to geometry d can be
seen.

Table 7: Comparison of the interruption success rates for geometry c and geometry d.

Interruption success rate
Geometry: 630 A interruption test 880 A interruption test
0% [bar] | 50% [bar] | 100% [bar] | 0% [bar] | 50% [bar] | 100% [bar]
c 0.25 0.28 0.4 0.35 0.425 0.5
d 0.2 0.26 0.3 N/A 0.52 0.6
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Figure 44: Comparison of the total interruption success rate for geometry ¢ and geometry
d at 630 A and 880 A.
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For the 880 A test, the results are like expected. As explained by figure [41]it was assumed
that a considerably lower pressure was needed to interrupt the current when the contact
diameter increases, as from geometry ¢ to d. The same trend was observed between
geometry a and b at the 880 A interruption test.

In the 630 A interruption test, geometry d performed marginally better than geometry
c. Given the empirical model from figure which is based on previously conducted
experiments, it is reasonable to assume that these two geometries performed almost equal
at 630 A. The small difference in the results between them can be due to the limited
amount of tests conducted at each pressure level. In section [f.1.7] the impact on the total
interruption success rate when increasing the number of tests at each pressure level is
more thoroughly investigated. It should be noted that a somewhat better performance of
geometry d compared to other larger contact geometries at 630 A have been observed in
previously conducted tests. For further reading, see paper [4].

4.1.7 Uncertainties related to the number of tests in a data point

Due to an unknown latency in the release mechanism of the test switch it was difficult
to adjust the pin’s x-position so that it occurred in the desired region at the moment
of CZ. Therefore, an excessive amount of tests had to be performed at some pressure
levels. Some of these extra tests have been included in table I8 and [9] as ”Success rate
based on all performed tests”. These tests include more than just the ten first tests, as
described by the test procedure in section |3.3] This can be used to check if ten tests at
each pressure level is good enough to describe the actual interruption success rate, or if
more tests should be conducted in future experiments. It will also describe the reliability
of the results obtained in this report.

In table [§] all tests that occurred inside of the funnel or outside of the nozzle is included
as a base for the ”Success rate based on all performed tests”. For the results shown in
table [ all the tests that occurred outside of the nozzle is included for the ”Success rate
based on all performed tests”, except those that occurred in the boundary region between
outside and inside of the nozzle. The results presented in both tables are interpreted as
described by figure 26 and all the tests are collected using a current of 630 A for the
interruption test.

When increasing the number of conducted tests at a pressure level the total interruption
success rate changes from when applying only ten tests, except for the 0.3 bar over-
pressure test for geometry a where all the test were successfully interrupted for all per-
formed tests. For geometry a at 0.25 bar there is a difference of: 90%-77.8%=12.2%,
between the success rate for all the performed tests and the first ten tests. This difference
is 5% for geometry c at 0.3 bar over-pressure. Therefore, the results presented in section
of this report should not be regarded as absolute limits, since there are uncertainties
connected with the obtained numbers. It is suspected that these uncertainties are mostly
caused by the limited number of tests performed at each pressure level, but other fac-
tors like contact wear and nozzle deformation might also be partially responsible. The
interruption test results are mainly used to compare geometries to each other. For this
purpose the variation above is acceptable, as long as the variation is taken into account
for when comparing the results. However, ten tests are probably the lowest number of
tests that should be used for each pressure level. In some interruption cases only five
tests have been used at each pressure level, like for geometry c in this report (except for
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0.3 bar over-pressure, where the test procedure was altered). This small number of tests
makes room for interpretation errors in the results, as well as a weaker foundation for
strong conclusions in the experimental work. Furthermore, large uncertainties related to
the interruption results might make them more difficult to use for mathematical purposes,
like if simulating the interruption chance for a contact geometry at a given pressure. It
should also be noted that it seems like the 0% and 100% interruption success rate have
less variation than the interruption success rates in between. This is probably because
these are close to the limiting values, and therefore makes less room for variation.

Table 8: Interruption success rate for geometry a at 630 A.

Upstream Number of tests Success rate based Success rate based
over-pressure [bar| | performed in total | on all performed tests [%] | on test procedure [%)]
0.25 18 77.8 90
0.3 18 100 100

Table 9: Interruption success rate for geometry c at 630 A.

