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Summary

Summary

These days vacuum circuit breakers are more and more used in electricity grids
with voltages up to 40 kV. Two of the most important parameters regarding the
interruption performance of these vacuum circuit breakers are the contact material
and the contact geometry. The aim of this master’s project was to investigate the
influence of these two parameters on the interruption performance in order to give
a classification of the investigated contacts. Criteria for the classification are: the
number of reignitions, the reignition voltages or reignition field strengths and the
erosion of the contacts. Butt-type and coil-type contacts were used as contact
geometries.

The interruption performance of these contacts is measured using a Weil-Dobke
synthetic circuit and a high speed camera that has been developed at KEMA.

The CuCr butt-type contacts perform well for arc energies below approximately 1
kJ. For larger energies the effect of the axial magnetic field of the coil-type contacts
becomes more significant and the interruption performance of the butt-type contact
decreases in comparison with the coil-type contacts.

The contact materials of the coil-type electrodes were: Cu, CuCr, CuW and
AgWC. Of the these materials AgWC is most suited for implementation in “low
surge breakers” and CuCr is most suited for the use of short-circuit current
interruptions. Cu has as main disadvantage the very high erosion of the anode and
is therefore not very suited as a contact material for vacuum circuit breakers. CuW
is a very promising material for the interruption of high currents but has to be
investigated in more detail.

The current contraction and the heating of the anode contact turned out to be very
important parameters for the interruption behavior. Therefore the development of a
finite element method model for the calculation of the current contraction and the
anode spot formation has been started. The current contraction model for the butt-
type electrodes gives results that confirm the existence of current contraction,




Samenvatting

Samenvatting

Vandaag de dag worden er steeds meer vacuiimvermogensschakelaars toegepast in
middenspanningsnetten. Twee van de belangrijkste parameters voor het
onderbrekingsgedrag van deze vacuilmschakelaars zijn het contact materiaal en de
contact geometrie. Doel van dit afstudeerwerk was het effect van deze twee
parameters op het onderbrekingsgedrag van een vacuiimschakelaar te onderzoeken
teneinde een classificatie van de onderzochte contacten te verkrijgen. Criteria voor
de classificatie zijn: het aantal herontstekingen, de herontsteekspanningen of de
berontsteek veldsterkten en de slijtage van de contacten.

Het onderbrekingsgedrag van deze contacten wordt onderzocht met behulp van een
Weil-Dobke synthetisch circuit en een snelcamera die ontwikkeld is bij de KEMA.

De CuCr “butt-type” contacten vertonen een prima onderbrekingsgedrag voor
boogenergieén lager dan ongeveer 1 kJ. Voor grotere boogenergieén krijgt het
effect van het axiaal magnetisch veld, gegenereerd door de “coil-type” contacten,
de overhand en verslechtert het onderbrekingsgedrag van de “butt-type™ contacten
snel in vergelijking met het onderbrekingsgedrag van de “coil-type” contacten.

De “coil-type” contacten waren uitgerust met de contact materialen: Cu, CuCr,
CuW en AgWC. Van deze materialen is AgWC het meest geschikt voor het gebruik
in zogenaamde “low surge breakers” en is CuCr het meest geschikt voor het
onderbreken van kortsluitstromen. Cu heeft als grote nadeel dat er erg veel slijtage
is aan het anode contact en is daarom niet erg geschikt als contact materiaal voor
vacuiimvermogensschakelaars. CuW is een veel belovend contact materiaal voor
het onderbreken van kortsluitstromen maar er moet nog meer onderzoek naar
gedaan worden.

Het blijkt dat de stroomcontractie en de verhitting van het anode contact een grote
invloed hebben op het onderbrekingsgedrag van de contacten. Er is daarom
begonnen met de ontwikkeling van een “finite element method” model dat de
stroomcontractie en de verhitting van de anode berekend. Het stroomcontractie
model voor “butt-type” contacten geeft resultaten die het bestaan van
stroomcontractie bevestigen.
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Introduction

Introduction

Since the beginning of this century, electricity grids have been expanding in both
geometric size and transported power. Circuit breakers always have played an
important role in controlling these large expanding grids. The improvements to
which the circuit breakers continuously have been subjected therefore are not
strange. These improvements were possible thanks to extensive research.

Circuit breakers can be divided into different groups. As a main division circuit
breakers can be characterized into groups based on their arcing medium. One then
finds circuit breakers that use air, oil, SFs or vacuum as arcing medium.,

These days vacuum circuit breakers belong to the most used circuit breakers in
grids with voltages up to 40 kV. Reasons for this popularity are the compactness of
the circuit breaker, the environmental very friendly arcing medium and the high
availability of the circuit breaker. The main reason for this high availability is the
relative simple switching mechanism [Sme94].

A lot of research has been done on the interruption performance of this
economically very attractive vacuum circuit breaker. The contact material and the
contact geometry turned out to be among the most important parameters for the
interruption performance.

In order to investigate the differences in interruption behavior of different contact
materials and contact geometries, a cooperation with Toshiba Corporation Fuchu
Works Tokyo was started at the Eindhoven University of Technology. The
investigation is executed with the materials Cu, CuW, CuCr and AgWC. For each
material two contact geometries are used, one that generates an axial magnetic field
and one that generates neither an axial nor a transverse magnetic field.

The contacts that did not generate an axial or transverse magnetic field were
investigated by Binnendijk [Bin95]. The interruption performance of the contacts
that have a special geometry in order to generate an axial magnetic field is
described in chapter 4 of this report. The different contact materials will be
compared and also the effect of the axial magnetic field will be discussed.
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The contact material and the contact geometry also influence the formation of a so
called anode spot. An anode spot is a large molten area on the contact surface.
Because an anode spot can damage the vacuum circuit breaker severely and can
lead to a serious interruption failure, the formation of this anode spot has to be
prevented. Chapter 5 of this report presents a Finite Element Method (FEM) model
that tries to predict the formation of an anode spot. This model however has not
been finished yet due to a lack of time. Chapter 5 therefore concentrates on the
current contraction part of the model. The contact material and the generation of an
axial magnetic field are parameters of the model.
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2.1.1

Interrupting current with a vacuum circuit breaker

This chapter will deal with some of the basic concepts of interrupting current with
a vacuum circuit breaker.

An interruption of current with a circuit breaker can be dived into an arc phase
before current zero and a recovery phase after current zero. Whether an
interruption with a vacuum circuit breaker is successful or not depends on a number
of parameters [Sme94]:

peak value of the recovery voltage;

slope of the recovery voltage just after current zero;
slope of the current just before current zero;
contact gap at current zero;

peak value of the arc current;

arcing time;

contact material;

geometry of the contacts.

The first six parameters are determined by the circuit and the switching mechanism
and will be treated in chapter 3. A combination of the last four parameters however
determines the appearance of the vacuum arc. The appearance of the vacuum arc is
one of the main indirect parameters for a successful interruption and therefore will
be treated extensively in paragraph 2.1.1 Paragraph 2.1.2 and 2.1.3 will discuss the
effect of the contact material and the contact geometry on the arc appearance.

Arc phase

Arc appearance

Based on the observations made by a number of persons, Craig Miller distinguishes
a number of arc appearances [Mil83] [Mil85]:

Diffuse Arc Mode;
Footpoint Mode;

Anode Spot Mode;
Intense Arc Mode;
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The diffuse arc mode actually

represents two low current
modes of the arc. In the first anode soot
mode the anode is inert and acts ] footpoint we
only as a collector of the plasma

emitted by the cathode. In the
second mode the anode emits a
flux of sputtered particles. The
flux emitted by the anode is
about six percent of the flux infense orc

emitted by the cathode [Mil83].

diffuse arc

Qap lengh

—

_Qic curent
Figure 2-1: Sketch of the arc modes as a
function of current and gap
length [Mil85].

The plasma that conducts the current in the diffuse arc mode is formed mainly in so
called cathode spots. These spots have a typical diameter of several um, carry
currents up to around 100 A and move across the surface with a speed in the order
of several ten m/s [Daa78). In these cathode spots electrons and neutral particles
are formed by explosive evaporation of the contact material. Directly in front of the
cathode surface most of the neutral particles are ionized by energetically interaction
with the emitted electrons [McC74], [Mit87].

The formed plasma flows with a velocity in the order of 500 m/s from the cathode
towards the anode. The thermal speed of the electrons in the plasma is in the order
of 10° m/s and the speed of the ions in the plasma is in the order of 10* m/s
[Sch83].

Using the directions acceleration lonization
stated in Figure 2-2, region - region
the current carried by ’ :

1

the plasma is given by c ]
equation (2-1) 3 electrons (vo) —> | :
[Bin95]. towards anode ——>

Figure 2-2: Definition of the directions used in
formula (2-1).

10
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i= Ae(neve - znivi) (2-1)

i = current (Al

A = arc cross section [m2]

e = elementary charge (C]

Ne = electron density (M3

Ve = electron velocity in axial direction [mVs]

z = average ion charge number

n = jon density [m]

Vi = jon velocity in axial direction [mvs]

The arc voltage in the diffuse arc mode is quiet and low and except for some
possible sputtering no erosion occurs at the anode.

The footpoint mode is an intermediate arc mode. In this mode one or more
luminous spots appear on the anode surface. These footpoints often are associated
with anode spots. This is not correct because footpoints erode the anode surface
only lightly while an anode spot causes gross melting. The temperature of the
footpoints is measured to be near the melting point of the anode material. The
formation of footpoints is usually accompanied by an increase in mean arc voltage
and high frequency voltage oscillations.

During the anode spot mode a very bright anode spot is visible and the temperature
of this spot is near the atmospheric boiling point of the anode material.
Considerable erosion of the anode occurs during this arc mode. In this mode both
the anode and the cathode act as a plasma source. The arc voltage is most of the
time low and quiet but can have some high peaks.

The intense arc mode is a high current mode that can occur at small contact gaps.
During this mode both the cathode and the anode are eroded severely because large
melted areas are formed on both the contacts. Of course both the anode and the
cathode are plasma source during this arc mode. The arc voltage is always low and
quiet.

From the description above it shall be clear that the anode spot mode and the
intense arc mode have to be prevented. A number of theories exist on the formation
of the real anode spots. These theories can be divided into three main groups

[Mil85]:

¢ Column Controlled Theories. These theories state that a contraction of
current and/or plasma precedes the formation of an anode spot. The
anode spot is formed because the contracted arc energy only heats a
small part of the surface.

11
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2.1.2

¢ Anode Controlled Theories. These theories state that a change of the
plasma parameters is the onset to the formation of an anode spot. The
change of the plasma parameters is caused by the evaporation of anode
material. Also the ejection of droplets anode material into the arc is
mentioned as a cause of change of the plasma parameters.

e Anode-Column Interaction Theories. These theories form a
combination of the first two types of theories. Both the effects of the
constriction of the arc and the evaporation of anode material are
accounted for in these theories.

Although there is experimental evidence for all three types of theories, the anode-
column interaction theories seem to provide the best results in comparison with the
measurements [Mil85]. In chapter 5 a model of the formation of an anode spot will
be presented.

During the arc phase the contacts influence the formation of an anode spot in two
different ways. On the one hand through the characteristics of the contact materials
and on the other hand through the generation of an axial or transverse magnetic
field.

Influence of the contact material

The thermal characteristics of the anode material greatly influence the formation of
an anode spot. A higher melting and boiling temperature of the anode material of
course delays or prevents the formation of an anode spot. A high heat conduction
coefficient however is also important for the prevention of an anode spot. A high
heat conduction coefficient means a rapid distribution of the absorbed arc energy all
over the contact material.

Table 2-1 displays some electrode materials and their thermal characteristics in
comparison to the average threshold current density for anode spot formation. The
average threshold current density is defined as the current at which an anode spot
forms, divided by the contact surface area. The average threshold current densities
are taken from [Mil83] and the thermal characteristics are taken from [CRC82] and
[BINSB6).

12
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Table 2-1: A comparison of the thermal properties of the contact material and
the average anode spot threshold current density.

Electrode T T, A KeCg Jac

material K] K] (Wm'K'] | pm’K") | [Am?]
Sn 505 2543 64 1.75¢10° | 9.0+10°
Al 933 2740 237 2.97.10° 2,710’
Ag 1234 2485 450 2.94010° 3.8¢10'
Cu 1356 2840 483 4.48:10° | 4.0.10°
Mo 2883 5833 138 2.65¢10° 5.3¢10’
w 3683 5933 235 2.61410° 5.4010’
Tm = melting temperature [K]
Tv = boiling temperature K]
A = heat conduction coefficient wm'K")
K = mass density [kgm’]
Cs = specific heat (Jkg'K']
Jac = average anode spot threshold current density [Am'Z]

From Table 2-1 it can be concluded that materials with high boiling temperatures
can be used best to prevent the formation of anode spots. This assumption is only
correct for the anode material. Research has shown that cathode materials with low
boiling temperatures give higher average threshold current densities than cathode
materials with high boiling temperatures when the same anode material is used. The
anode material however influences the formation of an anode spot more than does
the cathode material [Mil85].

