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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 ofthe most important parameters regarding the
interruption performance ofthese vacuum circuit breakers are the contact material
and the contact geometry. The aim ofthis master's project was to investigate the
influence ofthese two parameters on the interruption performance in order to give
a classification ofthe investigated contacts. Criteria for the classification are: the
number of reignitions, the reignition vohages or reignition field strengths and the
erosion ofthe contacts. Butt-type and coil-type contacts were used as contact
geometries.

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

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

The contact rnaterials ofthe coil-type electrodes were: Cu, CuCr, CuWand
AgWC. Ofthe these rnaterials AgWC is most suited for implementation in "low
surge breakers" and CuCr is most suited for the use ofshort-circuit current
interruptions. Cu bas as rnain disadvantage the very high erosion ofthe anode and
is therefore not very suited as a contact rnaterial for vacuum circuit breakers. CuW
is a very promising rnaterial for the interruption ofhigh currents but bas to he
investigated in more detail.

The current contraction and the heating ofthe anode contact turned out to he very
important parameters for the interruption behavior. Therefore the development ofa
finite element method model for the calculation ofthe current contraction and the
anode spot formation bas been started. The current contraction model for the butt­
type electrodes gives resuhs that confinn the existence ofcurrent contraction.
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Samenvatting

Samenvatting

Vandaag de dag worden er steeds meer vacuÜInvermogensschakelaars toegepast in
middenspanningsnetten. Twee van de belangrijkste parameters voor het
onderbrekingsgedrag van deze vacuUmschakelaars zijn het contact materiaal en de
contact geometrie. Doel van dit afstudeerwerk was het effect van deze twee
parameters op het onderbrekingsgedrag van een vacuÜIDSChakelaar te onderzoeken
teneinde een classificatie van de onderzochte contacten te verkrijgen. Criteria voor
de classificatie zijn: het aantal herontstekingen, de herontsteekspanningen ofde
herontsteek 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
boogenergieën lager dan ongeveer 1 kJ. Voor grotere boogenergieën 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
vacuÜInvermogensschakelaars. 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

1. Introduction

Since the beginning ofthis 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, SF6 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 ofthe circuit breaker. The main reason for this high availability is the
relative simple switching mechanism (Sme94].

A lot ofresearch bas been done on the interruption performance ofthis
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 ofdifferent contact
materials and contact geometries, a cooperation with Toshiba Corporation Fuchu
Works Tokyo was started at the Eindhoven University ofTechnology. 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 ofthe 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 ofthe axial magnetic field will be discussed.
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Introduction

The contact rnaterial and the contact geometry also influence the formation ofa so
called anode spot. An anode spot is a large molten area on the contact surfuce.
Because an anode spot can damage the vacuum circuit breaker severely and can
lead to a serious interruption failure~ the formation ofthis anode spot has to he
prevented. Chapter 5 ofthis report presents a Finite Element Method (FEM) model
that tries to predict the fonnation ofan anode spot. This model however has not
been finished yet due to a laek oftime. Chapter 5 therefore concentrates on the
current contraction part ofthe model. The contact rnaterial and the generation ofan
axial magnetic field are parameters ofthe model.
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Interrupting current with a vacuum circuit breaker

2. Interrupting current with a vacuum circuit breaker

This chapter will deal with sorne ofthe basic concepts of interrupting current with
a vacuum circuit breaker.

An interruption ofcurrent with a circuit breaker can he dived into an arc phase
hefore 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
ofparameters [Sme94]:

• peak value ofthe recovery voltage;
• slope ofthe recovery voltage just after current zero;
• slope ofthe currentjust hefore current zero;
• contact gap at current zero;
• peak value ofthe arc current;
• arcing time;
• contact material;
• geometry ofthe contacts.

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

2.1 Arc phase

2.1.1 Arc appearance

Based on the observations made by a numher ofpersons, Craig Miller distinguishes
a numher of are appearances [Mil83] [Mil85]:

• Diffuse Arc Mode;
• Footpoint Mode;
• Anode Spot Mode;
• Intense Arc Mode;

9



lnterrupting current with a vacuum circuit breaker

The diffuse arc mode actually
represents two low current
modes ofthe arc. In the fust
mode the anode is inert and acts
only as a collector ofthe plasma
emitted by the cathode. In the
second mode the anode emits a
flux ofsputtered particles. The
flux emitted by the anode is
about six percent ofthe flux
emitted by the cathode [Mil83].

r
dIfflmorc

onodespot

i'1tenseorc

Figure 2-1: Sketch ofthe arc modes as a
f!!nction of current Bod gap
length [MiI85].

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 ofseveral,.uD, carry
currents up to around 100 A and move across tbe surfàce with a speed in the order
ofseveral ten mis [Daa78]. In these cathode spots electroDS and neutral particles
are formed by explosive evaporation ofthe contact materlal. Directly in front ofthe
cathode surface most ofthe neutra! particles are ionized by energetically interaction
with the emitted electrons [McC74], [Mit87].

The fonned plasma flows with a velocity in the order of500 mis from the cathode
towards the anode. Tbe thermal speed ofthe electrons in the plasma is in the order
of 106 mis and the speed ofthe iODS in the plasma is in the order of 104 mis
[Sch83].

Using the directioDS
stated in Figure 2-2,
the current carried by
the plasma is given by
equation (2-1)
[Bin95].

c

Ionization
. reglon

towards anode )
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Figure 2-2: Definition of the directions used in
rormula (2-1).



Interrupting cUlTent with a vacuum circuit brea1cer

(2-1)

i
A
e
n.
v.
z
n,
VI

=current
= are cross section
=elementary charge
=electron density
=electron velocity in axial direction
=average ion charge number
=ion density
= ion velocity in axial direction

[A]
[m2]
[Cl
[m1
[mis]

[m;
[mis]

The are voltage in the di1fuse are mode is quiet and lowand exeept for some
possible sputtering no erosion oeeurs at the anode.

The footpoint mode is an intermediate are mode. In this mode one or more
luminous spots appear on the anode surface. These footpoints often are assoeiated
with anode spots. This is not correct hecause footpoints erode the anode surf.ace
only lightly while an anode spot causes gross melting. The temperature ofthe
footpoints is measured to he near the melting point ofthe anode material. The
formation offootpoints is usually aecompanied by an increase in mean are voltage
and high frequency voltage oscillations.

During the anode spot mode a very bright anode spot is visibie and the temperature
ofthis spot is near the atmospherie bolling point of the anode material.
Considerable erosion ofthe anode oecurs during this are mode. In this mode both
the anode and the cathode act as a plasma souree. The are voltage is most ofthe
time low and quiet but ean have some high peaks.

The intense are mode is a high eurrent mode that ean 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. Ofcourse both the anode and the
cathode are plasma source during this are mode. The are voltage is always low and
quieto

From the description above it sball he elear that the anode spot mode and the
intense are mode have to he prevented. A number oftheories exist on the formation
ofthe real anode spots. These theories can he divided into three main groups
[Mil85]:

• Column Controlled Theories. These theories state tbat a contraction of
eurrent and/or plasma precedes the fonnation ofan anode spot. The
anode spot is formed because the eontraeted are energy only heats a
small part ofthe surfàce.