Upstream Number of tests Success rate based Success rate based
over-pressure [bar] | performed in total | on all performed tests [%] | on test procedure [%)]
0.3 24 75 80
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4.2 Arcing voltage between successful and unsuccessful interrup-
tions

For geometry c the arcing voltage was recorded and saved during the 630 A interruption
tests at an over-pressure of 0.3 bar to see if a difference in arcing voltage could be observed
between successful and unsuccessful interruptions. Two test series where conducted, one
where the second CZ crossing occurred when the pin was positioned at x=75 mm, and
one when the pin’s position was inside the nozzle, at x=18 mm. The data presented in
this section has been processed in matlab, where the arcing voltage has been smoothed
to remove measuring noise and aligned so that the successful or unsuccessful current
interruptions have the CZ at the same x-axis position. All the plots consist of data from
the last 100 us before the CZ, since this is, as argued in section the most crucial time
span to determine if a thermal re-ignition is to occur or be avoided.

For the test series with the second CZ crossing occurring at x=75 mm, nine interruption
tests were performed in total. Five tests experienced a thermal re-ignition, and four
tests successfully interrupted the current at the second CZ. As described in section [2.3.1]
the length of the arc influences the arcing voltage, therefore interruption attempts that
was not in the area of interest (x=75 £ 3 mm) were discarded. Even though many
tests where conducted, it was not obtained five successful interruption with the right pin
position, which was the intended test procedure. This resulted in that only four successful
interruption tests are included in the data collection for this arcing voltage test.

Figure shows the arcing voltage for the five interruption tests where a thermal re-
ignition occurred at the second CZ, which was placed at approximately x=75 mm. The
four successful current interruption tests with this length of the arc are displayed in figure
46l In appendix [B] picture sequences of the arc from the moment right before and after
CZ for the nine arcing voltage tests presented in figure 5] and [46] can be seen.
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Arcing voltage [kV]

236 23.62 23.64 23.66 23.68 23.7
Time [ms]

Figure 45: The arcing voltage for five interruption tests at 0.3 bar over-pressure and a
current of 630 A. All the five tests experienced a thermal re-ignition at the second CZ,
which occurred at approximately x=75 mm.

Arcing voltage [kV]

23.54 23.56 23.58 236 23.62
Time [ms]

Figure 46: The arcing voltage for four interruption tests at 0.3 bar over-pressure and a

current of 630 A. All the four tests was interrupted successfully at the second CZ, which
occurred at approximately x=75 mm.
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Based on the results presented in figure |45 and the average arcing voltage (blue line)
for the five unsuccessful and the four successful current interruptions were calculated and
presented in figure [7] and The two interruption tests from each of the two data
collections which had the largest (green line) and smallest (red line) arcing voltage from
the average arcing voltage are plotted together with it.

In figure [49| the two average arcing voltages from figure and are plotted together.
The green line is the average arcing voltage where the thermal re-ignitions occurred, while
the magenta line is the average arcing voltage for the successful interruptions.

o
~

Average arcing voltage [kV]

_0_ 1 1 1 ! 1
54.4 24 42 24 44 24 46 24 48 245
Time [ms]

Figure 47: The average arcing voltage (blue line) for the five interruption tests at 0.3
bar over-pressure and a current of 630 A, together with the lowest (red line) and highest
(blue line) arcing voltages obtained during testing. All the five tests experienced a thermal
re-ignition at the second CZ, which occurred at approximately x=75 mm.
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Figure 48: The average arcing voltage (blue line) for the four interruption tests at 0.3
bar over-pressure and a current of 630 A, together with the lowest (red line) and highest
(blue line) arcing voltages obtained during testing. All the four tests where interrupted
successfully at the second CZ, which occurred at approximately x=75 mm.
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Figure 49: The average arcing voltage for both the successful (magenta line) and unsuc-
cessful (green line) interruption tests.

For the test series with the first CZ occurring at a pin position of x=18 mm, ten interrup-
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tion tests were performed in total. Five tests had a thermal re-ignition, and the other five
tests successfully interrupted the current at the first CZ. As previously stated in section
the length of the arc influences the arcing voltage, therefore interruption attempts
that was not in the area of interest (x=18 + 3 mm) were discarded.