An increase of the average threshold current density for cathode materials with low
boiling temperatures can be correlated to a less contracted arc. Contact materials
with low boiling temperatures produce plasmas with a high particle density. These
plasmas often have a lower Hall parameter o.t.; (where @, is the electron cyclotron
frequency and t.; the electron-ion collision time) than have plasmas with a low
particle density [Aga84]. A lower Hall parameter implies less contraction of the arc
due to the Hall effect [Izr85]. Less contraction of the arc implies that a larger
contact surface area is used to transfer the arc energy resulting in anode spot
formation at higher currents.

Vacuum circuit breakers however are used mainly in power frequency networks
and therefore cannot have different cathode and anode materials without special
measures to control the direction of the current. The contact material therefore has
to be an optimum between the materials with high and low boiling temperatures.

13
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2.1.3

Influence of the contact geometry

Contacts with special geometries can generate axial or transverse magnetic fields.
These axial or transverse magnetic fields help to prevent or to delay the formation
of an anode spot. Although the contacts used in vacuum circuit breakers can have a
variety of geometries [Beh84], [Yan85], [Sch93-1], [Sch93-2], this paragraph will
be limited to three basic contact types:

¢ Butt Contacts. These contacts do not generate an axial or transverse
magnetic field. The interruption capacity depends on the diameter of
the contact and the contact material.

o Spiral Contacts. These contacts generate a transverse magnetic field.
The interruption capacity depends on the transverse magnetic fieid, the
diameter of the contacts and the contact material.

e Coil Contacts. These contacts generate an axial magnetic field. The
interruption capacity depends on the axial magnetic field, the diameter
of the contacts and the contact material.

Butt Contact Spiral Contact Coil Contact

' = EE
o T i :

Figure 2-3: Drawings of the three types of contacts [Beh84].

14
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Spiral contacts generate a transverse magnetic field. Because of this magnetic field
a Lorenz force will force the arc to run azimuthally on the peripheral edge of the
contact. The movement of this arc is nicely photographed by Behrens [Beh85] and
in one of his articles Schulman presents a nice outline of the arc behavior when
spiral electrodes are used [BSc93].

Because of the fast movement of the arc along the peripheral edge of the contacts
(50 - 170 nv/s [Beh85]) the absorbed arc energy is distributed more evenly over the
contact surface. In this way strong local heating of the anode contact is prevented
and the formation of an anode spot prevented or delayed.

In vacuum arcs electrons and ions have the tendency to follow the magnetic field
lines. This characteristic is used in coil contacts. Coil contacts generate an axial
magnetic field. This axial magnetic field has a dual effect:

o The axial magnetic field opposes the pinching effect of the azimuthal
magnetic field that is generated by the arc current [Izr85], [Nem89],
[Sha89], [Wie89].

o The axial magnetic field confines the highly ionized plasma to the gap
region so the charge carriers cannot recombine on the shield of the
vacuum tube [Yan87], [BSc94], [Wat96-1].

The two effects mentioned above cause the arc to stay in the diffuse mode at higher
arc currents.

Considering Behrens [Beh83] it can be concluded that a coil contact has a better
interruption capacity than has a spiral contact of the same diameter and the same
material. Great care has to be taken with this conclusion because newly designed
spiral contacts can have improved interruption capacities.

Because in the present work coil contacts were used some remarks about the axial
magnetic field have to be made.

Using coil contacts the axial magnetic field is generated by the circuit current. This
results in a sinusoidal axial magnetic field that has a slight phase shift with respect
to the arc current [BSc94]. Calculations of necessary axial magnetic field strengths
often give a dc-value. This dc-value has to be compared to the sinusoidal value of
that moment.

15
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2.2

The effect of the axial magnetic field is also correlated to the contact material
[Aga84]. As already mentioned contact materials with a low erosion rate produce
less plasma than do contact materials with a high erosion rate. A low particle
density plasma often has a larger electron Hall parameter which implies a stronger
contraction of the arc current due to the Hall effect [Tzx85]. The effect of the axial
magnetic field on these strongly contracted arcs will be more evident than in the
case of moderately contracted arcs.

The influence of the diameter of the contacts on the interruption capacity has been
mentioned a few times already. According to Behrens [Beh84] the interruption
capacity of a certain type of contact increases linearly with increasing diameter.
Behrens however does not measure an increase in interruption capacity for coil
contacts with diameters larger than 60 mm. Yanabu [Yan87] and Watanabe
[Wat96-1] though measured a linear increase in interruption capacity for coil
contacts with diameters up to 200 mm. Careful comparison of the contact material,
contact geometry and contact fabrication process is necessary to explain this
difference. It can be stated however that the interruption capacity of a certain type
of contact increases with increasing diameter.

Recovery phase

After current zero the so called recovery phase starts. Just before current zero a
low impedance plasma exists between the contacts. The electrons now are
decelerated to meet the required circuit current. The ions in the plasma are much
heavier and do not change their speed so quickly. Just after current zero the former
anode becomes the new cathode and the electrons will quickly change direction and
disappear to the new anode, leaving a positive ion space charge near the new
cathode. These ions will continue their journey to the new cathode. The plasma
particles that do not reach one of the contacts disappear quickly in the background
vacuum because of the large difference in pressure between the arc and the
background vacuum. These effects result in the so called post arc current which
decays within a microsecond.

16
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The post arc current is closely
related to the particle density after
current zero and is an important
etoctons factor in the interruption. The
peak of the post arc current and
hés the total charge of the post arc
current will increase when more

0 plasma is present after current

| t— zero. Contact materials with

lons higher vapor pressures will

Figure 2-4: Sketch of a typical post therefore have larger post arc
arc current consisting of currents [Yan85)[Yan86] and the

electron and ion current chance on reignition becomes
[Bin95]. larger.

Besides the contact material the contact geometry also can influence the post arc
current. This is the case when large currents have to be interrupted. Contact
geometries that prevent or delay the formation of an anode spot will also have
smaller post arc currents compared to normal butt contacts [Yan85][Yan86]. The
main reason for this effect is of course the lower temperature of the anode. A lower
anode temperature means less plasma at current zero and a smaller post arc current.

After the disappearance of the plasma a recovery voltage appears across the gap
that can have an amplitude of twice the circuit voltage and a frequency of some ten
kHz depending on the circuit configuration [Sme94].

Two main types of reignition can be distinguished:

¢ Dielectric reignition;
o Thermal reignition.

Dielectric reignition mostly occurs in situations where the arc current and arcing
time have been small and sharp edges are present on the contact. Of course this
type of reignition becomes more important at smaller contact gaps.

The arc current and arcing time have to be small for dielectric breakdown of the
gap because in this situation the arc is in the diffuse mode and the cathode is the
only plasma providing contact. On the cathode plasma is produced in so called
cathode spots that have a diameter of several um [Daa78]. These cathode spots will
cool down very quickly so only a few microseconds around current zero are
decisive for a successful interruption. After these few microseconds the roughness
of the contacts and the electric field strength decide whether reignition occurs or
not. The upper part of Figure 2-5 shows a typical dielectric reignition.

17
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In the case of large arc currents and long arcing times the anode will also produce
plasma. In this case an anode spot is often present. An anode spot is, as mentioned
before, a large (several mm”) melted area. These anode spots therefore need more
time to cool down and one has to think in milliseconds of cooling time [Wat96-1],
[Wat96-2]. Metal vapor will still be emitted after current zero because of these long
cooling times.

The evaporation of metal after current zero will reduce the dielectric strength of the
contact gap considerably. The metal vapor will be ionized by accelerated electrons
and ions. These electrons and ions in turn are accelerated by the recovery voltage.
The reignition voltage as a result will be considerably lower than in the case of
absence of an anode spot. The middle part of Figure 2-5 shows a typical example of
such a combined dielectric and thermal reignition. When the amount of emitted
vapor is so large that no significant reignition voltage is measured one speaks of a
thermal reignition. The bottom part of Figure 2-5 shows a typical example of a
thermal reignition.

18
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Figure 2-5: Typical reignition types.
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Measurements

3.1

3.1.1

Measurements

This chapter discusses the measuring equipment, some typical measurements and a
special post arc current phenomenon.

Measuring equipment

This paragraph will give a survey of the measurement equipment and the methods
used in this investigation. Information on the used equipment can also be found in
appendix A.

The synthetic circuit

A Weil-Dobke synthetic circuit is used to perform the interruption measurements.
Except for some component values, the Weil-Dobke circuit used here is the same
as the circuit used by Binnendijk [Bin95] and Macken [Mac94]. Figure 3-1 shows
the used Weil-Dobke synthetic circuit. The circuit is suitable to perform
interruption measurements with currents between 10 kA and 35 kA.

At the start of an interruption measurement, the minimum oil circuit breaker S1 is
open and the vacuum circuit breakers S2 and VS are closed. Capacitor Cy, is
charged to a voltage between 1.5 kV and 15 kV, depending on the required
amplitude of the “main current™. Capacitor Ciy, is always charged up to a voltage
of 15 kV at the beginning of an interruption measurement.

The capacitor battery (Cy) and the transformer (T1) form the “main current” part
of the circuit. The LC-loop formed by this capacitor and this transformer supplies a
sinusoidal “main current” (i) with a frequency of 36.4 Hz and an amplitude up to
50 kA.

The “main current” is triggered by closing the circuit breaker S1. Vacuum circuit
breaker S2 is used to isolate the “main current” part of the circuit from the
“injection” part of the circuit and is opened just after the top of the main current.
Vacuum circuit breaker VS has a sectional vacuum chamber in which the contacts
used in this investigation are placed. The time at which vacuum circuit breaker VS
is opened depends on the required contact gap at current zero. Appendix B shows a
drawing of the sectional vacuum tube.
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Figure 3-1: The synthetic circuit.

The “main current” is measured with a Rogowski coil (Ir) with matching integrator.
The sensitivity of this combination is 25.3 kA/V.

The readings of the current Ir are also monitored by a triggering device for the
spark gap (SG). Just before the first current zero of the “main current” this
triggering device fires the spark gap and an “injection current” (Ii,;) will start to
flow.

The LC-loop formed by Lin; and Ci; supplies a sinusoidal “injection current” with a
frequency of 1 kHz and an amplitude around 2.9 kA. This “injection current is
measured with a Pierson current transformer (Ip) which has a sensitivity of 200
A/V. The current transformer output is clipped by two diode arrays consisting of
10 parallel diodes each and switched anti parallel. The diode arrays prevent
saturation of the transformer core.
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3.1.2

The injection current delays the current zero in circuit breaker VS but not in circuit
breaker S2. The arc in vacuum circuit breaker S2 therefore will extinguish before
the arc in vacuum circuit breaker VS extinguishes. The advanced current zero of
the current through vacuum circuit breaker S2 therefore provides a safe isolation of
the “main current” part of the synthetic circuit from the other parts of the circuit at
the time of current zero in vacuum circuit breaker VS.

If the circuit breaker VS succeeds in interrupting the current at a current zero, the
“injection current” commutates through the damping coil L into the capacitor Ciy.
The LC-loop formed by Liy, L, Ciyj and Cyy gives a sinusoidal recovery voltage
(Uwv) with a frequency of 51 kHz and an maximum amplitude around 20 kV. The
maximum amplitude of the recovery voltage depends a little on the amount of
residual plasma present after current zero.

Measuring the arc voltage

The arc voltage has a value around 40 V most of the time. This low voltage is
measured with a 1000:1 probe so the oscilloscope receives a signal with an
amplitude around 40 mV. The probe measurement is necessary because of the high
recovery voltage between the contacts immediately after interruption of the current.

Although great care has been taken to avoid electromagnetic interference (EMC)
problems, the arc voltage could not be measured without some induced
interference. A careful layout of the measuring circuit had already minimized this
induced interference.

Because of the use of shielded coaxial high voltage cables the induced interference
on the arc voltage has a rather constant pattern. This constant pattern enables a
mathematical correction of the induced interference.

Figure 3-3 shows the induced interference of the “main current” and the “injection
current” with the contacts of the circuit breaker VS closed. When the contacts of
circuit breaker VS are closed, the measured arc voltage should be zero.
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Figure 3-3: Measured interference induced by the circuit current.

The measured arc voltages of Figure 3-3
can be modeled by assuming a resistor and a __M_[M‘__
coil in series with the ideal contacts, as is LC/ N —
drawn in Figure 3-2. This assumption leads \Ws)
to a mathematical correction of the measured
arc voltage as is given by formula (3-1): Figure 3-2: Model of the
measured arc
voltage.
U . ®O=U,t)-2rfIL_ 4cos2rnft)-R_,i(t) (3-1)
Uae = arc voltage vl
t = time [s]
Uvs = measured arc voltage v
f = frequency of the sinusoidal current [Hz]
| = maximum amplitude of the current [A]
Lmoa = model reactance H]
Rmod = model resistance Q]

Formula (3-1) is used for both imsi, and iyj. The parameters of the “main current”
should therefore be used to correct the measured arc voltage during the “main
current” phase and the parameters of the “injection current” should be used to
correct the arc voltage during the injection phase.

Using the induced voltages with closed contacts (Figure 3-3), the values of Ly
and Rpea can be determined. The value found for L is 72107 H and the value
found for Ry is 4410 Q. The value for Roq is sensitive for the condition of the
contacts but is assumed to be constant during this investigation. The value of Ly
is also assumed to be constant during this investigation.

The measured arc voltage was corrected by using a spread sheet program to
correct each sample according to formula (3-1). Figure 3-4 gives the result of such
a correction.
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Figure 3-4: Example of a corrected arc voltage.