11



Interrupting current with a vacuum circuit brea/cer

• Anode Controlled Theories. These theories state that a change ofthe
plasma parameters is the onset to the formation ofan anode spot. The
change ofthe plasma parameters is caused by the evaporation ofanode
material. Also the ejection ofdroplets anode material into the are is
mentioned as a cause ofchange ofthe plasma parameters.

• Anode-Column Interaction Theories. These theories form a
combination ofthe fust two types oftheories. Both the effects ofthe
eonstriction ofthe arc and the evaporation ofanode material are
accounted for in these theories.

Although there is experimental evidence for all three types oftheories, the anode­
column interaction theories seem to provide the best results in comparison with the
measurements [Mil85]. In ehapter 5 a model ofthc fonr..ation ofall anode spot will
be presented.

During the are phase the contacts influence the formation ofan anode spot in twO
different ways. On the one hand through the characteristics ofthe contact materials
and on the other hand through the generation ofan axial or transverse magnetic
field.

2.1.2 Influence of the contact material

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

Table 2-1 displays some electrode materials and their thennal 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 cunent densities
are taken from [Mil83] and the thermal eharacteristics are taken from [CRC82] and
[BIN86].

12



Interrupting current with a vacuum circuit brealcer

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

Electrode Tm Tv Î.. K-Cs Jac
material [K] [K] rWm-1K"11 [Jm-3K"1] [Am-2]

Sn 505 2543 64 1.75-106 9.0-10b

Al 933 2740 237 2.97-106 2.7-107

Ag 1234 2485 450 2.94-10b 3.8-107

Cu 1356 2840 483 4.48-106 4.0-107

Mo 2883 5833 138 2.65-10° 5.3-107

W 3683 5933 235 2.61-10b 5.4-107

Tm
Tv
"­
IC

Cs
Jac

=melting temperature
= boiJing temperature
= heat conduction coefficient
= mass density
=specific heat
=average anode spot threshold current dens/ty

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

An increase ofthe average threshold current density for cathode rnaterials with low
bolling temperatures can he correlated to a less contracted arc. Contact rnaterials
with low bolling temperatures produce plasmas with a high particle density. These
plasmas often have a lower Hall parameter <Oetei (where <Oe is the electron cyclotron
frequencyand tei the electron-ion collision time) than have plasmas with a low
particle density [Aga84]. A lower Hall parameter implies less contraction ofthe arc
due to the Hall effect [Izr85]. Less contraction ofthe 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 ofthe current. The contact material therefore bas
to he an optimum hetween the materials with high and low balling temperatures.

13



Interrupting current with a vacuum circuit breaker

2.1.3 Influence ofthe 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 fonnation
ofan anode spot. Although the contacts used in vacuum circuit breakers can have a
variety ofgeometries [Beh84], [Yan85], [Sch93-1], [Sch93-2], this paragraph will
he 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.

• 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.

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

l

Butt Contact Spiral Contact Coil Contact
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Figure 2-3: Drawings of the three types of contacts [Beh84).



Interrupting current with a vacuum circuit brealcer

Spiral contacts generate a transverse magnetic field. Because ofthis magnetic field
a Lorenz force will force the arc to run azimuthally on the peripheral edge of the
contact. Tbe movement ofthis arc is nieely photographed by Behrens [Beh85] and
in one ofhis articles Sehulman presents a nice outline ofthe are behavior when
spiral electrodes are used [BSc93].

Because ofthe fast movement ofthe arc along tbe peripheral edge ofthe contacts
(50 - 170 mis [Beh85]) the absorbed arc energy is distnouted more evenly over the
contact surface. In this way strong local heating of the anode contact is prevented
and the formation ofan 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 bas a dual effect:

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

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

Tbe 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 bas a better
interruption capacity than bas a spiral contact ofthe same diameter and the same
material. Great care bas 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 cunent. This
results in a sinusoidal axial rnagnetic field that bas a slight phase shift with respect
to the arc current [BSc94]. Calculations ofnecessary axial magnetic field strengths
often give a dc-value. This dc-value bas to be compared to the sinusoidal value of
that moment.

15



lnterrupting current with a vacuum circuit breaker

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 ofthe arc current due to the Hall effect [Izr85]. The effect ofthe axial
magnetic field on these strongly contracted arcs will be more evident than in the
case ofmoderately contracted arcs.

The influence ofthe diameter ofthe contacts on the interruption capacity has been
mentioned a few times already. According to Behrens [Beh84] the interruption
capacity ofa certain type ofcontact 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 linea! increase in Lnterruption capacity for coil
contacts with diameters up to 200 mm. Careful comparison ofthe contact materia4
contact geometry and contact fabrication process is necessary to explain this
difference. It can be stated however that the interruption capacity ofa certain type
ofcontact increases with increasing diameter.

2.2 Recovery phase

After current zero tbe so called recovery phase starts. lust before current zero a
low impedance plasma exists between tbe contacts. Tbe 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 tbe 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 joumey to the new cathode. Tbe plasma
particles that do not reach one ofthe contacts disappear quickly in tOO background
vacuum because ofthe 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



Interrupting current with a vacuum circuit brealcer

The post are current is closely
related to the particle density after
current zero and is an important
factor in the interruption. The
peak ofthe post are current and
the tota! charge ofthe post are
current will increase when more
plasma is present after current
zero. Contact materials with
higher vapor pressures will
therefore have larger post are
currents [Yan85] [Yan86] and the
chance on reignition becomes
larger.

Sketch of a typical post
are current consisting of
electron and ion current
[Bin95].

oI-------~~----,,---=------j
t -----"

Figure 2-4:

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

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

Two main types ofreignition can he distinguished:

• Dielectric reignition;
• Thennal 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. Ofcourse this
type ofreignition hecomes more important at smaller contact gaps.

The arc current and arcing time have to he small for dielectric breakdown ofthe
gap hecause 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 ofseveral ~m [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
ofthe contacts and the electric field strength decide whether reignition occurs or
not. The upper part ofFigure 2-5 shows a typica! dielectric reignition.

17



Interrupting cwrent with a vacuum circuit brea1cer

In the case oflarge are 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 mm2

) melted area These anode spots therefore need more
time to cool down and one bas to think in milliseconds ofcooling time [Wat96-1],
[Wat96-2]. Metal vapor wi11 still be emitted after current zero because ofthese long
cooling times.

The evaporation ofmetal after current zero will reduce the dielectric strength ofthe
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 aresult will he considerably lower than in the case of
absence ofan anode spot. The middle part ofFigure 2-5 shows a typical example of
such a combined dielectric and thermal reignition. When the amount ofemitted
vapor is 50 large that no significant reignition voltage is measured one speaks ofa
thermal reignition. The bottom part ofFigure 2-5 shows a typical example ofa
thermal reignition.

18
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A typical dielectric reignition.
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MeasuremenJs

3. Measurements

1bis chapter discusses the measuring equipment, some typical measurements and a
special post arc current phenomenon.

3.1 Measuring equipment

1bis paragraph will give a survey ofthe measurement equipment and the methods
used in this investigation. Information on the used equipment can also he found in
appendix A

3.1.1 The synthetic circuit

A Weil-Dobke synthetic circuit is used to perfonn 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 ofan interruption measurement. the minimum oil circuit breaker 81 is
open and the vacuum circuit breakers S2 and V8 are closed. Capacitor Cm is
charged to a voltage between 1.5 kVand 15 kV, depending on the required
amplitude of the "mam current". Capacitor Cinj is always charged up to a voltage
of 15 kV at the beginning ofan interruption measurement.