In figure |50 the arcing voltage for five of the interruption tests are shown, all the five tests
experienced a thermal re-ignition at the first CZ, which occurred at approximately x=18

mm. The five interruption tests which successfully interrupted the current are displayed
in figure

0.25

0.2

0.15

Arcing voltage [kV]

0.1

0.05¢ .

13.7 13.72 13.74 13.76 13.78 13.8
Time [ms]

Figure 50: The arcing voltage for five interruption tests at 0.3 bar over-pressure and a
current of 630 A. All the five tests experienced a thermal re-ignition at the first CZ, which
occurred at approximately x=18 mm.
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Figure 51: The arcing voltage for five interruption tests at 0.3 bar over-pressure and a
current of 630 A. All the five tests where interrupted successfully at the first CZ, which
occurred at approximately x=18 mm.

Based on the results presented in figure and the average arcing voltage (blue
line) for the the five unsuccessful interruptions and the five successful interruptions were
calculated and presented in figure and The two interruption tests from each of
the two data collections which had the largest (green line) and smallest (red line) arcing
voltage from the average arcing voltage are plotted together with it.

In figure[54]the two average arcing voltages from figure[52|and [53|are plotted together. The
green line is the average arcing voltage where the thermal re-ignitions occurred, while the
magenta line is the average arcing voltage for the successful current interruptions.
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Figure 52: The average arcing voltage (blue line) for the five interruption tests at 0.3
bar over-pressure and a current of 630 A, together with the lowest (red line) and highest
(blue line) arcing voltages obtained during testing. All the five tests experienced a thermal
re-ignition at the first CZ, which occurred at approximately x=18 mm.
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Figure 53: The average arcing voltage (blue line) for the five interruption tests at 0.3
bar over-pressure and a current of 630 A, together with the lowest (red line) and highest
(blue line) arcing voltages obtained during testing. All the five tests where interrupted
successfully at the first CZ, which occurred at approximately x=18 mm.
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Figure 54: The average arcing voltage for both the successful (magenta line) and unsuc-
cessful (green line) interruption tests.

As mentioned in the introduction, this arcing voltage experiment was conducted to see if
a difference in arcing voltage could be observed between a successful and an unsuccessful
current interruption. If such a measurable difference in the arcing voltages before CZ
exists for the two interruption results, it might be possible to use this information to
develop a simulation tool which can predict the outcome of the interruption based on this
difference. In the paragraphs below, two possible theories to what may cause a difference
in the arcing voltage between the two interruption outcomes are presented.

In cases where a successful interruption is obtained it is possible that the air flow cools the
arc more efficiently than when a thermal re-ignition occur. A more efficient cooling of the
arc may cause a temperature decrease in the plasma channel, where the current is flowing.
As described by figure[7]in section [2.2.1] the conductivity of air is highly dependent on its
temperature. Therefore, it is possible that a more efficient cooling will result in a lower
conductivity of the air. Since the current is unaffected by the arcing voltage and equal
for all conducted tests, a decrease in conductivity will cause an increase in arcing voltage.
Therefore, it is possible that a small difference in how the air flow cools the arc when the
arc is successfully quenched, compared to when a thermal re-ignition occurs, causes an
increase in the arcing voltage for a successful current interruption.

Another theory of how the arcing voltage will be different between the two interruption
results is that it will be lower for a successful current interruption compared to an unsuc-
cessful one. This is because a low arcing voltage will result in less dissipated energy. A
smaller energy dissipation, especially close to CZ might result in a smaller amount of hot
air and charge carriers that needs to be transported away to avoid a thermal re-ignition,
which might be the difference between a successful and unsuccessful interruption of the
current.

However, none of the two theories presented above could be confirmed with the two test
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series conducted in this arcing voltage experiment. If the average arcing voltage results
from the tests conducted with the second CZ occurring at the position of x=75 mm which
are presented in figure [A5] and [46] are consulted, it can be seen that the variance between
each of the arcing voltages in the two figures is much larger than the difference between the
two average arcing voltages presented in figure[d9] This also applies to the test series with
the first CZ occurring at x=18 mm, which are presented in figure[50/and[51} As seen in the
picture sequence presented in appendix [B| no clear difference in the arc can be observed
in the frames before CZ for the successful and unsuccessful current interruptions. If a
difference in arcing voltage between a successful and an unsuccessful current interruption
exists, more than five tests for each interruption case needs to be conducted, since this
might decrease the variance between them, and reveal a more distinct difference between
the arcing voltages for the two interruption outcomes. However, the test set-up used to
perform the arcing voltage tests in this report is not well suited for this task, since timing
the CZ to occur at the right x-position, was challenging and many tests were discarded
due to a wrong length of the arc at the moment of CZ.