High speed camera

The light emitted by the arc was recorded by a high speed camera designed at
KEMA.

The high speed camera has a 16 X 10 matrix of glass fibres. Each fibre is connected
to an optical receiver. The signals of the optical receivers are converted by 4-bits
A/D converters that show a logarithmic conversion characteristic. With these
characteristics the camera gives an image of 16 X 10 pixels of the arc and every
pixel has sixteen light intensity levels, with a ratio of V2 between adjacent levels.

The maximum sample
o cctrose rate of the camera is 10°
images/second and the
soctinal vooaum Lioe camera has a memory for
e 1638 images. The
sensitivity of the optical
Figure 3-5: Setup of the high speed camera receivers can be adjusted
used to record the light emitted by changing a reference
by the arc. voltage.

In Figure 3-5 the setup of the camera is drawn. An example of the images produced
by the camera is given in Figure 3-8d and Figure 3-10b in paragraph 3.2.

Small arc currents require a very sensitive camera recording. Two or three columns
of the 16 X 10 matrix suffered from noise at this high sensitivity setting of the
camera. Higher arc currents required a less sensitive setting of the camera and did
not give noise problems.
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Very high arc currents however required a very low sensitivity of the camera during
the “main current” phase. The required sensitivity was too low to record any
reignitions. Very high arc currents therefore had to be recorded twice with different
settings of the sensitivity of the camera.

3.1.4 Other equipment

An ion getter pump is used to keep the pressure in the sectional vacuum tube below
10" mbar. The pressure inside the sectional vacuum tube was measured indirectly
by relating the current of the ion getter pump to the pressure inside the tube.

A fast laser displacement measuring system was used to record the opening of the
contacts. The accuracy of the laser system is 0.2 mm. The laser system however
suffered from some interference during current zero crossings of the circuit current.

The contact opening mechanism is almost the same as used by Binnendijk [Bin95].
Only a slight modification has been made in order to increase the contact closing
force from 320 N to 390 N. This increase in closing force was necessary to
withstand the electrodynamic popping forces up to currents of 35 kA.

An increase of the closing force "
also implies an increase in opening ! N
speed of the contacts. The 10 : A
opening speed of the modified - ~ .
mechanism is around 1.75 m/s. An E. ; / | :
example of the opening of the 3 LA ; j
contacts, measured by the laser ° -w r_ | !
system, is given in Figure 3-6. | '

0o S e fme] 10 15

Figure 3-6: Opening of the contacts
measured by the laser
system.
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3.2

One of the parameters of an interruption measurement is the contact gap at current
zero. The construction of the switching mechanism however does not allow an
individual adjustment of arcing time and contact gap at current zero. This means a
certain contact gap at current zero is correlated to a certain arcing time. An
increasing contact gap at current zero also implies an increasing arcing time.
Scientifically spoken it is not nice to change two parameters at the same time but it
does give a good representation of reality where contact gap at current zero and
arcing time also are coupled parameters.

In order to measure the electrode erosion rate, the weight of the contacts before
and after the interruption measurements was determined. A Sartorius AC 210
balance with an accuracy of 0.1 mg was used to determine the weight of the
contacts.

Typical measurements

Figure 3-7, Figure 3-8 and Figure 3-9 give an example of the results obtained by an
interruption measurement. The results shown are obtained from an interruption
measurement done with Toshiba’s CuCr contacts that generate an axial magnetic
field.

The letters A to G, placed at the top of the Figure 3-7a, b, ¢, and Figure 3-8e, f,
each denote a time interval. This time interval is the same as the time interval of the
corresponding row in the recording of the camera (Figure 3-8d).

Figure 3-7a shows the current through the vacuum circuit breaker VS. This figure
clearly shows three reignitions, one immediately and two more after a short delay.

Figure 3-7b shows the opening of the contacts. The laser displacement measuring
system suffers from interference during current zero crossings as mentioned before.
Nevertheless the contact gap can be determined without problems.

Figure 3-7b also shows the contact gap becomes smaller after reaching its
maximum around 12 ms. This is caused by the mechanical tolerance in the
switching mechanism. Reaching the maximum opening of the switching mechanism,
the contacts bounce and make a little oscillation before they come to rest with a
contact gap around 6 mm. The minimum contact gap during the oscillation is
around 4 mm.
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Figure 3-7: An example of the measured current, contact opening and arc
voltage.
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Figure 3-8: An example of the recording of the light emitted by the arc, the
arc power and the cumulative arc energy.
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Figure 3-9: An example of the measured post arc current and the recovery
voltage.

Figure 3-7c shows a corrected measurement of the arc voltage. The arc voltage is
corrected up to the first current zero. The correction is made according the ideas of

paragraph 3.1.2.

The example shown, is a measurement done with Toshiba’s CuCr contacts that
provide an axial magnetic field (AMF). All the measurements with the AMF
contacts show arc voltages that resemble the arc voltage of Figure 3-7c. No spikes
occur on the arc voltage but the arc voltage seems to be made up from the addition
of a constant ionization voltage and a variable voltage caused by the resistance of
the plasma.
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Figure 3-8d shows the recording of the light emitted by the arc. To be able to
record some useful information during the main current phase of a 37 kA arc
current, the camera has to be set at a low sensitivity. Reignitions however can not
be observed because of this low sensitivity. At the end of this paragraph Figure 3-
10 will give the recording of some reignitions during an other interruption
measurement.

The position of the contacts is not always clearly visible on the recording of the
camera. As can been seen in Figure 3-8d, high currents will cause the arc to expand
around the contacts and therefore the contacts can no longer be seen. At the end of
row A in Figure 3-8d however the arc has not yet expanded around the contacts
and two horizontally placed electrodes can be drawn into the picture. The top
electrode is the anode that will keep this position during the measurement. The
bottom electrode is the cathode that will move downwards with increasing contact

gap.

The light emitted by the arc seems to be strongly correlated to the arc power. At
the beginning of row C the emitted light is strongest and the arc surrounds the
contacts totally. Neither at the maximum amplitude of the current nor at the
maximum amplitude of the arc voltage so much light is emitted as there is in the
case of the maximum amplitude of the arc power.

After a decrease in light intensity there again is a very bright arc visible at the
beginning of row F. At the beginning of row F however the arc current, arc voltage
and arc power are rather low and an even lower light intensity than in the case of
row D is expected. The most likely explanation for this phenomenon is the
formation of a contracted arc. The cone shaped light of row F also points to an arc
that is contracted near the anode.

The very hot anode surface (more than 10 kJ of arc energy has been dissipated)
obviously provides the circumstances for the arc to become contracted at these low
currents. The reduced circuit current also reduces the generated axial magnetic field
Although the reduced axial magnetic field also plays a role in the formation of a
contracted arc, the hot anode surface here is necessary to give these images of a
contracted arc. These results differ from those of Watanabe [Wat96-1] where
contraction is only assumed around current maximum.,

Figure 3-8e shows the arc power. Figure 3-8e has been constructed by multiplying
each sample of the corrected arc voltage with the corresponding sample of the arc
current. The arc power has been calculated from the opening of the contacts to the
first current zero.

Figure 3-8f shows the cumulative arc energy. Figure 3-8f has been constructed by
taking the integral of Figure 3-8e.
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As already noticed by Binnendijk [Bin95], the maximum cumulative arc energy is
an important parameter to characterize the performance of the contacts. It however

“ requires a lot of computer time and hard disk space to calculate the maximum

cumulative arc energy when using all the measurement data. To overcome this
problem a mathematical approximation of the maximum cumulative arc energy, that
requires less measurement data, has been used. This approximation is checked by
companng the results to a limited number of measurements that are worked out like
the one in Figure 3-7 and Figure 3-8.

When calculating the maximum cumulative arc energy with the mathematical
approximation, the main problem is the unknown arc voltage. The arc voltage, as
already mentioned, seems to be made up from the addition of a constant ionization
voltage and a variable voltage caused by the resistance of the plasma. In the
calculation used here, the resistance of the plasma is assumed to vary linearly with
the contact gap. Furthermore a constant contact opening velocity v, is assumed.
This contact velocity v, is equal to the contact gap at the first current zero divided
by the arcing time. With these assumptions the arc voltage can be written as:

Upe(t) = Uy +p,v,(t =t — 1)) i) (3-2)
Uo = constant ionization voltage \"|
Pp = plasma resistance per meter gap length [Q/m]
Ve = constant contact opening velocity [m/s]
t = time of first current zero [s]
tare = arcing time [s]

The maximum cumulative arc energy now can be calculated using formula (3-3):

W, = t][Uo +p,v,(t ;(ta ~t,.)) i) i() at (3-3)

ez e

Wae = maximum cumulative arc energy [J]

The current i(t) is made up from the addition of the “main current” and the
injection current”. The current during the injection phase is rather small so a
constant arc voltage Uy is assumed during the injection phase. With this assumption
formula (3-3) can be written as:
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t

W, = T{ [U0 +P,V(t = (te = tue)) s sin(21tfmt)]
e main "t
s (3-4)
o1, SIN2f 1) } dt+ [UL; sin(2nf,t) dt

0
tzman = time of current zero of main current [s]
lman = maximum amplitude of main current [A]
fman = frequency of main current [Hz]
toy = 1/frequency of injection current [s]
ling = maximum amplitude injection current [Al
finj = frequency of injection current [Hz]

Solving formula (3-4), the following expression is found to calculate the maximum
cumulative arc energy:

\ %f(l +cos(m - o Imlintm)) + 22_‘:“1,‘1
+ ppvlc;fnain { (2tm -t . )2 +t, (4tarc - tcz-.i.) (3-5)
+ o 22 . (cos(2(o maintarc — 21t)— 1) }
Oman = 27fmain [rad/s]
Oinj = 2nfin frads]

The parameters Up and p, in expression (3-5) depend on the contact material and
on the contact geometry. The values used for these parameters are listed in Table
3-1.

Table 3-1: Values used to calculate the maximum cumulative arc energy of
the contacts.

Parameter contact type
CuCr Cu CuCr CuW AgWC
butt coil coil coil coil
Uo [V] 13.0 14.0 13.0 17.0 10.0
pp [Q/m 0.36 0.31 0.22 0.27 0.21
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The values listed in Table 3-1 are experimentally found values. In chapter 4.3
however a possible physical explanation for these experimentally found values will

Finally figure g and figure h of Figure 3-9 show a detailed measurement of current
and voltage around the first current zero. Figure g and figure h show a nice
example of a combined dielectric and thermal reignition.

After the post arc current, the current immediately increases to values outside the
range of this sensitive measurement. This however does not immediately give a
reignition but neither allows a normal rise of the recovery voltage. Because of the
low recovery voltage (2-3 kV) that is present, the ions and electrons in the post arc
plasma are accelerated and there are enough ionizing collisions to start a reignition.
The whole process only took about two microseconds.

Figure 3-7a to Figure 3-Sh showed an example of the results obtained by a typical
interruption measurement. During this measurement the attention was focused on
the high current phase and no reignitions were visible on the recording of the
camera. Figure 3-10 shows an example of a recording that focuses on the
reignitions.

Figure 3-10a only shows the last 8 milliseconds of an interruption of a 13.3 kA
current. The contacts open at time 3.7 ms and the contact gap at the first current
zero is 11.5 mm. The contact material is AgWC. The first reignition is a pure
dielectric reignition that started 25.1 ps after the first current zero.

Figure 3-10b shows the recording of the reignitions by the camera. Again two
horizontal electrodes are visible. The one at the top is the original anode and the
one at the bottom is the original cathode. The letters A to G at the top of Figure 3-
10a, mark the time interval of the corresponding row pictures recorded by the
camera.

The anode and cathode exchange takes place at every current zero crossing. Figure
3-10b nicely shows how every reignition starts from the new cathode and than
expands towards the new anode.
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Figure 3-10: An example of reignitions recorded by the camera.

Current peak after post arc current?

During interruption measurements on the onset of reignition an interesting current
peak after the post arc current occurred. This current peak could have an amplitude
up to 25 A and could cause oscillations in the recovery voltage.

The current peaks approximately coincide with the first maximum of the derivative
of the recovery voltage. A change in frequency of the recovery voltage also caused
a change in the time between current zero and the current peak. A higher frequency
of the recovery voltage gives a shorter time between current zero and the current
peak, as is shown in Figure 3-11.
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Figure 3-11: Examples of the current peak when the recovery voltage has

different frequencies.

The fact the current peak coincides with the maximum derivative of the recovery
voltage gives rise to the idea that the current peak is caused by the charging of a
capacitor. A capacitor however also would be discharged, so more current peaks
should be present. A capacitor therefore can not be the only reason to cause the

current peak.
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was connected to the circuit by the
Figure 3-12: Location of the connection clips of U,s.

parasitic LC-loop.

Capacitor C, forms a series resonance loop with coil L,. This resonance loop has a
resonance frequency of 1,1 MHz and may be the explanation for the oscillations in
the recovery voltage.

It is beyond the reach of this work to investigate in detail the interaction between
current peak, parasitic capacitors, used contacts and interrupted current. This
paragraph therefore will end with a general remark on a possible interaction
between the contact material and the current peak, however, it is strongly
recommended to do further investigations into the characteristics of this current

peak.