The capacitor battery (Cm) and the transfonner (Tl) form the ''main current" part
ofthe circuit. The LC-Ioop formed by this capacitor and this transformer supplies a
sinusoidal "main current" (Ïm) with a frequency of36.4 Hz and an amplitude up to
50 kA.

The "main current" is triggered by closing the circuit breaker SI. Vacuum circuit
breaker 82 is used to isolate the "main current" part ofthe circuit from the
"injection" part ofthe circuit and is openedjust after the top ofthe main current.
Vacuum circuit breaker VS bas 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 ofthe sectional vacuum tube.
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Tl: 10 kV/400 V
800 kVA
Dy5

Cm: 890pF
Clnj: 27.8 JlF
etrv: 10 nF
L1nJ: 885 pH
Ld: 32JlH

Cm

Ij 51

Figure 3-1: The synthetic circuit.

The "main current" is measured with a Rogowski coil (lr) with matching integrator.
The sensitivity ofthis combination is 25.3 kAN.

The readings ofthe current Ir are also monitored by a triggering device for the
spark gap (SG). Just before the first current zero ofthe ''main current" this
triggering device fires the spark gap and an "injection current" (linj) will start to
flow.

The LC-loop formed by Lmj and Cmj 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 (lp) which has a sensitivity of200
AfV. 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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The injection current delays the current zero in circuit breaker V8 but not in circuit
breaker 82. The arc in vacuum circuit breaker 82 therefore will extinguish before
the are in vacuum circuit breaker V8 extinguishes. The advanced current zero of
the current through vacuum circuit breaker 82 therefore provides a safe isolation of
the "main current" part of the synthetic circuit from the other parts ofthe circuit at
the time ofcurrent zero in vaeuum circuit breaker V8.

Ifthe eireuit breaker V8 succeeds in interrupting the current at a current zero, the
"injection current" commutates through the damping eoil Ld into the capacitor Cm.
The LC-Ioop formed by Lmj, Ld, Cmj and Cm gives a sinusoidal recovery voltage
(Utrv) with a frequency ofSI kHz and an maximum amplitude around 20 kV. The
maximum amplitude ofthe recovery voltage depends a little on the amount of
residual plasma present after cUlTent zero.

3.1.2 Measuring tbe arc voltage

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

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

Because ofthe use ofshielded coaxial high voltage cables the induced interference
on the arc vohage has a rather constant pattern. This constant pattem enables a
mathematical correction ofthe induced interference.

Figure 3-3 shows the induced interference ofthe ''main current" and the "injection
current" with the contacts ofthe circuit breaker V8 closed. When the contacts of
circuit breaker V8 are closed, the measured arc vohage should be zero.
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Figure 3-2: Model of the
measured arc
voltage.

Figure 3-3: Measured interference ioduced by the circuit current.

The measured arc voltages of Figure 3-3
can he modeled by assurning a resistor and a
coil in series with the ideal contacts, as is
drawn in Figure 3-2. This assumption leads
to a mathematical correction of the measured
arc voltage as is given by formula (3-1):

Uarc(t) = Uvs(t) - 21t fI Lmod cos(21t ft) - R mod i(t) (3-1)

Uarc =are voltage
t =time
Uvs = measured arc voltage
f =frequency of the sinusoidal current
I = maximum amplitude of the current
I..mod = model reactance
Rmocr =model resistance

M
[sJ
M
[Hz]
[A]
[H]
[0]

Formula (3-1) is used for both imain and Îmj. The parameters ofthe "main current"
should therefore he used to correct the measured arc voltage during the ''main
eurrent" phase and the parameters ofthe "injection current" should he used to
correct the are voltage during the injection phase.

Using the induced voltages with c10sed contacts (Figure 3-3), the values ofLmoo
and Rmoo can he determined. The value found for Lmoct is 7-10-7 Hand the value
found for Rmoo is 4-10-4 n. The value for Rmoo is sensitive for the condition ofthe
contacts but is assumed to he constant during this investigation. The value ofLmoo
is also assumed to he 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 ofsuch
a correction.
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Figure 3-4: Example of a corrected arc voltage.

3.1.3 High speed camera

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

The high speed camera bas a 16 X 10 matrix of glass fibres. Each fibre is connected
to an optica! receiver. The signals ofthe optica! receivers are converted by 4·bits
AID converters that show a logarithmic eonversion eharaeteristic. With these
eharacteristics the camera gives an image of 16 X 10 pixels ofthe arc and every
pixel bas sixteen light intensity levels, with a ratio of "2 between adjacent levels.

SllC!1OnOlllOCUUm tube

116 xl0 mal1lX I

Figure 3-5: Setup of the high speed camera
used to record tbe light emitted
by the are.

The maximum sample
rate ofthe camera is 106

imageslsecond and the
camera bas a memory for
1638 images. The
sensitivity ofthe optical
receivers can he adjusted
by ehanging a reference
voltage.

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

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

3.1.4 Other equipment

An ion getter pump is used to keep the pressure in tOO sectional vacuum tube below
10-6 mbar. The pressure inside the sectional vacuum tube was measured indirectly
by relating the current ofthe ion getter pump to the pressure inside the tube.

A fust laser displacement measuring system was used to record the opening ofthe
contacts. The accuracy ofthe laser system is 0.2 mm. The laser system however
suffered from some interference during current zero crossings ofthe 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 of35 kA.

1510
-5 1-U--"-------l------+----'----'

o

o '-"_....t..----!-_--;-_--+-_--'-_--j

i
10 -_.----+----+--/"'+-----+-------'1-1
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15.----------,.-------,------,----.....,

I s l---,------I-.,.J.---+----+----+-----j
i _

An increase ofthe closing force
also implies an increase in opening
speed ofthe contacts. The
opening speed ofthe modified
mechanism is around 1.75 mis. An
example ofthe opening ofthe
contacts, measured by the laser
system, is given in Figure 3-6.

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

26



Measurements

One ofthe parameters ofan interruption measurement is the contact gap at current
zero. The construction ofthe switching mechanism however does not allowan
individual adjustment ofarcing 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 a1so 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 ofreality where contact gap at current zero and
arcing time also are coupled parameters.

In order to measure the electrode erosion rate, the weight ofthe contacts before
and after the interruption rneasurements was determined. A Sartorius AC 210
balance withan accuracy of0.1 mg was used to determine the weight ofthe
contacts.

3.2 Typical measurements

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

The letters A to G, placed at the top ofthe Figure 3-7a, b, c, and Figure 3-8e, 1:
each denote a time interval. This time interval is the same as the time interval ofthe
corresponding row in the recording ofthe 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 ofthe 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 becornes srnaller after reaching its
maximum around 12 ms. This is caused by the mechanical tolerance in the
switching mechanism. Reaching the maximum opening ofthe switching mechanism,
the contacts bounce and make a Iittle oscillation before they come to rest with a
contact gap around 6 mm. The minimum contact gap during the oscillation is
around4mm.

27



-Measurements

18

F G

12

EC 0A BI i+ t +1 + r+- ~
I

I
'~

I

/-, ''-. I
.JI,I" /' ~ I i

/ v " I
/ "main current" ~ I

"- "injection current"
V '\... I I

J ~ J.
/ I l~ A~

reignltion ~\/ ~'

I I intemJption

o

20

30

40

10

-10

o 4 8
time [ma]

a: current through the vacuum circuit breaker

18

GF

12

Eoc

8
time [ma)

A B

4

I 1+ -l ~ + + ~. ti
T 1I

--- !!