Because no clear difference in the arcing voltage between a successful and unsuccessful
current interruption could be confirmed by the two test series the arcing voltage might
not be the best parameter to use in a simulation model which goal is to predict the
interruption outcome. If the temperature in the arc could be measured directly, it might
be possible to find a difference in temperature which is related to the outcome of the
interruption. This could be used to possibly link the temperature with how the air flow
cools the arc. In section the heat distribution in an arc is presented, and as pointed
out in this section the arc is cooled down by removing the stored heat in the ”energy
buffer zone” around the arc, not by cooling the arc directly with the air low. When the
amount of heat stored in this energy buffer zone is small, the temperature of the arc’s core
will decrease more rapidly than if a large amount of energy is stored there. Therefore, it is
possible that the difference between a successful and an unsuccessful current interruption
can be seen by a larger derivative of the temperature the last microseconds before CZ for
a successful current interruption.
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4.3 Steep drop in arcing voltage

In figure the arcing voltage during an interruption test for geometry b at 880 A is
presented. The arc experienced a thermal re-ignition at all three CZ crossings shown in
the figure and a pre-set upstream over-pressure of 0.25 bar was used. The red square in
figure shows a part of the graph where a steep drop in the arcing voltage occurred,
this area is magnified in figure Both figures have been processed in matlab to filter
out measuring noise. The filter used for noise cancelling was tuned so that it did not
impact the steep drop in arcing voltage shown in the figure. It is not uncommon for steep
drops in the arcing voltage to occur, and they often occur following a CZ. In appendix [C]
another example of a voltage drop like the one presented here is shown.

From figure it can be seen that the steep drop in arcing voltage occurred after ap-
proximately 1.3 ms after the third CZ. The voltage dropped from a peak of 425 V to
200 V using 60 us, resulting in a voltage drop of 3.75 V/us. Frame 1 to 7 in the picture
sequence from figure [57)shows the thermal re-ignition during the CZ, while frame 8 to 18
shows the arc for the time span upto and including the voltage drop. Frame 16 and 17
shows the arc during the steep drop in arcing voltage.

From the picture sequence shown in figure it is quite clear what causes the steep drop
in arcing voltage. The arc do not burn in a straight line between the electrodes, but
winds itself around. This winding of the arc is probably mostly caused by the hot air
surrounding the arc, which rises and pulls the arc with it. After the CZ in frame 4, it
can be seen that hot air near the pin contact have risen, and in frame 6 the arc re-ignites
in this hot air channel, forming a curve. As the current increases and the arc is further
heated. The curve is elongated, while the distance between the start of the curve, and
the pin contact decreases to the point where the curve short circuit between its starting
point and the pin contact, causing the steep drop in arcing voltage shown in figure
This winding and short circuit of the arc is also observed for the arcing voltage shown in
appendix [C}
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Figure 55: Overview of the arcing voltage during an interruption test spanning over three
CZ. A steep drop in arcing voltage (marked by a red square) occurred after the third CZ.
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Figure 56: The area marked with the red square in figure |5 magnified, showing the steep
drop in arcing voltage.
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Figure 57: Picture sequence after a thermal re-ignition in the third CZ. The pictures
shows the arc corresponding to the blue line in figure [56] where a steep voltage drop
occurred approximately 1.5 ms after the CZ. The numbers in the corner of each picture
indicates in what order the images where taken. The whole picture sequence spans over
approximately 2 ms. 79



4.4 Current drop during dielectric re-ignition

For geometry a and b a few dielectric re-ignitions occurred, mostly when the pin was
positioned inside of the cylindrical part of the nozzle. In figure the voltage (black
line) and current (blue line) during one of these dielectric re-ignitions are illustrated. The
dielectric re-ignition shown in the figure occurred during a 880 A interruption test for
geometry b, using an upstream over-pressure of 0.25 bar. The figure has been processed
in matlab to filter out measuring noise.