The current peak occurred frequently when using CuCr or CuW as a contact
material. Using the contact materials AgWC and Cu not many current peaks
occurred. Relating the occurrence of the current peak to the thermal characteristics
of the contact materials mentioned in Table 4-3 of paragraph 4.3.2, it seems that
contact materials with high boiling temperatures give more current peaks than do
materials with low boiling temperatures.
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Contact materials with high boiling temperatures can cause higher contact surface
temperatures at current zero crossings than in the case of materials with a low
boiling temperature. A higher temperature of the contact surface lowers the electric
field necessary to draw electrons from the contact material into the residue plasma.
An increasing electric field therefore draws more and more electrons into the inter-
electrode region and an increasing current is measured. If no reignition occurs the
contact surface will cool down with increasing time after current zero and less and
less electrons will be drawn into the inter-electrode region. The measured current
will decrease again and stay zero.
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Interruption performance

Interruption performance

This chapter describes the interruption performance of the used contacts. Paragraph
4.1 and paragraph 4.2 will make some remarks about the interruption behavior and
the condition of the used contacts. In paragraph 4.3 the interruption performance of
the used contacts will be compared.

CuCr contacts without axial magnetic field

The working of the synthetic circuit was checked by using one of the contact types
used by Binnendijk [Bin95]. The copper-chromium (CuCr) butt type contacts were
used to check the performance of the synthetic circuit.

Figure 4-1 shows a drawing and a photograph of the used butt type contact.

contact materiod

Figure 4-1: Photograph and drawing of the butt type contact used in this
work.

Although the same interruption behavior was expected, the interruption
performance of the CuCr butt type contacts had significantly improved compared
to the results of Binnendijk [Bin95]. A clear definition of the circumstances that
caused this difference could not be made. All observations however indicate
numerous reignitions along the shield of the sectional vacuum tube during
Binnendijk’s measurements.

The erosion rate of the cathode was 159.6 pg/C and is similar to the erosion rate of
160.2 pg/C measured by Binnendijk [Bin95]. The erosion rate of the anode was
52.6 ug/C and differs significantly from the 3.6 ng/C Binnendijk [Bin95] measured.
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According to paragraph 2.1.1, Binnendijk only measured arcs in the diffuse and
footpoint mode and never measured arcs in the anode spot mode. The footpoint
mode only causes light erosion of the anode surface while the anode spot mode
causes gross melting of the anode surface. During this investigation anode spots
occurred and they therefore might explain the higher erosion rate of the anode
contact.

The difference in arc appearance can also be seen by comparing the arc voltages.
For arcs with energies lower than about 1 kJ, the arc voltage is quiet most of the
time. For energies higher than 1 kJ, the arc voltage is high and suffers from severe
high frequency oscillations. These high frequency oscillations point to the formation
of footpoints and even anode spots may be initiated (paragraph 2.1.1). Figure 4-2
gives an example of a quiet but already high arc voltage at a maximum arc current
0f 9.6 kA and an example of an high arc voltage with high frequency oscillations at
a maximum circuit current of 12.9 kA.
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Figure 4-2: An example of arc voltages measured with the butt type CuCr
contacts.

Figure 4-3 shows the CuCr butt type contacts after interruption measurements with
a total charge 0f 3316 C and a maximum arc current of 19 kA.

cathode anode
Figure 4-3: The CuCr butt type contacts after the interruption
measurements.
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4.2

As can be seen in Figure 4-3 the cathode is covered with little craters but does not
have large melted areas. The anode surface has three large melted areas. The
melted areas on the anode are not deep but there has been enough melted material
to form a little rim around the contact.

The color of both the contacts is a silver alike, a color suggesting a large chromium
concentration is present at the top of the surface. Comparing the boiling
temperatures of copper and chromium (Table 4-3, paragraph 4.3.2) gives a much
lower boiling temperature for copper than for chromium. Vaporization of copper in
the top layer of the surface is possible, resulting in a smaller amount of copper in
the copper-chromium mixture.

Both the cathode and the anode have a copper colored spot in the middle of the
surface. The diameter of this spot is about 4 mm. The spots may be formed during
an intense arc mode.

Contacts with axial magnetic field

The investigated contacts generating an axial magnetic field (AMF) were all coil
type contacts. Figure 4-4 shows a photograph and a drawing of the used coil type
contacts.
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20mm ‘
A :Contact (Contact material) 13
8 : Electrode (Q,% )
C : Coil electrode {Cee . U
0 : Current carrying rod (Ca) g:maewad Plate (54530 )

Figure 4-4: Photograph and drawing of the used contacts that generate an
axial magnetic field.
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4.2.1

A remark about the metal plate denoted as “E” has to be made. This metal plate is
used for axial support of the coil electrode. The plate, however, is not connected to
the rest of the contact and can move a little bit. After the interruption
measurements however this plate was stuck to the contact in most cases. A part of
the coil electrode also could become short circuited by molten contact material. A
kind of cover around the coil electrode is advised to overcome these problems.

Cu AMF contacts

Copper is a rather strange material. Although the material has a very high erosion
rate, the contacts still interrupt the current after one or two current zero crossings

and withstand the high recovery voltages. The erosion rate of the copper contacts is
185.0 ug/C for the cathode and 1276 ug/C for the anode.

Figure 4-5 shows the contacts after they had interrupted currents with a total
charge 0f 3324 C and a maximum arc current of 26.69 kA.

cathode anode
Figure 4-5: The Cu AMF contacts after the interruption measurements.

As can be seen in Figure 4-5, the anode is severely damaged. The severe melting of
the anode caused a hole with a diameter around 1 mm in the middle of the contact.
Furthermore the shield of the sectional vacuum tube, in the direction of the
gravitation force, was covered with large dollops of melted copper.

The severe erosion of the cathode and the anode also caused the metal plate,
denoted as “E” in Figure 4-4, to be stuck to the contact by molten copper.
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Interruption performance

CuCr AMF contacts

Although these contacts are badly damaged after the interruption measurements,
the erosion rate of the contacts is rather low. The erosion rate of the cathode is
102.5 ug/C and the erosion rate of the anode is 52.6 pg/C. Figure 4-6 shows the
contacts after interruption measurements with a total charge 0of 6192 C and a
maximum arc current of 39.14 kA.

cathode anode
Figure 4-6: The CuCr AMF contacts after the interruption measurements.

The cathode surface not only shows the usual pattern of little craters but also
shows some gross melting at one side of the contact. The whole anode surface is
one large melted area. The melting of the anode was severe enough to cause a
shortcut of one coil arm by the melted contact material.

The light eroded parts of the contacts show a silver alike color and the heavily
eroded parts show a copper alike color. Because the contact material is only a 3
mm thick layer on a copper construction, the copper underneath the contact
material probably has melted and mixed with the copper-chromium. It seems that
the chromium now is drawn into the inter electrode region more easily and the
relative copper content of the anode surface increases, resulting in the copper alike
color of the heavily eroded parts of the contacts.

The severe erosion of the cathode and anode again caused the metal plates, denoted
as “E” in Figure 4-4, to be stuck to the contact.
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4.2.3

CuW AMF contacts

The copper-tungsten contacts were only lightly eroded by the interruption
measurements. Figure 4-7 shows photographs of the contacts after interruption
measurements with a total charge of 4688 C and a maximum arc current of 29.24

kA,

The erosion rate of the cathode contact was 66.3 pug/C and the erosion rate of the
anode contact was -41.5 pg/C. The anode actually gained weight, probably due to
the fact that a droplet molten material has landed on the surface.

cathode anode

Figure 4-7: The CuW AMF contacts after the interruption measurements.

Closer observation of the anode contact shows three little anode spots. The
material in these anode spots holes is made up of a large number of little round
droplets, indicating localized molten material. These little round droplets were not
visible in the craters on the cathode surface. The cathode craters therefore are
formed by different process as are the little anode spots and the two may not be
compared to each other without great care in interpretation.

The metal plate, denoted as “E” in Figure 4-4, of the anode was stuck to the
contact but the plate of the cathode was not stuck.

Although the copper-tungsten contacts have a very low erosion rate and a rather
good interruption performance, the material is not suited for interrupting high
currents without some precautions in regard with the screen of the vacuum tube.
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During the interruption measurements often zero dips followed by oscillations up to
40 kV occurred in the recovery voltage. Figure 4-9 shows an example of such an
oscillation. These very high voltage oscillations not only stress the vacuum circuit
breaker but are also dangerous with respect to the equipment connected by the
vacuum circuit breaker.

Most reignitions occurred during or just after the oscillations. These reignitions
however were not recorded by the camera and therefore were probably along the
screen of the sectional vacuum tube. Measurements of the floating screen potential
confirmed this assumption and visual inspection of the screen of the sectional
vacuum tube also showed that reignitions along the screen had occurred.

synthefic cirout  synthetic circut Figure 4-8 shows the measurement
A T setup to determine the screen voltage.

If an arc is present in the vacuum
tube, the screen voltage will be around
zero because peither the cathode nor

_sectional the anode has a high potential with
vacuum respect to ground. As the arc
tube extinguishes, the screen voltage will
Figure 4-8: The screen potential be between the anode and cathode
measurement circuit. potential because of the capacitive

coupling between the screen and the
contacts. Figure 4-9 gives an example
of a screen measurement during a
reignition along the screen.

During the measurement of Figure 4-9 no reignitions were observed with the
camera but Figure 4-10 shows a rare recording of a reignition along the screen of
the sectional vacuum tube.

Many large droplets of molten metal were visible on the screen of the vacuum tube
in the direction of the gravitation force. These large molten droplets probably
caused the reignitions along the screen. The boiling temperature of copper is lower
than the melting temperature of tungsten, as can be seen in Table 4-3. Reignitions
because of copper vapor from the molten droplets copper-tungsten on the screen,
are therefore not impossible.
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the vacuum tube.

lp » el i

s

l’nijﬂ ﬁ:l'l

i
T n

e

Flgure 4-10 A recordmg of a relgmtlon along the screen of the vacuum
tube.

46



Interruption performance

424

Using copper-tungsten as a contact material, great care has to be taken with respect
to possible molten droplets of contact material on the screen of the vacuum tube.

AgWC AMF contacts

The silver-tungsten-carbide contacts have, like the copper-tungsten contacts, a low
erosion rate. The erosion rate of the cathode is 21.9 ug/C and the erosion rate of
the anode is 19.6 pg/C.

A low erosion rate however does not mean a good interruption performance. The
measurement results presented in appendix C show that the AgWC AMF contacts
have the worst electrical interruption performance. The AgWC AMF contacts have
a low average reignition field strength and have the highest average number of
reignitions.

Especially the high average number of reignitions makes the AgWC less suitable for
interrupting high currents. In the interruption tests with the synthetic circuit, a
reignition has no serious consequences because only a limited amount of electrical
energy is present in the injection circuit. In electricity grids however, a continuous
supply of electrical energy is present. A reignition in a vacuum circuit breaker in
these grids means a new arc will be present until the next current zero crossing. The
amount of extra energy absorbed by the contacts during this half period of short
circuit current makes an interruption at the next current zero even more unlikely.
Because of the reignitions the contacts become more and more heated and a serious
failure of the circuit breaker is not unlikely at all.

Figure 4-11 shows the AgWC AMF contacts after interruption measurements with
a total charge of 3514 C and a maximum arc current of 33.02 kA.

cathode anode
Figure 4-11: The AgWC AMF contacts after the interruption
measurements.
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4.3

As can be seen in Figure 4-11, the contacts have not eroded severely. Both the
anode and the cathode however show some little deep craters, possibly indicating

the presence of an intense arc. Both the contact surfaces also show cracks,

indicating high thermal stresses in the contact material. The metal plate, denoted as
“E” in Figure 4-4, was stuck on both the cathode and the anode.

The screen of the vacuum tube also contained some droplets molten metal in the
direction of the gravitation force however not so many and such large ones as in the
case of CuW. A few reignitions along the screen had occurred, but not so many as
in the case of the CuW contacts.

One however should keep in mind that AgWC contacts are designed as “low surge”
contacts. These “low surge™ contacts prevent the occurrence of high transient
recovery voltages under standard operation conditions.

Comparison of the interruption performance

This paragraph will start by presenting some selected measurement results from
appendix C. Afterwards a discussion of the differences in performance will be
presented in paragraph 4.3.1 and paragraph 4.3.2. Paragraph 4.3.3 finally gives a
ranking of the interruption performance of the used contacts.

The measurement results are divided into three contact gap areas. The division into
these three contact gap areas has been made because each area has it’s own
reignition characteristics. In the contact gap area 0 <d <3 mm, dielectric
reignition, with the roughness of the surface as a main parameter, is the most
important reignition type. For contact gaps in the area d > 8 mm, reignition because
of plasma production, by the very hot contacts, after current zero is the most
important reignition type. Contact gap area 3 < d <8 mm gives the best
interruption performance because the gap is large enough to eliminate the effects of
the electric field strengthening caused by the roughness of the contact surface and
the arcing times are small enough to limit the heating of the contacts.
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Table 4-1: Erosion rates measured by Binnendijk [Bin95].