~-~I~I
, I!

I ! ~ Y-" rl.. JI
I

_..•

first current zeroi
I

I - I I

I
,
/

I

I! I
,- --' I - I I! P{ II

I 1 I i
; I I

,--- ._- I t- ,- I

i
I I i

I I

o

5

-5

o

10

15

b: opening of the contacts

GFEocA BI 1+ -l.... +1+ Tt- + I

I I
----

~ ..........
i ~ I"'::I

i/ ..........
-1-----PV

I I
~- ~ ~

\ cor4acts open _'flrsl anent zero
\ i

"maln current" stats

50

10

30

70

-10

-50

o 4 8
time [miJ

12 18

C: lI'C vcItage

Figure 3-7: An example orthe measured current, contact opening aod are
voltage.

28



Measurements

A

B

C

o
E

F

G

16128
tine [ms]

4

,+ -I- + + +- -l-
I

I I

", """lli
~

/ '\
,.if \
J ,

\

\
"-

"-.o
o

500

d: recording of the light emitted by the arc
ABC 0 E F G

1000

1500

16

GF

12

EoC

8
time [ms]

BA
I + -I- + + +-1 + I

----/~

V
/

/
/

./
V

o
o

12000

f: cumulatNe are energy
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Figure 3-9: Ao example ofthe measured post are curreot aod the recovery
voltage.

Figure 3-7e shows a eorrected measurement ofthe are voltage. The are voltage is
eorreeted up to the fust current zero. The eorrection is made aceording the ideas of
paragraph 3.1.2.

The example shown, is a measurement done with Toshiba's CuCr eontaets tbat
provide an axial magnetic field (AMF). All the measurements with the AMF
eontaets show are voltages that resembIe the are voltage ofFigure 3-7e. No spikes
oeeur on the are voltage but the are voltage seems to he made up from the addition
ofa constant ionization voltage and a variabIe voltage eaused by the resistance of
the plasma.
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Figure 3-Sd shows the reeording ofthe light emitted by the are. To be able to
reeord some useful information during the main eurrent phase ofa 37 kA are
current, the camera has to be set at a low sensitivity. Reignitions however can not
be observed because ofthis low sensitivity. At the end ofthis paragraph Figure 3­
10 will give the recording ofsome reignitions during an other interruption
measurement.

The position ofthe contacts is not always clearly visibIe on the recording ofthe
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-Sd however the arc has not yet expanded around the contacts
and two horizontally pJaced 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 inereasing contact
gap.

The light emitted by the arc seems to he strongly correlated to the are power. At
the beginning ofrow C the emitted light is strongest and the are surrounds the
contacts totally. Neither at the maximum amplitude ofthe eurrent nor at the
maximwn amplitude ofthe are voltage so mueh light is emitted as there is in the
ease ofthe maximum amplitude ofthe arc power.

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

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

Figure 3-Se shows the are power. Figure 3-Se has been eonstrueted by multiplying
each sample ofthe corrected arc voltage with the corresponding sample ofthe are
current. The arc power has been ealculated from the opening ofthe contacts to the
fust current zero.

Figure 3-Sfshows the cumulative are energy. Figure 3-Sfhas been eonstructed by
taking the integral ofFigure 3-Se.
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As already noticed by Binnendijk [Bin95], the maximum cumulative arc energy is
an important parameter to characterize the perfonnance ofthe contacts. It however

. requires a lot ofcomputer 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 ofthe maximum cumulative arc energy, that
requires less measurement data, has been used. This approximation is checked by
comparing the results to a limited number ofmeasurements 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 are voltage. The arc voltage, as
already mentioned, seems to be made up from the addition ofa constant ionization
voltage and a variabIe voltage caused by the resistance ofthe plasma. In the
calculation used here, the resistanee ofthe plac;ma is assumed to vary linearly with
the contact gap. Furthermore a constant contact opening velocity Vc is assumed.
This contact velocity Vc is equal to the contact gap at the fust current zero divided
by the arcing time. With these assurnptions the are voltage can be written as:

(3-2)

= constant ionization voltage
= plasma resistance per meter gap length
= constant contact opening velocity
= time of first current zero
= arcing time

M
[nim]
[mis]
[sJ
[sJ

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

t

Ware = 1[Uo + Ppvc(t -(tez - t are )) iet)] iet) dt
tcz-t..

Ware =maximum cumulative are energy [J]

(3-3)

The current iet) is made up from the addition ofthe ''main current" and the
"injection current". The current during the injection phase is rather small so a
constant arc voltage Uois assumed during the injection phase. Wrth this assurnption
formula (3-3) can be written as:
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Ware = TI [Uo+Ppvc(t - (tc:z - t are ))Imain sin(21tfmaint)]
t""..... -t""

~
2

• l main sin(21tfmaint) } dt + JUol iDj sin(21tfinjt) dt
o

MeasuremenJs

(3-4)

= time of current zero of main current
=maximum amplitude of main current
=frequency of main current
= 1/frequency of injection current
=maximum amplitude injection current
=frequency of injection current

[sJ
[A]
[Hz]
[sJ
[A]
[Hz]

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

U OI main (( ») 2U oI inj
Ware = 1+ cos 1t - Cl) maintarc + -_...:..

Cl) maiD Cl) inj

COIn] =27tf1n]

(3-5)

[radls]

[rad/sJ

The parameters Uo and pP 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 are energy of
the contacts.

Parameter contact type

CuCr Cu CuCr CuW AgWC
bult coil coil coil coil

Uo [V] 13.0 14.0 13.0 17.0 10.0
Po [nIm] 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
he given;

Finally figure g and figure hofFigure 3-9 show a detailed measurement ofcurrent
and vohage around the fust current zero. Figure g and figure h show a niee
example ofa combined dielectric and thermal reignition.

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

Figure 3-7a to Figure 3-9h showed an example ofthe results obtained by a typical
interruption measurement. During this measurement the attention was focused on
the high current phase and no reignitions were visibie on the recording ofthe
camera. Figure 3-10 shows an example ofa recording that focuses on the
reignitions.

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

Figure 3-lOb shows the recording ofthe reignitions by the camera. Again two
horizontal electrodes are visibie. The one at the top is the original anode and the
one at the bottom is the original cathode. The letters A to Gat the top ofFigure 3­
IOa, mark the time interval ofthe 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 newanode.
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Figure 3-10: An example of reignitions recorded by the camera.

3.3 Current peak alter post arc current?

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

The current peaks approxirnately coincide with the first maximum ofthe derivative
ofthe recovery voltage. A change in frequency ofthe recovery voltage also caused
a change in the time between current zero and the current peak. A higher frequency
ofthe 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 oUbe current peak when tbe recovery voltage bas
different frequencies.

The fact the current peak coincides with the maximum derivative ofthe recovery
voltage gives rise to the idea that the current peak is caused by the charging ofa
capacitor. A capacitor however also would he discharged, so more current peaks
should he present. A capacitor therefore can not he the only reason to cause the
current peak.
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Figure 3-12: Location ofthe
parasitic LC-Ioop.