Figure[58 has two squares marking two areas of the current. The red square marks an area
where the current rises to a peak of about 160 A, and then falls to 40 A, during a time
span of 70 us. The decline of the current is best illustrated by an exponential decay which
is described by equation . The recovery voltage’s peak reaches approximately 7.1 kV
before the re-ignition occur. Some noise in the current measurement were not successfully
removed from the figure, this is marked by the green square in figure

I(t) = 160e1/50-5 7 t € [0,70]us (11)

A picture sequence of the arc during the dielectric re-ignition displayed in figure [58| are
shown in figure [60] and The picture sequence is split into two figures and some
uninteresting frames are removed to shorten the sequence so that each of the figures
fits a page. The numbers in each frame tells which order the frames follows within the
picture sequence. In figure 59| the red square from figure [58|is magnified and vertical lines
marking four time zones is included in the figure. Each time zone corresponds to different
frames in the picture sequence presented below and the current in the arc the moment
the picture where taken. Time zone ”a” includes approximately frame one to six, where
frame one illustrates that the arc have just re-ignited after the dielectric re-ignition and
the current has started flowing. In time zone ”b” the current is rising, which can be seen
in the pictures as an increase in the intensity of the arc upto and including frame ten.
Then the current has passed its peak at 160 A and decreases to approximately 40 A in
frame 17, this time span represent time zone "c¢”. In frame 18 the current starts to rise
again, and it will quickly obtaining its normal sinusoid shape, set by the supply side of
the switch. In figure [59| this is represented by time zone ”d”.
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Figure 58: Dielectric re-ignition during a 880 A interruption test for geometry b. The
red square marks the area of interesst. The green square marks an area of the current
suspected to be wrong due to measuring noise.
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Figure 59: The same dielectric re-ignition as shown in figure but with the red area
magnified. The vertical lines marks four time zones a, b, ¢, and d, which corresponds
to different frames (a=[1,6], b=[7,10], c=[11,17], d=[18,22]) in the picture sequence from
figure [60] and
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Figure 60: Picture sequence for the dielectric re-ignition shown in figure The numbers
in the corner of each picture indicates in what order the images where taken.
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Figure 61: Continuation of the picture sequence in figure [60] for the dielectric re-ignition
shown in figure The numbers in the corner of each picture indicates in what order
the images where taken.

With the use of a circuit simulation tool called ATPdraw, a current interruption test
was simulated using the circuit from figure [22] for a current of 880 A obtained with the
circuit parameters from table [3] This simulation was conducted to find a possible cause
for the current drop marked with the red square in figure 58 The simulation performed
in ATPdraw does not take the arcing voltage into consideration, and it is set to zero
during the arcing time. This removes the effect of the arc from the system, and only the
switching transient is analysed. Figure shows the simulation results for the voltage
(black line) and current (blue line) during a dielectric re-ignition, with approximately the
same time span between CZ and the re-ignition, as the one presented above. In figure [63]
the current during the re-ignition is magnified. As seen from the figure, the same form
of the current drop as seen in the measured results can be seen in the simulation results,
however, the simulation results predict a considerable smaller current, which have a peak
of about 45 A. With the use of ATPdraw it was possible to confirm that the drop in
current is caused by the discharge of the capacitor (C), which occurs when the arc re-
ignites. Simulations with different circuit parameters were conducted, but the magnitude
of the measured drop in current was not possible to recreate, while still obtain the same
recovery voltage and RMS value of the current.
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The transaction between zero current to high current happens over a very short time span
(<1ps). Since the sampling rate of the Hall Effect current transducer used to measure the
current is 100 kHz [I0], it is likely that the transaction occurs too fast to be accurately
measured. This can also be seen in the picture sequence, since it seems unlikely that
the measured current lowest value is 40 A, because in frame 17 in the picture sequence
shows that the arc has almost extinguished at the lowest current magnitude after re-
ignition.