Contact type Cu CuCr AgWC
butt-type butt-type butt-type
anode 850.3 3.6 253
erosion | [ug/C]
rate cathode 172.6 160.2 7.0
[ne/C]
total arc charge 1310 1999 2131
[C]
maximum arc current 18.5 28.3 26.9
[kA]

Table 4-2: Erosion rates of the contacts used in this investigation.

contact type CuCr Cu CuCr CuW AgWC
butt-type | coil-type | coil-type | coil-type | coil-type
anode 52.6 1276 52.6 -41.4 19.6
erosion [ug/C]
rate cathode 159.6 185.0 102.5 66.3 21.9
[ng/C]
total arc charge 3316 3324 6192 4688 3514
[C]
maximum arc current | 36.46 26.69 39.14 29.24 33.02
[kA]
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4.3.1

Performance of the CuCr contacts with and without axial magnetic field

As mentioned before, some unexplained differences exists between the interruption
measurements of Binnendijk [Bin95] and the interruption measurements of this
work. To eliminate the unexplained differences, this paragraph will only compare
the interruption performance of the CuCr contacts with and without AMF used in
this investigation.

As can be seen in Table 4-2, the erosion rate of the anode of the contacts with and
without AMF is the same. The erosion rate of the cathode however is slightly less
for the AMF contact. The difference in the erosion rate of the cathode contacts
however is probably just a coincidence because the axial magnetic field does not
significantly change the characteristics of the cathode spots and the cathode spots
erode the cathode contact.

The fact that the erosion rate of the anode contacts is the same is rather surprising
because one expects a lower erosion rate for the AMF anode contact. The lower
erosion rate for the AMF anode contact is expected because of the fact that an axial
magnetic field delays or prevents the formation of an anode spot. Five times
however, the AMF contacts have interrupted currents with an amplitude between
37 kA and 39.2 kA and arcing times around 11 ms. Visible inspection of the
contacts showed that these extreme interruptions eroded the surface much more
than did all the other interruption measurements. The non-AMF contacts have not
interrupted these extreme currents and therefore these extreme currents may be the
cause of the unexpected high erosion rate of the AMF anode contact.

Looking at Figure 4-12 to Figure 4-14 it can be concluded that the AMF contacts
only give a better interruption performance for currents above 20 kA and with long
arcing time. The long arcing time here is correlated to a large contact gap (d > 8
mm) at current zero.

For the contact gaps 0 < d < 3 mm, there is no difference in interruption behavior
between the contacts with and without axial magnetic field. The arc currents and
the absorbed energies here are too low to obtain a significant effect of the axial
magnetic field. The interruption performance therefore is based mainly on the
contact material and contact roughness.

For the contact gaps 3 <d < 8 mm, there were almost no reignitions in the case of
the AMF contacts but there were a number of reignitions for the higher currents in
the case of the non-AMF contacts (Figure 4-12). The few reignitions that occurred
in the case of the AMF contacts however have a higher reignition field strength
than have the reignitions in the case of the non-AMF contacts (Figure 4-12). For
these currents and contact gaps the axial magnetic field significantly improves the
interruption performance.
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For the contact gaps d > 8 mm, the AMF contacts again show a superior
interruption performance compared to the contacts without AMF.

Now it may be concluded that the AMF contacts have a better interruption
performance than have the non-AMF contacts. The superior interruption
performance of the AMF contacts is mainly due to the fact that the arc is less
contracted.

A more concentrated arc in the case of the non-AMF contacts might be an
explanation for the higher plasma resistance per meter gap length (p,) of the CuCr
butt type contacts compared to the p, of the CuCr AMF contacts (Table 3-1,

paragraph 3.2).

Besides the interruption performance there also is a significant ditference in arc
voltage between the AMF contacts and the non-AMF contacts. It is surprising that
both the non-AMF contacts and the AMF contacts suffered from anode spots
(Figure 4-3 and Figure 4-6) but only the non-AMF contacts had high frequency
oscillations on the arc voltage. A closer look at the anode spots on the contacts
also reveals some differences in the anode spots. On the non-AMF anode contact
(Figure 4-3) a number of anode spots that melted only a part of the contact surface
can be seen while the anode spot on the AMF anode contact (Figure 4-6) covers
the whole contact surface.

The observations above give rise to the idea that anode spots can be formed by two
kinds of mechanisms:

¢ Due to strong contraction of the arc the axial current density reaches the
saturation current density;

¢ The anode contact is overheated by the absorbed arc energy without
strong contraction of the arc.

The first mechanism probably occurs on the non-AMF contacts and the second
mechanism probably causes the anode spots on the AMF contacts.
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Figure 4-15: sketch of the anode
sheath.

The first mechanism is caused by
the fact that a space charge region
in front of the anode contact is
necessary to maintain current
continuity [Box83]. Across the
sheath a potential drop ®, (=U, -
U,, Figure 4-15) develops in order
to regulate the axial current
density. Normally this potential
drop @, is assumed to be positive
so the electrons experience an
electric force that is directed from
the anode towards the plasma. The
electrons have a truncated
Maxwell-Boltzman velocity

distribution [Box83], so an increase in the positive potential drop ®, causes a
decrease in the number of electrons reaching the anode and therefore causes a
lower axial current density. In chapter 5.1.2 more information is given on the

sheath in front of the anode.

A potential drop @, of 0 V implies that all the electrons, with velocity v., > 0,
present in the plasma cross the sheath and reach the anode. The axial current
density belonging to this potential drop of 0 V is called the saturation current
density. This saturation current density is for copper-chromium in the order of 10°
A/m’ [Box83][Sch83]. The relation between the current density and the sheath
potential @, is given by formula (4-1) (chapter 5.1.2):

) ed,
2vTuF1exp[— KT, ]

], = - 4-1)
‘ tR2v 1+erf( ey "
‘ kT,
J = current density in axial direction [A/m?]
vrez = themmal electron velocity in axial direction [mvs]
F = ratio of ion current and circuit current
Da = anode sheath potential drop M
k = Boitzman’s constant [J/K]
Te = thermal electron energy J]
R = radius of contact (m]
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When the arc becomes contracted and the circuit currents becomes high, the
required axial current density may become higher than the saturation current
density of a diffuse arc. This of course is not possible so the plasma parameters
have to change in order to reach a higher saturation current density. One way of
doing that is by increasing the thermal energy of the electrons and at the same time
decreasing the number of ions reaching the anode.

The thermal energy of the electrons can be increased and at the same time the
number of ions reaching the anode can be decreased by allowing the potential drop
®, to become negative. A negative anode sheath potential drop @, will draw the
electrons from the plasma into the sheath and thereby increase their speed. This
situation however violates the quasi-neutrality of the plasma so drawing the
electrons from the plasma actually is a movement of the sheath-plasma edge
towards the cathode. The movement of this sheath-plasma edge perhaps can be
described by the continuous transition model of Andrews and Varey [And71]. The
movement of the sheath edge will be very fast and therefore will cause a sharp rise
of the arc voltage. The increased electric field between the contacts increases the
energy of the electrons, decreases the speed of the ions towards the anode and
increases the field emission of electrons from the cathode. Now the saturation
current density will be higher and the sheath-plasma edge could move back to the
anode due to overshoot effects. The movement of the sheath-plasma edge towards
the anode lowers the arc voltage and the electric field between the contacts so the
process can repeat itself.

The movement of the sheath-plasma edge might be an explanation for the high
frequency oscillations in the arc voltages of the contacts without axial magnetic
field. The increased energy of the accelerated electrons might cause a strong
heating of a small part of the contact surface (contracted arc) and an anode spot
may be formed.

During the formation of an anode spot by the second mechanism, the saturation
current density is not exceeded but the absorbed arc energy becomes so high that
large parts of the contact surface become overheated and start to melt [Wat96-2].
In this case the thickness of the contact material layer is important because the rest
of the contact is made of copper that has a rather low melting temperature (Table
4-3) and may start melting before all the contact material has melted. This way the
contact material may be washed down the contact as can be seen on the anode
contact of Figure 4-6.

The formation of an anode spot by the second mechanism does not have to be
accompanied by a contraction of the arc. The hot anode contact however will emit
a significant amount of metal vapor [Wat96-2]. This metal vapor can change the
parameters of the plasma and thereby create the conditions for contraction of the
arc. Figure 3-8d gives an example of contraction of the arc due to strong
evaporation of the anode contact material.
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4.3.2

Performance of the contact materials

This paragraph compares the interruption performance of the different axial
magnetic field contacts. Table 4-3 gives some thermal characteristics of the
different materials that are used to compose the contact materials.

Table 4-3: Thermal characteristics of the materials used to compose the used
contact materials [CRC82][BIN86].

Electrode Tw T, A K°Cs

material K] K] [Wm'K"] [Jm’K ")
Cu 1356 2840 483 3.47410°
Cr 2130 2945 158 3.24+10°
w 3683 5933 235 2.61-10°
C 3823 5100 160 1.58-10°
Ag 1234 2485 450 2.52410°

Comparing Table 4-2 to Table 4-3 a strong correlation between erosion rates,
melting temperatures and boiling temperatures can be made. The materials with a
high melting and boiling temperature like tungsten and carbide have the lowest
erosion rates. Also a high heat conduction coefficient A and a high xec, factor are
important for a low erosion rate. Based on the erosion rates the following ranking
of contact materials for the interruption of high currents can be made (beginning
with the worst): Cu, CuCr, CuW, AgWC.

The erosion rate however is not the only criterion used to judge the interruption
performance. The electrical characteristics of the contacts also play an important
role in judging the interruption performance.

Figure 4-12 clearly shows that AgWC has the worst electrical performance for the
interruption of high currents. Not only has AgWC the lowest mean electric
reignition field strength but AgWC also has the highest mean number of reignitions.
It has already been mentioned before that a reignition in an electricity grid means
that the contacts at least have to absorb another half period of short circuit arc
energy. This absorbed arc energy is larger than the absorbed arc energy at the first
reignition. It is therefore doubtful whether the interruption will be successful at the
next current zero crossing. AgWC however seems to be a very suitable material for
“low surge” breakers.
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4.3.3

The electrical performance of the Cu and the CuW contacts do not differ so much
and is better than the performance of the AgWC contacts. Both the Cu and the
CuW however have a significant disadvantage. For the Cu contacts the very high
erosion rate (Table 4-2) is the main problem and for the CuW contacts the hot
droplets of evaporating contact material on the screen of the vacuum tube (chapter
4.2.3) is the main problem.

The CuCr contacts have superior electrical characteristics, for the interruption of
high currents, compared to the other contact materials (Figure 4-12). No significant
disadvantages for the CuCr contact material have been noticed so from the used
contact materials CuCr can be used best for interrupting high currents.

Figure 4-12 and the discussion above give rise to the idea that the constant
ionization voitage Uy in Table 3-1 (paragraph 3.2) is an indication of the electrical
performance of the contact material. The higher the ionization voltage Uj the better
the electrical characteristics of the material. The ionization voltage U,, however,
only is a very rough indication.

Ranking of the performance of the used contacts

Based on the comparisons above, the following ranking of the contacts for the
interruption of high currents can be made.

The worst two contacts are the Cu AMF and the AgWC AMF contacts. The Cu
AMF contacts have the very high erosion rate as main disadvantage and the AgWC
AMTF contacts have the low electric reignition field strength as main disadvantage.
Which of the two contacts has the worst interruption performance depends on the
short circuit situation of the electricity grid they are used in.

Up to about 20 kA the CuCr butt type contacts have a better interruption
performance than have the Cu AMF and AgWC AMF contacts. Above 20 kA the
effect of the axial magnetic field of the AMF contacts improves the interruption
performance of the AMF contacts compared to the CuCr butt type contacts.

The CuW AMF contacts have a little bit better interruption performance for the
interruption of high currents than have the CuCr butt type contacts. The
interruption performance of the CuW AMF contacts becomes better compared to
the CuCr butt type contacts for arc energies higher than + 1 kJ. In the case that
measures are taken to avoid the hot droplets CuW on the screen of the vacuum
tube (paragraph 4.2.3), the interruption performance of the CuW AMF contacts

probably improves significantly.
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The CuCr AMF contacts have the best interruption performance, for interrupting
high currents, of all the contacts used in this investigation.
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Current contraction model

This chapter describes a model for the calculation of the current density in a
vacuum arc. The model is part of a larger two dimensional anode spot model that
can be used to calculate the temperature of the anode contact. The full-fledged
anode spot model could not be realized totally because of a lack of time and lack of
experience with finite element method (FEM) programs.

One of the main problems of interrupting high currents with a vacuum circuit
breaker is the formation of the so called anode spots. Theories available for the
formation of these anode spots can be divided into three groups (chapter 2.1.1,

[Mil85]):

e Column Controlled Theories;
e Anode Controlled Theories;
e Anode-Column Interaction Theories.

All these theories state that an anode spot is formed by a contraction of the arc and
strong heating of the anode contact. The way the arc is contracted and the anode is
heated is different in the different groups of theories.

In the anode spot model described in this paragraph, the anode contact is heated by
absorbing the arc energy. In the model used here, the arc energy is directly
correlated to the current density. The distribution of the current density therefore
determines the distribution of the arc energy on the contact surface. The arc energy
is absorbed by the contact and by heat conduction inside the contact material the
contact is heated.

The anode spot model belongs to the group of column controlled theories because
the contraction of the arc precedes the formation of an anode spot. The assumption
that the absorbed arc energy is distributed by means of heat conduction only, is an
appropriate first order assumption [Box83][Gol87][Bin95].