During large current peaks, the
recovery vohage shows oscillations
with a frequency around 1 MHz.
These high frequency oscillations
ofthe recovery voltage are caused
by a parasitic ''LC-Ioop'' in tbe
"injection" part ofthe circuit.
Figure 3-12 shows tbe location of
tbis parasitic ''LC-Ioop''. Lv and Cv
are the replacement coil and
replacement capacitor for tbe
whole injection circuit. Cp is the
parasitic capacitor ofthe sectional
vacuum tube. Tbe coil Lv and the
capacitors Cv and Cp were
measured with an RLC bridge that
was connected to the circuit by tbe
connection clips ofUvs.

Unj: 885 ~H

C1nj: 27.8 IJF
Ld: 321lH
Cttv: 10 nF
Lv: 371lH
Cp: 565pF
Cv: 10 nF
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..............~ .
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Lv Cv
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Capacitor Cp forms a series resonance loop with coil Lv. 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 oftbis work to investigate in detail the interaction between
current peak, parasitic capacitors, used contacts and interrupted current. This
paragraph therefore will end with a genera! 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 oftbis current
peak.

Tbe current peak occurred frequently when using CuCr or CuW as a contact
material. Using tbe contact materials AgWC and Cu not many current peaks
occurred. Relating the occurrence ofthe current peak to tbe thermal characteristics
ofthe contact materials mentioned in Table 4-3 ofparagraph 4.3.2, it seems that
contact materials witb high bolling temperatures give more current peaks than do
materials with low bolling 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 ofmaterials with a low
boilingtemperature. A higher temperature ofthe contact surface lowers the electric
field necessary to drawelectrons 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. Ifno reignition occurs the
contact surface will cool down with increasing time after current zero and less and
less electrons will he drawn into the inter-electrode region. The measured current
will decrease again and stay zero.
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4. Interruption performance

This chapter descn1Jes the interruption performance ofthe used contacts. Paragraph
4.1 and paragraph 4.2 will make some remarks about the interruption behavior and
the condition ofthe used contacts. In paragraph 4.3 the interruption performance of
the used contacts will be compared.

4.1 euer contacts without axial magnetic field

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

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

6 mrn

30 mm
COl)tet..c.t m cvteRi~e

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

Although the same interruption behavior was expected, the interruption
performance ofthe CuCr butt type contacts had significantly improved compared
to the results ofBinnendijk [Bin95]. A clear definition ofthe circumstances that
caused this difference cou1d not be made. All observations however indicate
numerous reignitions along the shield ofthe sectional vacuum tube during
Binnendijk's measurements.

The erosion rate ofthe cathode was 159.6 JlglC and is similar to the erosion rate of
160.2 JlglC measured by Binnendijk [Bin95]. The erosion rate ofthe anode was
52.6 JlglC and differs significantly from the 3.6 JlglC Binnendijk [Bin95] measured.

39



Interruption performance

Aeeording to paragraph 2.1.1, Binnendijk only measured ares in the diffuse and
footpoint mode and never measured ares in the anode spot mode. The footpoint
mode only eauses light erosion ofthe anode surface while the anode spot mode
eauses gross melting ofthe anode surfaee. During this investigation anode spots
occurred and they therefore might exp1ain the higher erosion rate ofthe anode
contact.

The differenee in are appearanee ean a1so he seen by eomparing the are vohages.
For ares with energies lower than about 1 kJ, the are vohage is quiet most ofthe
time. For energies higher than 1 kJ, the are vohage is high and suffers from severe
high frequeney oscillations. These high frequeney oscillations point to the formation
offootpoints and even anode spots may he initiated (paragraph 2.1.1). Figure 4-2
gives an example ofa quiet but already high are voltage at a maximum are eurrent
of9.6 kA and an example ofan high are voltage with high frequeney oscillations at
a maximum circuit eurrent 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 of3316 C and a maximum are eurrent of 19 kA.

cathode anode
Figure 4-3: The CuCr butt type contacts alter the interruption

measurements.
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As can be seen in Figure 4-3 the cathode is covered with 1ittle craters but does not
have large melted areas. The anode surface bas three large melted areas. The
me1ted areas on the anode are not deep but there bas been enough melted material
to form a 1ittle rim around the contact.

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

Both the cathode and the anode have a copper colored spot in the middle ofthe
surface. The diameter ofthis spot is about 4 mm. The spots may he formed during
an intense are mode.

4.2 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 ofthe used coil type
contacts.

lO mrn .
A: Contact (COl\t.o.ct: !7lO..(tll;Q.e) 1/3 ~
B : ElectrOde (Cu.)
C : Coil elllCtJ'ode (Cte.) E: rrKltc;..~ ~(}..:t..l!.. (SUS 30'-/)
o:Currentcaf.rying r~c!. (Cla.)

Figure 4-4: Photograph and drawing of the used contacts that generate an
axial magnetic field.
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Aremark about the metal plate denoted as "E" has to he made. This metal plate is
used for axial support ofthe coil electrode. The plate, however, is not connected to
the rest ofthe 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 hecome short circuited by molten contact material. A
kind ofcover around the coil electrode is advised to overcome these problems.

4.2.1 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 vohages. The erosion rate ofthe copper contacts is
185.0 ~g/C for the cathode and 1276 ~g/C for the anode.

Figure 4-5 shows the contacts after they had interrupted currents with a total
charge of3324 C and a maximum arc current of26.69 kA.

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

As can he 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 ofthe contact.
Furthermore the shield ofthe sectional vacuum tube, in the direction ofthe
gravitation force, was covered with large dollops ofmelted copper.

The severe erosion ofthe cathode and the anode also caused the metal plate,
denoted as ''E'' in Figure 4-4, to he stuck to the contact by molten copper.
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4.2.2 CuCr AMF contacts

Although these contacts are badly damaged after the interruption measurements,
the erosion rate ofthe contacts is rather low. The erosion rate ofthe cathode is
102.5 Jlg/C and the erosion rate ofthe anode is 52.6 Jlg/C. Figure 4-6 shows the
contacts after interruption measurements with a tota! charge of6192 C and a
maximum are current of39.14 kA.

cathode anode
Figure 4-6: Tbe Cuer AMF contacts after tbe interruption measurements.

The cathode surface not only shows the usual pattem oflittle craters but also
shows same gross melting at one side ofthe contact. The whoIe anode surface is
one large melted area. The melting ofthe anode was severe enough to cause a
shortcut ofone coil arm by the melted contact material.

The light eroded parts ofthe 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 undemeath the contact
material probably bas 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 ofthe cathode and anode again caused the metal plates, denoted
as ''E'' in Figure 4-4, to he stuck to the contact.
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4.2.3 CuW AMF contacts

The copper-tungSten contacts were only Iightly eroded by the interruption
measurements. Figure 4-7 shows photographs ofthe contacts after interruption
measurements with a total charge of4688 C and a maximum are current of29.24
kA.

The erosion rate ofthe cathode contact was 66.3 Jlg/C and the erosion rate ofthe
anode contact was -41.5 Jlg/C. The anode actually gained weight, probably due to
the fact that a droplet mohen material bas landed on the surface.

cathode anode

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

Closer observation ofthe anode contact shows three little anode spots. The
material in these anode spots holes is made up ofa large number of little round
droplets, indicating 10ca1ized molten material. These little round droplets were not
visible in the craters on the cathode surfaee. The cathode craters therefore are
formed by different process as are the Iittle 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, ofthe anode was stuck to the
contact but the plate ofthe 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 ofthe vacuum tube.
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During the interruption measurements often zero dips followed by oscillations up to
40 kV occurred in the recovery vohage. Figure 4-9 shows an example ofsuch an
oscillation. These very high vohage 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 ofthe sectional vacuum tube. Measurements ofthe floating screen potential
confirmed this assumption and visual inspection ofthe screen ofthe sectional
vacuum tube also showed that reignitions along the screen had occurred.

syntheflc cirCUt

Figure 4-8: The screen potential
measurement circuit.