Since the Hall Effect current transducer is not suited for these fast changes in current
as experienced during a re-ignition, and the intensity of the arc shown in the picture
sequence does not correspond well with the magnitude of the measured current, it is
possible that the current is measured with a high error rate during the re-ignition of the
arc. However, since both the measured and the simulated current shows a current drop,
it is likely that it is present, but that its magnitude is unknown. It is possible that a
more accurate measurement of the current, especially close to CZ, can be obtained by
the use of a Rogowski coil. A Rogowski coil is a kind of a transducer which is converting
current to voltage. Through Faraday’s law the induced voltage in the coil is proportional
to the derivative of the current. The magnitude of the current can then be found via
integration of its derivative, either with an integration circuit or with post processing
of the measuring results. The integration circuit used must be chosen so that it can
handle the steep derivative of the current which occurs during a re-ignition of the arc. A
Rogowski coil with an active integrator circuit can measure currents upto 5 MHz with
sufficiently accuracy to measure switching impulse currents [I1], and might be applied in
the test circuit for future current measurement during interruption testing, so that the
current drop observed in figure [p8| can be better analysed. With a Rogowski coil it might
also be possible to measure the post-arc current, which as mentioned in section [2:4] can
be an important parameter for evaluating the possibility of a thermal re-ignition.
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Figure 62: Simulated recovery voltage and current during a dielectric re-ignition.
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Figure 63: Simulated recovery voltage and current during a dielectric re-ignition, when
the current right after CZ is magnified.
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5

Conclusion and further work

The experiment carried out for the three geometries at 630 A and 880 A showed that:

As expected the interruption success rate increases for all the tested geometries with
increasing upstream over-pressure.

The interruption tests conducted on geometry a and b have shown that a short and
narrow nozzle performs better than a long and wide one.

Two differences were observed between the funnel shaped nozzles and the cylindrical
formed ones that might have had an impact on the total interruption success rate.
The funnel shaped nozzles had a drop formed air flow, which seems to give a more
uniform and concentrated cooling, as well as a lower arcing voltage close to CZ, if
compared to the cylindrical formed geometry c.

For geometry a and b at the 880 A interruption tests, a 40% increase in the contact
area from 28.3 mm? to 39.6 mm2, resulted in a 20% decrease, from 0.35 bar to 0.28
bar, in the upstream over-pressure needed to obtain the 50% interruption success
rate. At 630 A, the interruption success rate for geometry a and b was almost
equal.

The interruption test results for geometry c fits well with previously tested geome-
tries. When compared to the previously tested geometry d the interruption results
are equal in the 630 A test. But when testing at 880 A and comparing geometry c
to d, the upstream over-pressure needed to obtain a 50% interruption success rate
dropped from 0.52 bar to 0.425 bar giving a decrease of 18%, when increasing the
contact area with 40%, from 28.3 mm?2 to 39.6 mm?2.

No clear difference in the arcing voltage between the successful and the unsuccessful
current interruptions were observed for the two conducted test series.

The steep drop in arcing voltage observed in some interruption tests, is most likely
caused by the arc short circuiting parts of itself due to unnecessary elongation. This
short circuiting result in a drop in the arcing voltage, since the arc becomes shorter.

The Hall Effect current transducer used to measure the current during testing have
a too low sampling frequency to accurately measure the current during re-ignition
of the arc.

Based on the discussion, some important aspects for further work and evaluation are:

A short and narrow nozzle like geometry a or b, but without the funnel shape
at the end should be tested. This may make it possible to investigate if the good
interruption success rate for the two geometries are caused by the cylindrical section
of the nozzle, or the funnel shape at the end of it. Furthermore, it might give a link
over how the difference in air flow and arcing voltage observed between geometry a
and b, and geometry c has an impact on the interruption success rate between the
different nozzle designs.

If the temperature of the arc could be measured with sufficient sampling frequency
for the last microseconds before CZ, a connection between the derivative of the
temperature and the outcome of the interruption might be found. It is possible
that the derivative of the temperature will be larger for a successful interruption,
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compared to an unsuccessful one, since the "energy buffer zone” around the arc is
smaller, when cooled efficiently.

e A Rogowski coil might be applied to measure the current more accurately during the
CZ and re-ignition. This might reveal more of the post-arc current magnitude and
form in the different interruption outcomes, as well as better describe the current
after a re-ignition.
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A Appendix: Picture sequece of the air blast
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Figure A.1: Picture sequence when the pin contact exits the cylindrical part of the nozzle,
causing an air blast. The numbers in the corner of each picture indicates in what order
the images where taken. In order to fit the sequence in one figure every second frame
were removed from the sequence.
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B Appendix: Picture sequences for arcing voltage tests