When parts of the contact surface reach the boiling temperature of the contact
material, metal vapor will be emitted [Wat96-2]. This metal vapor of course will
influence the contraction of the arc. This secondary effect however is not
implemented in the contraction model yet and is a recommendation for further
investigation.

The anode spot model is a two dimensional model that has a cylindrical geometry
with reference directions as stated in Figure 5-1.
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5.1

The model can be divided
into two main parts. The
first part calculates the
contraction of the current in
the plasma and the second
part calculates the heat flow
in the anode contact. As
already mentioned this
chapter only describes the
current contraction part of
the model. The heat-transfer
part of the model is subject
of further investigations.

Figure §-1:The model geometry.

Contraction model

The model of the current contraction is based on the work of Izraeli [Izr85],
Boxman and Goldsmith [Box83].

In this model the arc plasma is modeled as a conducting fluid that flows in a tube
with the same diameter as the contacts and with frictionless walls. The following
assumptions are made:

The model geometry is circle cylindric

There is no mass constriction in the plasma

The plasma is quasi-neutral

The electron density is constant

The plasma velocity is constant and directed from the cathode to the
anode.

o The plasma conductivity is constant

¢ The anode is a perfectly absorbing surface

For calculation of the current constriction in the plasma the quasi-static magnetic
field system approximation form of Maxwell’s equations is used. This
approximation can be used because the magnetic field diffusion time constant in the
arc plasma is in the order of 10 ns [Izr85] which is much smaller than the time
constant of the power frequency currents used in the experiments of this work.
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The assumptions above result in the following form of Maxwell’s equations:

VxE=0 (5-1)
VxB= uo J (5-2)
VeB=0 (5-3)

\% = gradient operator

E = electric field vector [Vim]

B = magnetic field vector m

Mo = permeability of vacuum [H/ml

J = current density vector [A/m°]

Ohm’s law provides the fourth equation:

1 c
- - - 5-4
E G(J+ene(JxB)J (vxB) (5-4)
o = plasma conductivity [Q'm"
v = plasma velocity vector [rvs]

Inserting (5-4) and (5-2) into (5-1) gives:

VxVxB+

—{Vx[(VxB) xBJ} - noo[V x (v xB)] =0 (5-5)

€

(]

Reformulation of (5-5) gives:

V(VeB)-AB + g

oo, {Vvx[(VeB)B-V(BeB)]} 56
~poo[(VeB)v-(Vev)B]=0

A = Laplace operator

Using (5-3)and the fact that the plasma velocity is assumed to be constant, equation
(5-6) reduces to:

AB =0 -7
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5.1.1

To solve equation (5-7) one must know the boundary conditions. Because of the
cylindrical geometry, cylinder coordinates (r, ¢, z) will be used. The magnetic field
vector B has to be resolved in it’s three components. On the edge of the plasma -
region sufficient boundary conditions exist to solve component B,. Components B,
and B, however do not have sufficient boundary conditions on the edge of the
plasma region and therefore have to be solved in the contacts.

The azimuthal magnetic field component

The azimuthal magnetic field component s
B, has the following boundary conditions z
(Figure 5-2): CA cathode
boundary 3
Boundary 3: On the cathode a constant D d ‘;.
. >
current density is assumed. G L)
With equation (5-2) the g plasma S
boundary condition for B, on _§ ' b
the cathode is given by: o%___sheath| r,
. boundary 1
B, @M=2rL (58 anode
Poomirys 7 2 TR -AA
Figure 5-2: The boundaries
for the
azimuthal
magnetic field
component.

Boundary 4: This boundary represents the cylinder axis. The azimuthal magnetic
field encircles no current here so the following boundary condition is
valid:

B°w =0 (5-9)

Boundary 2: This boundary represents the cylinder wall. The azimuthal magnetic
field here encircles the total current so boundary condition (5-10) is
valid:

_ Bl
Bover =3 1R (5-10)
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Boundary 1: On the anode the current density is unknown. As a first approximation
the anode however can be treated as an equipotential surface. This
implies that the radial electric field E-on the anode is zero. The
assumption above gives the following boundary condition for the

azimuthal magnetic field:
E, =0=—J +——(JxB) —(vxB)
Thomdary 1 g’ en, r r

~ 511
1 oB, 1 B -1

op, &2 _enep'o or =

A few remarks however have to be made applying condition (5-11):

e Inequation (5-11) B, and B, are assumed to be zero. This is only a
correct assumption if the contacts used in the vacuum circuit breaker
do not generate an axial or transversal magnetic field. The axial and
radial magnetic field components change the boundary condition for the
azimuthal magnetic field on the anode. In paragraph 5.1.3 the boundary
condition for boundary 1 is given if the contacts do generate an axial or
transversal magnetic field.

o The anode may be an equipotential surface but Boxman and Goldsmith
[Box83] have shown that a space charge layer in front of the anode is
necessary to maintain current continuity. Paragraph 5.1.2 treats the
boundary condition for azimuthal magnetic field on the anode when the
space charge layer is taken into account.

5.1.2 Anode sheath

Boxman and Goldsmith [Box83] have shown that a sheath in front of the anode is
necessary in order to maintain current continuity. Calculations of the electron mean
free path and the Debye length indicate that the anode sheath may be modeled
collisionless [Box83].
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Across the sheath a potential drop ®,
(=U,- U,, Figure 5-3) develops in order ;
to regulate the electron density. This =~ |* - plasma

potential drop @, is positive in the case oz > Ve min :
the anode potential is lower than the Vo2 < Vg min U ;'
plasma-sheath edge potential. Normally |: |/ [ o P
@, is assumed to be positivesothe | |l o .
electrons in the sheath experience a
repelling electric force directed from the : sheath ®A ;
anode to the plasma. LW T P
U,
anode

In this simple model of the anode region
the anode surface is assumed to be
perfectly absorbing and the electrons
receive their thermal energy in the
collision dominated plasma.

Figure 5-3: The movement of the
eiectrons in the sheati.

With the assumptions mentioned above it is possible to calculate the potential drop
Da.

The minimum energy in z-direction required for the electrons to cross the sheath is
equal to the electron charge times the potential drop ®,. Because the plasma is
assumed to be quasi-neutral and collision-dominated, the electrons have thermal
energy only on the plasma-sheath edge. The minimum speed in negative z-direction
(Figure 5-1) required for the electrons to cross the sheath is now given by:

V 2.min \/ \’ 2nm, (5-12)

= electron mass [ka]
T. = thermal electron energy [N

The electron velocity distribution in the sheath is a truncated Maxwell-Boltzman
distribution [Box83]:

f.(v,,v,,v,)=n, 1’2 n:(T exp[ (ZIII:TJ(V +v +v )}

(5-13)
R
h< v B 2e >
m,
ne = electron density in the sheath region [1/m}
k = Boltzman's constant [V/K]

66



Current contraction model

where h<x> is the Heaviside function:

b 0 x<0
<X>= 1 x>0 (5-14)

The sheath potential can now be determined by invoking the following matching
requirements at the plasma-sheath edge:

1) charge neutrality:

FJ

JIIfe(v) dv=n_ ﬁ _r e exp(— 521) dt¢ =— (5-15)

ev;
&= help variable
2) electron current continuity:

2e9,

e e kT D 1+F)
:[ J'_;[vzfe(v)dv=—n“ 21tt:1 exp[— ekT:J - +e) z (5-16)

<

Taking the ratio of (5-15) and (5-16) and using (5-17), equation (5-18) is found.

[T,
Vre = 2nm, (5-17)

e<I>A)
kT, _Vvi(1+F)

el T

Vo, exp[—

(5-18)

Using expressions (5-19) and (5-20) [1zr85] equation (5-18) can be written as (5-
21). Equation (5-21) finally reveals the relation between the axial current density on
the plasma sheath edge and the sheath potential.

v,(1+F) J +FJ,
F - I, (5-19)

V.

1
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(5-20)

L]
2v, Fi exp(- ek A]

. T,) Fi
z = o ,nR2
n R? vi[l +e|1{‘h( T: l]

Physically seen the model of the sheath region ends as the sheath potential ®,
becomes negative. This also implies that there is a saturation current density that
represents the maximum current density possible on the anode. This saturation
density is given by (5-22).

J (5-21)

2 Ve, Fi Fi 522
sat — T R2 vi - n R2 ( = )
Jit = saturation current density (A/m?

A sheath potential of 0 V implies Posiive anode sheath potential

that all electrons present in the
plasma cross the sheath region
with their axial directed velocity.
The current density belonging to
this sheath potential of 0 V is the
saturation current density Je. If
the sheath voltage ®, becomes
negative, the sheath will start to
draw electrons from the plasma.
The plasma however is assumed
to be quasi-neutral so an
increase of electron speed at the
plasma-sheath edge will lead to
an unstable situation that
perhaps can become stable again
by the following mechanism.

anode

cathode

Figure 5-4: Positive and negative
sheath potentials.

To reach a stable situation the sheath potential drop ®, has to become positive
again. This means the saturation current density has to increase. One way of doing
that is to increase the thermal energy of the electrons and to decrease the speed of
the ions. If the sheath potential drop ¥4 becomes negative, both effects will occur.
The plasma however was assumed to be quasi neutral. No violation of this
assumption means that the plasma-sheath edge has to move towards the cathode.
The movement of the plasma sheath edge in turn has a number of effects:
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o The sheath region can no longer be modeled as a collisionless layer
because it has become wider than a Debye-length. This implies that there
are collisions between accelerated electrons and decelerated ions. These
collisions can cause an increase in the ionization rate of the ions, thereby
increasing the number of electrons reaching the anode. A second effect of
these collisions is the increase in the thermal energy of the electrons.

o As already mentioned a negative sheath potential not only increases the
directed electron speed in the space charge layer but also decreases the
drift velocity of the ions. Sheath potentials in the order of -40 V even
cause ions to change direction and return to the plasma. One effect of this
change in the directed ion velocity is a reduction of the negative
contribution of the ions to the circuit current (formula (2-1), paragraph
2.1.1). The decrease in speed of the ions also increase the positive charge
present in the space charge layer and thereby causes an increase of @,.

e The movement of the plasma-sheath edge creates a higher axial electric
field on the cathode that in turn increases the production of electrons from
the cathode.

The effects mentioned above can cause an increase in the saturation current density
which in turn causes the sheath potential to become positive again. The movement
of the plasma-sheath edge towards the cathode and back to the anode will be very
fast and will cause high arc voltage oscillations. The movement of the plasma-
sheath edge perhaps can be described by the continuous transition model or matrix
model [And71]. The movement of the plasma-sheath edge could be an explanation
for the noisy high arc voltages measured at the onset of an anode spot.

Wieckert and Egli disagree with the discussion above. In their article [Wie89] they
state that the current density can not be higher than the saturation current density.
Their saturation current density seems not to be effected by a negative anode sheath
potential drop ®a,.

In their article Wieckert and Egli [Wie89] calculate anode sheath potential drops
@, down to -36 V when using their assumptions of “sheath stiffness” G=0.5 and a
thermal electron energy of 2 eV. However they also assume directed ion energies
of 30 eV which means that the ions do not have enough energy to reach the anode
when @4 is -36 V. Normally the ratio of ion current to total current (F) is around
0.1 [Sch83]. This means the current density has to increase with 10% when the
anode sheath potential drop @, decreases form 0 V to -36 V. Negative sheath
potential drops @, therefore do influence the saturation current density.
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5.1.3

Implementation of the sheath into the plasma model changes the boundary
condition for the azimuthal magnetic field on boundary 1 (formula (5-11), Figure 5-
2) into: S -

o0, 1 1
et =~ g =;J'+ene(JXB)'_(VXB)'

1 0B 1 0B;
=- *_ ? +v,B,
oy, Oz en.p, Or

(5-23)

Boundary condition (5-23) actually has to be applied to the plasma-sheath edge.
The space charge sheath however is very thin compared to the contact gap so
boundary condition (5-23) may be applied to the anode surface.

The axial and radial magnetic field components

The calculation of the axial and radial boundary 7
magnetic field component is little bit more zs
complicated than the calculation of the CA
azimuthal magnetic field component. The
axial and radial magnetic field can not be cathode
solved in the plasma region only because boundarv 10
there are not sufficient boundary conditions. ) Yy ©
Deep inside the contact material however it ‘;, D e
may be assumed that the axial magnetic K plasma ‘_g
field, generated by the coil type contact, is (= 3
constant and it also may be assumed that 8 2
the radial magnetic field component is zero 0[2e sheath| r,
deep inside the contacts. boundary 9 R
Using the assumptions made above, the
following boundary conditions can be used anode
(Figure 5-5): -AA f

boundary 5

Figure 5-5: Boundaries
for the axial
and radial
magnetic field
components.
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Boundary 5:

Boundary 6:

Boundary 7:

Boundary 8:

Boundary 9:

Boundary 5 is located deep inside the contact material. Deep inside
the contact material the axial magnetic field component is assumed
to be constant and the radial magnetic field component is assumed to
be zero. The boundary conditions therefore are given by (5-24) and
(5-25).