Figure 4-8 shows the measurement
setup to determine the screen vohage.
Ifan arc is present in the vacuum
tube, the screen voltage will be around
zero because neither the cathode nor
the anode has a high potential with
respect to groWld. As the are
extinguishes, the screen vohage will
be between the anode and cathode
potential because ofthe capacitive
coupling between the screen and the
contacts. Figure 4-9 gives an example
ofa screen measurement during a
reignition along the screen.

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

Many large droplets ofmohen metal were visible on the screen ofthe vacuum tube
in the direction ofthe gravitation force. These large molten droplets probably
caused the reignitions along the screen. The boiling temperature ofcopper is lower
than the melting temperature oftungsten, as can be seen in Table 4-3. Reignitions
because ofcopper vapor from the molten droplets copper-tungsten on the screen,
are therefore not impossible.
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Figure 4-9: Screen voltage measurement with reignition along the screen of
the vacuum tube.

Figure 4-10:
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Using copper-tungsten as a contact rnate~ great care bas to be taken with respect
to possible molten droplets ofcontact material on the screen ofthe vacuum tube.

4.2.4 AgWC AMF contacts

The silver-tungsten-carbide contacts have, like the copper-tungsten contacts, a low
erosion rate. The erosion rate ofthe cathode is 21.9 J.1g/C and the erosion rate of
the anode is 19.6 J.1g/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 ofreignitions makes the AgWC less suitable for
interrupting high currents. In the interruption tests with the synthetic circuit, a
reignition bas no serious consequences because only a limited amount ofelectrical
energy is present in the injection circuit. In electricity grids however, a continuous
supply ofelectrical energy is present. A reignition in a vacuum circuit breaker in
these grids rneans a new arc will be present until the next current zero crossing. The
amount ofextra energy absorbed by the contacts during this halfperiod ofshort
circuit current makes an interruption at the next current zero even more unlikely.
Because ofthe reignitions the contacts become more and more heated and a serious
failure ofthe circuit breaker is not unlikely at all

Figure 4-11 shows the AgWC AMF contacts after interruption measurements with
a total charge of3514 C and a maximum arc current of33.02 kA.

cathode anode

Figure 4-11: The AgWC AMF contacts after the interruption
measurements.
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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 ofanintense arc. Both tbe contact surfaces also show cracks,
indicating high thermal stresses in the contact material. Tbe metal plate, denoted as
"E" in Figure 4-4, was stuck on both the cathode and the anode.

Tbe screen oftbe vacuum tube also contained some droplets mohen metal in tbe
direction ofthe gravitation force however not so many and such large ones as in tbe
case ofCuW. A few reignitions along tbe screen had occurred, but not so manyas
in the case oftbe CuW contacts.

One however should keep in mind that AgWC contaets are designed as "low surge"
contacts. These "low surge" contacts prevent the occurrence ofhigh transient
recovery voltages ooder standard operation conditions.

4.3 Comparison of the interruption performance

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

The measurement resuhs are divided into three contact gap areas. The division into
these three contact gap areas bas been made because each area bas it's own
reignition characteristics. In tbe contact gap area 0 < d < 3 mm, dielectric
reignition, with tbe roughness ofthe surface as a main parameter, is the most
important reignition type. For contact gaps in the area d > 8 mm, reignition because
ofplasma production, by the very hot contacts, after current zero is tbe ~ost

important reignition type. Contact gap area 3 < d < 8 nun gives the best
interruption performance because the gap is large enough to eliminate the effects of
the electric field strengthening caused by the roughness oftbe contact surface and
the arcing times are small enough to limit tbe heating ofthe 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 25.3
erosion rllwCl

rate cathode 172.6 160.2 7.0
rllwCl

tota! are charge 1310 1999 2131
[C]

maximum are eurrent 18.5 28.3 26.9
[kA]

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

eontact type CuCr Cu CuCr CuW AgWC
butt-type eoil-type eoil-type eoil-type coil-type

anode 52.6 1276 52.6 -41.4 19.6
erosion rllwCl

rate cathode 159.6 185.0 102.5 66.3 21.9
[JlglC]

tota! are charge 3316 3324 6192 4688 3514
[Cl

maximum are eurrent 36.46 26.69 39.14 29.24 33.02
[kA]
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4.3.1 Performance of the euer contacts with and without axial magnetic field

As mentioned before. some unexplained differences exists between the interruption
measurements ofBinnendijk [Bin95] and the interruption measurements ofthis
work. To eliminate the unexplained difIerences. this paragraph wil1 only compare
the interruption performance ofthe CuCr contacts with and without AMF used in
this investigation.

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

The mct that the erosion rate ofthe 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 ofthe fact that an axial
magnetic field delays or prevents the formation ofan 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. Visibie inspection ofthe
contacts showed that these extreme interruptions eroded the surface much more
than did all the other interruption measurements. The non-AMF contacts have oot
interrupted these extreme currents and therefore these extreme currents may be the
cause ofthe unexpected high erosion rate ofthe 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 perfonnance 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 mIn, 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 ofthe axial
magnetic field. The interruption performance therefore is based mainly on the
contact material and contact roughness.

For the contact gaps 3 < d < 8 mIn, there were almost 00 reignitions in the case of
the AMF contacts but there were a number ofreignitions for the higher currents in
the case ofthe non-AMF contacts (Figure 4-12). The few reignitions that occurred
in the case ofthe AMF contacts however have a higher reignition field strength
than have the reignitions in the case ofthe 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 eontact gaps d > 8 mm, the AMF eontacts again show a superior
interruption performanee compared to the contacts without AMF.

Now it may be eoncluded that the AMF contacts have a better interruption
performance than have the non-AMF eontacts. The superior interruption
performance ofthe AMF contacts is mainly due to tOO filet that the arc is less
eontracted.

A more coneentrated are in the ease ofthe non-AMF contacts might be an
explanation for the higher plasma resistance per meter gap length (pp) ofthe CuCr
butt type contacts eompared to the pp ofthe CuCr AMF eontacts (Tabie 3-1,
paragraph 3.2).

Besides the interruption performance there also is a significant diftèrence in are
voltage between the AMF contaets and the non-AMF contacts. It is surprising that
both the non-AMF eontacts and the AMF contacts suffered from anode spots
(Figure 4-3 and Figure 4-6) but only the non-AMF eontacts had high frequeney
oscillations on the are vohage. A closer look at the anode spots on the eontacts
also reveals some differenees in the anode spots. On the non-AMF anode contact
(Figure 4-3) a number ofanode spots that mehed only a part ofthe contact surfàce
can be seen while the anode spot on the AMF anode contact (Figure 4-6) covers
the whole contaet surfàce.

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

• Due to strong eontraetion ofthe are the axial eurrent density reaehes the
saturation eurrent density;

• The anode contact is overheated by the absorbed are energy without
strong contraction ofthe are.