B.1 Thermal re-ignitions for the 75 mm arcing voltage test

Figure B.1: Picture sequence for a interruption attemt with a thermal re-ignition at the
second CZ, which occurred at approximately x=75 mm. The pictures shows the arc
corresponding to the red line in figure The numbers in the corner of each picture
indicates in what order the images where taken.
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Figure B.2: Picture sequence for a interruption attemt with a thermal re-ignition at the
second CZ, which occurred at approximately x=75 mm. The pictures shows the arc
corresponding to the blue line in figure 5] The numbers in the corner of each picture
indicates in what order the images where taken.
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Figure B.3: Picture sequence for a interruption attemt with a thermal re-ignition at the
second CZ, which occurred at approximately x=75 mm. The pictures shows the arc
corresponding to the yellow line in figure The numbers in the corner of each picture
indicates in what order the images where taken.
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Figure B.4: Picture sequence for a interruption attemt with a thermal re-ignition at the
second CZ, which occurred at approximately x=75 mm. The pictures shows the arc
corresponding to the green line in figure The numbers in the corner of each picture
indicates in what order the images where taken.
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Figure B.5: Picture sequence for a interruption attemt with a thermal re-ignition at the
second CZ, which occurred at approximately x=75 mm. The pictures shows the arc
corresponding to the magenta line in figure 5] The numbers in the corner of each picture
indicates in what order the images where taken.
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B.2 Successful interruptions for the 75 mm arcing voltage test

Figure B.6: Picture sequence for a successful interruption at the second CZ, which oc-
curred at approximately x=75 mm. The pictures shows the arc corresponding to the red
line in figure [46] The numbers in the corner of each picture indicates in what order the
images where taken.
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Figure B.7: Picture sequence for a successful interruption at the second CZ, which oc-
curred at approximately x=75 mm. The pictures shows the arc corresponding to the blue
line in figure [46] The numbers in the corner of each picture indicates in what order the
images where taken.
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Figure B.8: Picture sequence for a successful interruption at the second CZ, which oc-
curred at approximately x=75 mm. The pictures shows the arc corresponding to the
yellow line in figure The numbers in the corner of each picture indicates in what order
the images where taken.
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Figure B.9: Picture sequence for a successful interruption at the second CZ, which oc-
curred at approximately x=75 mm. The pictures shows the arc corresponding to the
green line in figure 46} The numbers in the corner of each picture indicates in what order
the images where taken.
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C Appendix: Drop in arcing voltage example

In figure[C.I] the arcing voltage for a interruption test for geometry ¢ at 630 A is presented.
The arc had a thermal re-ignition in all three CZ shown in the figure when a upstream
over-pressure of 0.3 bar was used. The red square in figure shows a part of the graph
where a steep drop in the arcing voltage occurred. The area is magnified in figure [C-2}
Both figures have been processed in matlab to filter out measuring noise. The filter used
for noise cancelling was tuned so that it did not impact the steep drop in arcing voltage
shown in the figures.

From figure [C.2] it can be obtained that the steep drop in arcing voltage occurred after
approximately 1.0 ms after the third CZ. The voltage dropped from a peak of 480 V to
320 V using 50 us, resulting in a voltage drop of 3.2 V/us. Picture 1 to 4 in figure
shows the thermal re-ignition during the CZ, while picture 5 to 16 shows the arc for the
time span upto and including the voltage drop. Picture 14 and 15 shows the arc during
the steep drop in arcing voltage.

1.5¢ q

0.5+ q

Arcing voltage [kV]

5 10 15 20 25 30 35 40
Time [ms]

Figure C.1: Overview over the arcing voltage during an interruption tests spanning over
three CZ. A steep drop in arcing voltage (marked by a red square) occurred after the
third CZ.
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Figure C.2: The area marked with the red square in figure magnified, showing the
steep drop in voltage.
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Figure C.3: Picture sequence after a thermal re-ignition in the third CZ. The pictures
shows the arc corresponding to the blue line in figure [56] where a steep voltage drop
occured approximatly 1.0 ms after the CZ. The numbers in the corner of each picture
indicates in what order the images where taken.
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