B =0 (5-24)
B, =K, (5-25)

Ks: = Amplitude of axial magnetic field
component deep inside the contact material [T}

This boundary is the outside of the cylinder formed by the contacts
and the plasma. The boundary condition for the axial magnetic field
on boundary 6 is not totally clear because of the lack of an axial
magnetic field source in the model. From continuity point of view,
boundary conditions (5-26) and (5-27) are applied on boundary 6:

Toouatary s =0 (5'26)
OB
o =0 (5-27)
T boundary6

Further investigation into the boundary conditions on boundary 6 is
advised.

This boundary also is located deep inside the contact material.
Boundary conditions (5-24) and (5-25) therefore can also be applied
to boundary 7.

This boundary is the rotation axis. Because of continuity
considerations, boundary conditions (5-26) and (5-27) have to be
applied to this boundary.

No strong boundary conditions can be given for this boundary. The
relative magnetic permeability () of the used contact materials
however is approximately equal to one. The radial (B;) and axial (B;)
magnetic field components therefore have to be continuous on
boundary 9.
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5.1.4

The boundary condition for the azimuthal magnetic field component
(B,) on boundary 9 however changes when a radial (B;) and an axial
(B.) magnetic field component are present. The boundary condition

for the azimuthal magnetic field component is now given by formula

(5-28).
B =-22_1; . 1 (3xB) ~(vxB)
Somamy? or o© en, ' '
(5-28
1 8B, 1 OB, +B,+B,) )
=-— - +v,B,
op, 6z en.p, or

Taking B, and B, zero in equation (5-28) gives back equation (5-
23).

Boundary 10: The same considerations as for boundary 9 can be made for
boundary 10. The radial (B,) and axial (B,) magnetic field
components therefore also have to be continuous on boundary 10.

Implementation of electric field effects

Until now the model only contained a magnetic field that was responsible for the
current contraction. For a better correlation with the physical reality the model,
however, also needs some effects of the electric field.

The contraction model is assumed to be rotation symmetric. This means that
equation (5-29) is valid.

& _, (5-29)
09

The equations for the magnetic field are time independent so according to Maxwell
equation (5-30) is valid.

JEdI=0 (5-30)
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Combining equations (5-29) and (5-30) reveals that the azimuthal component of the
electric field (E,) is zero. Using this in equation (5-4), the following condition for
the magnetic field is found:

éB

e B iyov,B, =0 (5-31)
Equation (5-31) however is not the only result of the electric field that has to be
taken into account. Another effect of the electric field that has to be taken into
account is caused by the assumption that the plasma bas a constant conductivity
(paragraph 5.1). A contraction of the current in the plasma therefore means that a
potential drop in radial direction, that opposes the contraction of the current, is

present. The electric field caused by the potential drop can be calculated by
equation (5-32).

a_ar [[E, dz=E, (5-32)

Equation (5-32) uses the standard directions as stated in Figure 5-1. Eliminating the
integral of equation (5-32) gives:

dE, OE

or azr (5-33)

Using equation (5-4) in equation (5-33), gives the following condition for the
magnetic field:

3 [1 0 (’B-)] __95B, (5-34)

orlr or 0z

Using the effects of the electric field mentioned above, the contraction model uses
equations (5-35) to (5-37) to calculate the components of the magnetic field. The
boundary conditions described in paragraph 5.1.1, paragraph 5.1.2 and paragraph
5.1.3 are used as boundary conditions for equations (5-35) to (5-37).
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oB, 0B,

ABr+ az - ar =|""00sz1' (5'35)
0 la(ng) azBo

AB, +El; or "~ 972 (5-36)
0B, 0B,

ABz-i-E— or =p,0V,B, (5-37)

5.2  Numerical implementation of the contraction model

The finite element method (FEM) program PDEase2 [SPD95] was used to
implement the contraction model described in paragraph 5.1. This program uses a
description file in which the problem is described with simple commands. The
program uses the description file as input and automatically starts calculating and
refining the grid until the selected accuracy is reached. Appendix D gives an
example of such a description file.

Although the program is easy to run there are three significant disadvantages:

o The program does not use the computer memory consequently;
o It is almost impossible to influence the calculation process;
e The program does not allow changing geometries.

The last disadvantage becomes important when the program is used to calculate the
temperature of the anode contact. The absorbed arc power has to be integrated
over the arcing time in order to calculate the temperature of the anode contact.
During the arcing time, however, the contact gap changes and therefore the
geometry has to change. In order to calculate the anode temperature with
PDEase2, a current contraction description file for each time step and a description
file for the heat flow calculation is required. These description files can be
generated best by writing a little program (in Turbo Pascal for example) that
generates all the required description files. The description files of course use the
results of the last time step as a start in order to reduce the calculation time.

The process described above requires a lot of computer time and therefore it is
recommend to look for a FEM program that is more suited for these calculations.
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In order to calculate the current constriction a few plasma parameters have to be
known. Literature gives many and also contradicting values for the plasma
parameters. In this report the plasma parameters measured by Schellekens [Sch83]
are used as an indication for the plasma parameters in the model. The parameters
measured by Schellekens were measured using copper electrodes. In this work
however only the interruption performance of CuCr has been measured for butt
type contacts. The measurements of the CuCr butt-type contacts therefore are
compared to the calculations of current contraction in a copper vapor arc when the
model contains a butt-type contact configuration.

In order to draw more fundamental conclusions with respect to the contraction
model, it is advised to collect the plasma parameters belonging to the used contact
materials.

From Schellekens [Sch83] the following required plasma parameters are used:

o Electron density n.. The electron density depends strongly on the arc
current. The measurement results indicate a peak electron density that

can be described by:
n,=56-10"ei-45.10® A i<4-10°A (5-38)
n, =33-10" ¢i+7.0-10% A i24-10°A

e Ratio F of ion current to total current. F is measured to be around 0.1.

¢ Plasma velocity v. The mean plasma velocity can be determined by
using the ion velocity and the ratio of ion current to total current
[Sch83]. Using this method, the mean plasma mass velocity (v;) is
around 500 m/s directed from the cathode towards the anode.

e Thermal electron energy kT.. The electron temperature is independent
of the current but depends on the applied axial magnetic field. The
electron temperature seems to be around 2.7 eV.

o Plasma conductivity o. Schellekens [Sch83] does not give an explicit
value or formula for the plasma conductivity. Therefore a theoretical
approximation of ¢ is used.
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According to Mitchner and Kruger [Mit73] the plasma conductivity can be
calculated by using formula (5-39):

2
n,e
cs—me v.mQ, (5-39)
Ve = thermal electron velocity in all directions [m/s]

Qa = electron-ion momentum transfer collision cross section [m?
Formula (5-39) however can only be used if local thermal equilibrium
(LTE) or partial local thermal equilibrium (PLTE) is assumed.

The average electron-ion momentum transfer collision cross section is
given by [Mit73]:

Q, =67Db; In(A) (5-40)
where
2
- ze
= 5-41
b 12ne, kT, (5-41)
e = electric pemmitivity of vacuum [Fm™]
Tare = arc temperature K]
and where
kT_)2
A=12nne(8° ;fc] (5-42)
n,e
Combining equations (5-39) to (5-42) yields:
3
24 7el 2
5 nE, (lem) (5-43)
ze* (3m, ) In(A)
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5.3

Schellekens [Sch83] measured an average ion charge number around one
and an electron temperature of 2.7 eV. Because no clear indication of Tar
is given, T, is assumed to be equal to the electron temperature. Using
these figures in formula (5-43) a plasma conductivity of 5.7°10° Q'm’ is
found for a 10 kA arc.

Implementation of the axial and radial magnetic field components also requires a
calculation of the magnetic field inside the contacts. This however leads to still
unsolved numerical problems.

PDEase2 does not allow different equations in different regions of the geometry
and therefore also tries to solve the plasma equations inside the contacts. To
overcome this problem the plasma parameters like plasma velocity, electron thermal
energy, etc. were taken zero in the contact region resulting in “divide by zero”
errors of the program. Consequently PDEase2 can not be used to calculate the
current contraction when an external magnetic field is present.

Due to the numerical problems mentioned above, results of the calculations of the
current contraction in a coil-type configuration (implementation of all three
magnetic field components) are not yet available. The discussion of the contraction
model will therefore be limited to a discussion of the results of the butt-type
configuration (only the azimuthal magnetic field component is accounted for).

Discussion of the contraction model in the case of butt-type
contacts

In this paragraph an interruption of a 13 kA current with CuCr butt-type contacts is
compared to the calculations of the current contraction model. This comparison
however is very limited because the measurement gives no information on the
current density. The comparison however reveals some rough characteristics
indicating a reasonable performance of the current contraction model.

Figure 5-6 to Figure 5-9 show the measurement results and some of the results of
the calculations with the current contraction model. Both the measurement results
and the results of the calculation are presented more extensively in appendix E. The
markings A to C in Figure 5-6 denote the points that have been used in the
calculations.
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Figure 5-6: Measurement 113_53 used as configuration for the current
contraction model.
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Figure 5-7: Calculations of the axial current density in the arc plasma.
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Figure 5-8: Calculations of the axial current density on the anode surface.
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Figure 5-9: Calculations of the anode sheath potential drop ®,.
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Figure 5-7 shows two strange negative peaks in the axial current density at the
intersections of the rotation axis with the cathode and with the anode. These peaks
are not present in Figure 5-8 although Figure 5-8 presents the axial current density
on the anode surface. The peaks therefore probably represent a numerical problem.
This numerical problem however has not been solved yet.

Figure 5-7 clearly shows an increasing contraction of the current towards the anode
and corresponds to the expectations [Sch83]{Izr85][Sha89][Wat96-1].

Figure 5-8 presents the axial current density on the anode. First thing to be
remarked is the difference in current density profile at time A and at time B and C.
The main difference between time A and the other two times is the smail contact
gap at time A (1.7 mm). The positive peak in the axial current density near the
rotation axis at time A could be caused by problems at the rotation axis. The peak
however also can be caused by a physical phenomenon. Schulman [BSc94}]
measures bridge columns during the first two milliseconds of arcing and Wieckert
and Egli [Wie89] calculated comparable current density profiles.

Figure 5-8 also shows that the highest current density occurs at time B. Time B is
located in the arc voltage oscillation area (Figure 5-6) and therefore is expected to
have the highest current density. The oscillations in the arc voltage often are
associated with arc instabilities and anode spot formation (chagter 2.1.1).
Schellekens [Sch83] reports on current densities of 9010’ A/m’ near anode spot
formation.

Figure 5-9 presents the calculations of sheath potential drop ®,. Here time B has
the lowest sheath potential drop and therefore is closest to the saturation current
density. Figure 5-9 points into the direction of the theory proposed in chapter 4.3.1
but does not correspond to it. The theory proposed that the voltage oscillations
occur when the saturation current density is reached. For a better comparison it is
recommended to correlate the electron density to the current density.

The electron density is assumed to be constant. Schellekens [Sch83] however
measured varying electron density. The electron density also affects the plasma
conductivity and thereby affects the current density distribution in two ways.

According to the discussion above, the contraction model seems to work
reasonably in the case of butt-type contacts. The results of the model however have
to be compared to current density measurements to make a more substantial
comparison.
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If the contraction model is coupled to an anode heating model, more practical
comparisons between anode spot formation and the temperature distribution in the
anode material can be made. The coupling between the axial current density and the
energy input into the anode has been described by several authors: [Jo182],

[Box83], [Wie89], [Wat96-2].
Recommendations to improve the model are:

e Correlate the electron density to the current density;
e Couple the contraction model to an anode heating model;
e Take the secondary emission of particles from the anode into account.

The second recommendation of course is necessary for the third recommendation.
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Conclusions

The recordings of the high speed camera were very useful for the interpretation of
the interruption measurements.

After the interruption of high currents, current peaks can occur during the first
quarter of the period of the recovery voltage. These current peaks seem to coincide
with the maximum derivative of the recovery voltage. The current peaks were
largest when using the contact materials CuCr and CuW.

Three main types of reignitions can be distinguished: dielectric, thermal and a
combination of the former two. The reignitions for contact gaps between 0 and 3
mm had a predominantly dielectric character. Reignitions for contact gaps larger
than 8 mm had a predominantly thermal character. Reignitions for contact gaps
between 3 and 8 mm had no predominant character.

Many currents between 10 kA and 40 kA were interrupted during this
investigation. At these high currents all electrodes suffered from anode spots. The
materials without tungsten however were much more eroded than were the
materials with tungsten.

The CuCr butt-type contacts had an excellent interruption performance for arc
energies below approximately 1 kJ. The erosion of the contacts is not very high and
the electric reignition field strength is high.

The Cu coil-type contacts suffered form severe erosion. Although the contacts
were damaged badly, the electric reignition field strength remained rather high.

Between the contacts investigated in this project, the CuCr coil-type contacts were
of the ones that are most suited for the interruption of short circuit currents. The
erosion of these contacts is not very high and the average electric reignition field

strength is high.

The CuW coil-type contacts had a very low erosion rate and a rather high electric
reignition field strength but suffered from hot droplets of contact materials that
probably initiated reignitions between the contacts and the screen of the vacuum
tube. These reignitions between contacts and screen were accompanied by high (40
kV) voltage oscillations.

The AgWC coil-type contacts had a very low erosion rate but also had low electric
reignition field strengths. The contacts are not very suited for the interruption of
short circuit currents but the contacts are very well suited for “low surge breakers”.