The first mechanism probably oecurs on the non-AMF eontacts and the second
mechanism probably eauses the anode spots on the AMF eontacts.
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anode

Figure 4-15: sketch ofthe anode
sheath.
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The fust 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 <I>A(= Up ­
U., Figure 4-15) develops in order
to regulate the axial current
density. Normally this potential
drop <I>A 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
MaxwelI-Bohzman velocity

distribution [Box83], so an increase in the positive potential drop <I>A causes a
decrease in the number ofelectrons 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 <I>A of0 V implies that all the electrons, with velocity Ve,z > 0,
present in the plasma cross the sheath and reach the anode. The axial current
density belonging to this potential drop of0 V is called the saturation current
density. This saturation current density is for copper-chromium in the order of 108

A/m2 [Box83][Sch83]. The relation between the current density and the sheath
potential <I>A is given by fonnula (4-1) (chapter 5.1.2):

(4-1)

Jz =current density in axial directlon
VTe.z =thennal efectron vefocity in axial direction
F =ratio of ion current and circuit current
~A = anode sheath potentiaJ drop
k = BoItzman's constant
Til = thermal electron energy
R = radius of contact

M
[JIK]
[J]
[m]
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When the arc becomes contracted and the circuit currents becomes hi~ the
required axial current density may hecome higher than the saturation current
density ofa diffuse arc. This ofcomse 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 ofthe electrons and at the same time
decreasing the nwnber of ions reaching the anode.

The thermal energy ofthe electrons can he increased and at the same time the
number ofions reaching the anode can be decreased by allowing the potential drop
<I>A to hecome negative. A negative anode sheath potential drop <I>A will draw tbe
electrons from the plasma into the sheatb and thereby increase their speed. This
situation however violates the quasi-neutrality ofthe plasma so drawing tbe
electrons from the plasma actually is a movement ofthe sheath-plasma edge
towards the cathode. The movement ofthis sheath-plaSlRl\ edge perhaps caD he
described by the continuous transition model ofAndrews and Varey [And71]. The
movement ofthe sheath edge will be very fast and therefore will cause a sharp rise
ofthe arc vohage. The increased electric field hetween the contacts increases tbe
energy ofthe electrons, decreases the speed ofthe ions towards the anode and
increases the field emission ofelectrons from the cathode. Now tbe saturation
current density will he higher and the sheatb-plasma edge could move back to tbe
anode due to overshoot effects. The movement ofthe sheatb-plasma edge towards
the anode lowers tbe arc voltage and the electric field between tbe contacts so tbe
process can repeat itself.

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

During the formation ofan anode spot by the second mechanism, tbe saturation
current density is not exceeded but the absorbed arc energy becomes so high that
large parts ofthe contact surfàce become overheated and start to meh [Wat96-2].
In this case the thickness ofthe contact materiallayer is important because the rest
ofthe contact is made ofcopper that bas a rather low melting temperature (Tabie
4-3) and may start melting before all tbe contact material bas mehed. This way tbe
contact material may be washed down the contact as can be seen on the anode
contact ofFigure 4-6.

The formation ofan anode spot by the second mechanism does not have to be
accompanied by a contraction ofthe arc. The hot anode contact however will emit
a significant amount ofmetal vapor [Wat96-2]. This metal vapor can change tbe
parameters ofthe plasma and thereby create the conditions for contraction oftbe
arc. Figure 3-8d gives an example ofcontraction ofthe arc due to strong
evaporation ofthe 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 thennal characteristics ofthe
different materials that are used to compose the contact materials.

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

Electrode Tm Tv À K-Cs
material [Kl [Kl [Wm-1K"1] [Jm-3K"1]

Cu 1356 2840 483 3.47-106

Cr 2130 2945 158 3.24-100

W 3683 5933 235 2.61-106

C 3823 5100 160 1.58-106

Ag 1234 2485 450 2.52-100

Comparing Table 4-2 to Table 4-3 astrong correlation between erosion rates,
melting temperatures and bolling temperatures can he made. The materials with a
high mehing and boiling temperature like tungsten and carbide have the lowest
erosion rates. Also a high heat conduction coefficient À and a high K-Cs factor are
important for a low erosion rate. Based on the erosion rates the following ranking
ofcontact materials for the interruption ofhigh currents can he 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 bas the worst electrical performance for the
interruption ofhigh currents. Not only bas AgWC the lowest mean electric
reignition field strength but AgWC also bas the highest mean numher ofreignitions.
It bas already been mentioned hefore that a reignition in an electricity grid means
that the contacts at least have to absorb another halfperiod ofshort circuit arc
energy. This absorbed arc energy is larger than the absorbed arc energy at the fust
reignition. It is therefore doubtful whether the interruption will he successful at the
next current zero crossing. AgWC however seems to he a very suitable material for
"low surge" breakers.
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The electrical performance ofthe Cu and the CuW contacts do not differ so much
and is better than the performance ofthe AgWC contacts. Both the Cu and the
CuW however have a significant disadvantage. For the Cu contacts the very high
erosion rate (TabIe 4-2) is the main problem and for the CuW contacts the hot
droplets ofevaporating contact material on the screen ofthe 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 voltage Do in Table 3-1 (paragraph 3.2) is an indicatioü ofthe electrical
performance ofthe contact material. The higher the ionization voltage Uo the better
the electrical characteristics ofthe material. The ionization voltage Uo, however,
only is a very rough indication.

4.3.3 Ranking of the performance of the used contacts

Based on the comparisons above, the following ranking ofthe contacts for the
interruption ofhigh 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
AMF contacts have the low electric reignition field strength as main disadvantage.
Which ofthe two contacts bas the worst interruption performance depends on the
short circuit situation of the electricity grid they are used in.

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

The CuW AMF contacts have a little bit better interroption performance for the
interruption ofhigh currents than have the CuCr butt type contacts. The
interruption performance ofthe CuW AMF contacts becOlnes 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 ofthe vacuum
tube (paragraph 4.2.3), the interruption performance ofthe CuW AMF contacts
probably improves significantly.
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The CuCr AMF contacts have the best interruption performance, for interrupting
high currents, ofall the contacts used in this investigation.
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5. Current contraction model

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

One ofthe main problems ofinterrupting high currents with a vacuum circuit
breaker is the formation ofthe so called anode spots. Theories available for the
formation ofthese anode spots can be divided into three groups (chapter 2.1.1,
[Mil85]):

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

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

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 distnbution ofthe current density therefore
determines the distnbution ofthe arc energy on the contact surfà.ce. 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 ofcolumn controlled theories because
the contraction ofthe arc precedes the formation ofan anode spot. The assumption
that the absorbed arc energy is distnbuted by means ofheat conduction only, is an
appropriate first order assumption [Box83][GoI87][Bin95].