85



Conclusions

The first computional results of the current contraction model confirm the existence
of current contraction on the anode of butt-type contacts. Many problems however
still have to be solved. The greatest problems at this moment refer to the
implementation of the model into a suitable finite element method program.
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Recommendations

Recommendations

It is advised to do more research into the origin of the post-arc current peaks
occurring at the first maximum derivative of the recovery voltage. The current
peaks often are the start of a reignition and consequently can not be neglected.

The contact material CuW seems very promising for the interruption of high
currents and it is advised to do further measurements with this contact material.
Perhaps the composition of the contact material can be changed a little in order to
get a better interruption performance than in the case of CuCr.

Finally it is recommended to continue with the development of the anode spot
model. The results of the complete model should also include computation of metal
vapor production at current zero, one of the most important parameters for the
reignition characteristics.
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Appendix A: Equipment

Appendix A: Equipment

T1

Lq

S1

S2

VS

: Capacitor battery. 32 cpacitors of 127.8 uF parallel;

maximum voltage 15 kV. Total C = 890 uF. Each capacitor
is short circuit protected with an inductance.

: Distribution transformer. 10kV/400V; S = 800 kVA; Dy5;

£x = 3.64%.

: Capacitor. C = 27.8 uF; maximum voltage 15 kV.
: Capacitor. C = 10 nF; maximum voltage 30 kV.

: Torodial coil. L = 885 puH; maximum current 5 kA.

Designed at TUE.

: Coil. L =32 uH.
: Circuit breaker. ABB RM12¢35; low oil volume breaker.

: Circuit breaker. Toshiba SVB-10M40E; vacuum circuit

breaker.

: Sectional vacuum tube (see appendix B) with switching

mechanism. Used to test contacts. Pressure inside the
sectional vacuum tube is lower than 10 mbar.

: High current measurement. Rogowski coil in combination

with matching integrator. Designed at TUE. Sensitivity
without attenuator: 25.3 kA/V. Integrator connected to
oscilloscope 1.

: Post arc current measurement. Pearson current transformer.

Output clipped with two diode arrays consisting of 10
diodes each and switched anti-parallel. Sensitivity: 200A/V.
Diodes: high speed silicon diode BAW62; repetitive peak
forward current 225 mA maximum. Current transformer
connected to oscilloscope 2.
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Appendix A: Equipment

Uvsl

Uw

Oscilloscope 1

Oscilloscope 2

Contact gap

Vacuum level

High speed camera

Balance

: Arc voltage measurement. Probe: Tektronix P6015A (TUE

id.: EG3103 SD14); 1:1000; accuracy 2%; bandwidth: 75
MHz. Probe connected to oscilloscope 1.

: Recovery voltage measurement. Probe: Tektronix P6015;

1:1000; accuracy 9%; bandwidth: 70 MHz. Probe
connected to oscilloscope 2.

: Screen voltage measurement. Probe: Tektronix P6015A

(TUE id.: EG3104 SD15); 1:1000; accuracy 2%;
bandwidth: 75 MHz. Probe connected to oscilloscope 1.

: LeCroy 9314M (TUE id: EG3096). 4 channels; 300

Msamples/s; 8 bit; 50 kbyte acquisition memory per
channel.

: Lecroy 9400 (TUE id: EG3011 0F46). 2 channels;

100Msamples/s; 8 bit; 32 kbyte acquisition memory per
channel.

: TPA laser displacement measuring system; accuracy 0.2

mm.

: The pressure in the sectional vacuum tube VS (see

appendix B) is measured indirectly by measuring the current
of the ion getter pump.

: Designed at KEMA. 16 X 10 matrix of glass fibres. Each

fibre is connected to an optical receiver. The signals of the
optical receivers are converted by a 4-bits A/D converter
with a logaritmic conversion characteristic. Maximum
sample rate is 10° images/second. The camera has a
memory for 1638 images.

: Sartorius AC 210; accuracy: 0.1 mg; range 0-210 g.
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Appendix B: Drawing of the sectional vacuum tube

Appendix B: Drawing of the sectional vacuum tube
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Appendix B: Drawing of the sectional vacuum tube
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Appendix C: Measurement results

Appendix C: Measurement results

Table C-1: Erosion rates.

contact type CuCr Cu CuCr CuW AgWC
butt-type | coil-type | coil-type | coil-type | coil-type
anode 52.6 1276 52.6 -41.4 19.6
erosion [ug/C]
rate cathode 159.6 185.0 102.5 66.3 21.9
[1g/C]
total arc charge 3316 3324 6192 4688 3514
[€]
maximum arc current | 36.46 26.69 39.14 29.24 33.02

[kA]

1
1611—

J«<d<8
ocontact gap

Figure C-1: Some mean results of the interruption measurements.
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Appendix C: Measurement results
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Figure C-2: Correlation between electric reignition field strength and
maximum arc current.
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Appendix C: Measurement results
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Figure C-3: Correlation between electric reignition field strength and arc
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Appendix C: Measurement results
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Figure C-4: Correlation between reignition voltage and maximum arc

current for the CuCr butt-type contacts.
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Figure C-5: Correlation between electric reignition field strength and
maximum arc current for the CuCr butt-type contacts.
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Appendix C: Measwurement results
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Figure C-6: Correlation between reignition voltage and arc energy for the
CuCr butt-type contacts.
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Figure C-7: Correlation between electric reignition field strength and arc

energy for the CuCr butt-type contacts.
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Appendix C: Measurement results
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Figure C-8: Correlation between reignition voltage and maximum arc current
for the Cu coil-type contacts.
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Figure C-9: Correlation between reignition voltage and maximum arc current
for the CuCr coil-type contacts.
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Appendix C: Measurement results
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Figure C-10: Correlation between reignition voltage and maximum arc

current for the CuW coil-type contacts.
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Figure C-11: Correlation between reignition voltage and maximum arc

current for the AgWC coil-type contacts.
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Appendix C: Measurement results
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Figure C-12: Correlation between reignition voltage and arc energy for the
Cu coil-type contacts.
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Figure C-13: Correlation between reignition voltage and arc energy for the
CuCr coil-type contacts.
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Appendix C: Measurement results
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Figure C-14: Correlation between reignition voltage and arc energy for the
CuW coil-type contacts.
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Figure C-15: Correlation between reignition voltage and arc energy for the

AgWC coil-type contacts.
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Appendix C: Measurement results
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Figure C-16: Correlation between electric reignition field strength and
maximum arc current for the Cu coil-type contacts.
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Figure C-17: Correlation between electric reignition field strength and
maximum arc current for the CuCr coil-type contacts.
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Appendix C: Measurement results
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Figure C-18: Correlation between electric reignition field strength and
maximum arc current for the CuW coil-type contacts.
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Figure C-19: Correlation between electric reignition field strength and
maximum arc current for the AgWC coil-type contacts.
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Appendix C: Measurement resulis
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Figure C-20: Correlation between electric reignition field strength and arc
energy for the Cu coil-type contacts.
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Figure C-21: Correlation between electric reignition field strength and arc
energy for the CuCr coil-type contacts.
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Appendix C: Measurement results
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Figure C-22: Correlation between electric reignition field strength and arc

energy for the CuW coil-type contacts.
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Figure C-23: Correlation between electric reignition field strength and arc

energy for the AgWC coil-type contacts.
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Appendix D: PDEase2 problem description file

Appendix D: PDEase2 problem description file

title "CURRENT CONTRACTION"

{Calculation of the azimuthal field in a vacuum arc.
The axial current density is calculated from the
azimuthal magnetic field.

The used formula's are given in cylinder coordinates.
Steady state of the plasma is asumed.

Quasi neutral plasma is asumed.

The radial and axial magnetic field components are not

calculated.}
Select
errlim = 0.00013
gridlimit = 20
coordinates

ycylinder ( "r", "z")

Variables

Ba, Ua

Definitions

I 9000

D 0.0069

rho = 0.015

mu = 1.25664e-6

me = 9.1093%e-31
eps 8.85419%e-12

e = 1.6022e-19

k = 1.38066e-23

Tarc = staged (3.1led)
vp = -500

kTe = (4.32e-19)

{The azimuthal magnetic field
component, the sheath

potential drop ®,}

{A} {circuit current}

{m} {contact gap}

{m} {contact radius}

{H/m} {magnetic
permeability of
vacuum}

{kg} {electron mass}

{F} {electric permitivity
of vacuum}

{C} {electron charge}

{3/K} {Boltzman's constant}

{K} {arc temperature}

{m/s} {mean plasma
velocity}

{J} {mean thermal energy

of the electrons}
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Appendix D: PDEase2 problem description file

vTe = sqrt(kTe/ (2*pi*me))
{m/s} {mean thermal speed
of electrons in
axial direction}

f =0.10 {ion fraction of
total current}

Ne = if I < 4000 then 5.6el7*I-4.5e20 else 3.3el7*I+7e20
{m-3} {electron density}

lambda = 12*pi*Ne*( (eps*k*Tarc)/(Ne*e”2))”1.5
{help variable}

sigma = (24*pi*(eps”2)*(k*Tarc)”*1.5)/((e”2) *

({(3*me}~0.5) * LN{lambda))

(1/Q} {plasma conductivity}
Initial values
Ba = (mu*I*r)/(2*pi*rho”2) {Jz homogenius}
Equations
del2(Ba) + dr((dr(r*Ba))/r) = -dzz(Ba)

(2*vTe*f*I*exp((-Ua*e) /kTe) )/ (pi*rho"2* (-
vp) * (l+erf (sign(Ua) *sqrt ( (e*abs (Ua)) /kTe)))) -
(£*I)/(pi*rho”2) = (dr(r*Ba))/(r*mu)

Boundaries {Boundary conditions}

Region "plasma"

value (Ba) =0
start (0,0) line to (0,D)

value(Ba) = (mu*I*r)/(2*pi*rho*2)
line to (rho,D)

value(Ba) = (mu*I)/(2*pi*rho)
line to (rho,0)

natural (Ba) =sigma* ((dr((Ba)"2))/(e*Ne)
- mu*vp*Ba - mu*dr(Ua))
line to finish
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Appendix D: PDEase2 problem description file

Monitors {Graphical output on computer screen}
contour (Ba)
contour ( (dr(r*Ba))/ (r*mu))

plots {Graphical output on disk}
surface((dr(r*Ba))/(r*mu)) as "Jz in plasma"

elevation((dr(r*Ba))/(r*mu)) from (0,0) to (rho,0) as
"Jz on anode surface"

elevation(Ua) from (0,0) to (rho,0) as "Ua on plasma-
sheath border”

surface(Ba) as "Azimuthal magnetic field”

End
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Appendix E: Results of the current contraction model

Appendix E: Results of the current contraction model
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Figure E-1: Measurement I113_53 used as configuration for the current
contraction model.
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Appendix E: Results of the current contraction model
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Figure E-3: Axial current density in the arc plasma at time B.
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Appendix E: Results of the current contraction model

xial current density
in arc plasma [A/m?]

axi

contact edge

current contraction using butt-type contacts

cathode

rotation axis

configuration 113_53; time C

Figure E-4: Axial current density in the arc plasma at time C.
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Appendix E: Results of the current contraction model

O
-—
o)
C
O
o,
-
fe]
£
5 E
Eo
N
59

current contfraction using butt-type contacts
configuration 113_53; time A

rotation axis

Figure E-11: Azimuthal magnetic field in the arc plasma at time A.
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List of symbols

List of symbols
v = gradient operator
A = Laplace operator
€0 = electric permitivity of vacuum
K = mass density
A = heat conduction coefficient
Mo = magnetic permeability of vacuum
E = help variable
Pp = plasma resistance per meter gap length
c = plasma conductivity
Da = anode sheath potential drop
Dinj = 21l
Dmain = 21(fma|n
A = arc cross section
B = magnetic field vector
Cs = specific heat
E = electric field vector
e = elementary charge
F = ratio of ion current and circuit current
f = frequency of the sinusoidal current
finj = frequency of injection current
fman = frequency of main current
| = maximum amplitude of the current
liny = maximum amplitude injection current
lman = maximum amplitude of main current
i = current
J = current density vector
Jac = average anode spot threshold current density
Jz = current density in axial direction
Jsat = saturation current density
Kz = amplitude of axial magnetic field component
deep inside the contacts
k = Boltzman's constant
Lmd = model reactance
Me = electron mass
Ne = electron density
Nes = electron density in the sheath region
n = jon density
Q. = electron-ion momentum transfer collision cross section
R = radius of contact
Rm« = model resistance
Tare = arc temperature
Te = thermal electron energy
Tm = melting temperature
Ty = boiling temperature
t = time
tarc = arcing time
t = time of first current zero
tzman = time of current zero of main current
tny = 1/frequency of injection current
Uo = constant ionization voltage
Uae = arc voltage
Uvs = measured arc voltage
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Eist of symbols

v = plasma velocity vector

Ve = constant contact opening velocity

Ve = electron velocity in axial direction

Vet = thermal electron velocity in all directions
Vi = jon velocity in axial direction

vre: = thermal electron velocity in axial direction
Wee = maximum cumulative arc energy

z = average ion charge number

[mvs]
(m/s]
[mis]
[m/s]
(mvs]
(m/s]
]
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