When parts ofthe contact surface reach the bolling temperature ofthe contact
material, metal vapor will be emitted [Wat96-2]. This metal vapor ofcourse will
intluence the contraction ofthe 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 tbat has a cylindrical geometry
with reference directions as stated in Figure 5-1.
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The model can be divided
into two main parts. The
fust part calculates the
contraction ofthe 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 ofthe model is subject
offurther investigations.
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5.1 Contraction model

Figure 5-1:The model geometry,

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

In this model the are 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 veloeity is constant and directed from the cathode to the

anode.
• The plasma conductivity is constant
• The anode is a perfectly absorbing surfàce

For calculation ofthe 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
are plasma is in the order of 10 ns [Izr85] which is mueh smaller than the time
constant ofthe power frequency currents used in the experiments ofthis work.
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The assumptions above result in the following form ofMaxwell's equations:

VxE=O

VeB=O

(5-1)

(5-2)

(5-3)

V
E
B
IJ.O
J

=gradient operator
=electric field vector
=magnetic field vector
=penneability of vacuum
=current density vector

[Vlm]
[Tl
[HlmJ
[Alm]

Ohm's law provides the fourth equation:

E = .l(J+~(Jx B)) -(v x B)
0' ene

(5-4)

(J

v
=plasma conductivity
=plasma velocity vector

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

ReformuJation of (5-5) gives:

(5-5)

V(V eB)- AB+~{V x [(V eB)B - V(B eB)]}
ene (5-6)

- J.loO'[(V eB)v -(V ev)B] = 0

!:i. = Laplace operator

Using (5-3)and the faet that the plasma veloeity is assumed to he constant, equation
(5-6) reduces to:

MJ=O (5-7)
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To solve equation (5-7) one must know the boundary conditions. Because ofthe
cylindrical geometry, cylinder coordinates (r, <p, z) wi1l he used. The magnetic field
vector B bas to he resolved in it's three components. On the edge ofthe plasma
region sufficient boundary conditions exist to solve component Blp. Components Br
and Bz however do not have sufficient boundary conditions on the edge ofthe
plasma region and therefore have to he solved in the contacts.

5.1.1 The azimuthal magnetic field component

The azimuthal magnetic field component
Blp bas the following boundary conditions
(Figure 5-2):

z

CA cathode

boundary 3
Boundary 3: On the cathode a constant

current density is assumed.
With equation (5-2) the
boundary condition for Bcp on
the cathode is given by:

C\l

~
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"'C
r::::
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~
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(5-8)B Iloi r
CP-'J (r) = 2 1t R 2

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 =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:

B = Ilo i
.~ 21tR

(5-10)
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Boundary 1: On the anode the current density is unknown. As a fust approximation
the anode however can he treated as an equipotential surfuce. This
implies that the radial electric field Eron the anode is zero. The
asswnption above gives the following boundary condition for the
azimuthal magnetic field:

1 1
E =O=-J +-(JxB) -(vxB)
r~1 0' r en r r

e

1 c3Bqt loB;
=------ +v B

0').10 êJz ene ).1o Or Z qI

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

(5-11)

• In equation (5-11) Br and Bz are assumed to be zero. This is only a
correct assumption if the contacts used in the vacuum circuit breaker
do not generate an axia.1 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.

• The anode may be an equipotential surface but Boxman and Goldsmith
[Box83] have shown that a space charge layer in front ofthe 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 ofthe anode is
necessary in order to maintain current continuity. Calculations ofthe 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 <I>A
(=Up - Ua, Figure 5-3) develops in order
to regulate the electron density. This
potential drop <I>A is positive in the case
the anode potential is lower than the
plasma-sheath edge potential. Nonnally
<I>A is assumed to he positive so the
electrons in the sheath experience a
repelling electric force directed from the
anode to the plasma.

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

·plasma
Ve,z > V. mln

V•.z < V. m1n U :
P:

+ .

sheath cPA :

anode

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

Wrth the assumptions mentioned above it is possible to calculate the potential drop
<I>A.

The minimum energy in z-direction required for the electrons to cross the sheath is
equal to the electron charge times the potential drop <I>A. Because the plasma is
assumed to he 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 . =~2e<r>A=~kT.....
z,mm m 21tm

e e

=electron mass
= thennal electron energy

(5-12)

[kg]
[J]

The electron velocity distnoution in the sheath is a tnmcated Maxwell-Boltzman
distnbution [Box83]:

(5-13)
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where h<x> is the Heaviside function:

{
o x<O

h<x>= 1 x>O (5-14)

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

I) charge neutrality:

J
-+<lOJ J - _1r (5=.) -~
-00 fe(v)dv - nes ../21t J2:~A exp - 2 dl; - eV

j

ç= help variabIe

2) electron current continuity:

(5-15)

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

(5-17)

(5-18)

Using expressions (5-19) and (5-20) [Izr85] equation (5-18) can he written as (5­
21). Equation (5-21) finally reveals the relation hetween the axial current density on
the plasma sheath edge and the sheath potential.

V i (I + F) _ Jz + FJb

F - FJ
b

Vi

(5-19)
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1
Jb =--2

7tR
(5-20)

(5-21)

Physically seen tbe model ofthe sheath region ends as tbe sheatb potential <I>A
becOInes negative. This also implies that there is a saturation current density that
represents tbe maximum current density possible on the anode. This saturation
density is given by (5-22).

(5-22)

plasma

z ---+

+

:;
lil

. ..!
111

NegaUve anode sheath potentIaI

CD

"8c
CD

Figure 5-4: Positive and negative
sheath potentials.

To reach a stabIe situation tbe sheatb potential drop <I>A bas to become positive
again. This means the saturation current density bas to increase. One way ofdoing
that is to increase tbe tbermal energy oftbe electrons and to decrease the speed of
the ions. Iftbe sheath potential drop <I>A becomes negative, botb effects will occur.
Tbe plasma however was assumed to he quasi neutral. No violation ofthis
assumption means that tbe plasma-sheatb edge bas to move towards tbe catbode.
Tbe movement of tbe plasma sheath edge in turn bas a number ofeffects:

A sheath potential of0 V implies
that all electrons present in the
plasma cross the sheath region
with their axial directed velocity.
Tbe current density belonging to
this sheath potential of0 V is the
satwation current density Jsat• If
the sheatb voltage <I>A becomes
negative, the sheath will start to
drawelectrons from tbe plasma.
Tbe plasma however is assumed
to be quasi-neutra! so an
increase ofelectron speed at thc
plasma-sheatb edge willlead to
an unstable situation that
perhaps can become stabIe again
by tbe following mechanism.

=saturation current density
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• The sheath region can no longer be modeled as a collisionless layer
because it bas become wider than a Debye-Iength. This implies that there
are collisions between accelerated electrons and decelerated ions. These
collisions can cause an increase in the ionization rate ofthe ions, thereby
increasing the number ofelectrons reaching the anode. A second effect of
these collisions is the increase in the thermal energy ofthe electrons.

• 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 ofthe ions. Sheath potentials in the order of -40 V even
cause ions to change direction and return to the plasma. One effect ofthis
change in the directed ion velocity is a reduction of the negative
contribution ofthe ions to the circuit current (formula (2-1), paragraph
2.1.1). The decrease in speed ofthe ions also increase the positive charge
present in the space charge layer and thereby causes an increase ofCl>A.

• The movement ofthe plasma-sheath edge creates a higher axial electric
field on the cathode that in turn increases the production ofelectrons 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
ofthe plasma-sheath edge towards the cathode and back to the anode will be very
fast and will cause high arc voltage oscillations. The movement ofthe plasma­
sheath edge perhaps can be described by the continuous transition model or matrix
model [And71]. The movement ofthe plasma-sheath edge could be an explanation
for the noisy high arc voltages measured at the onset ofan anode spot.

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

In their article Wieckert and Egli [Wie89] calculate anode sheath potential drops
Cl>A down to -36 V when using their assumptions of"sheath stiflhess" 0=0.5 and a
thermal electron energy of2 eV. However theyalso assume directed ion energies
of30 eV which means that the ions do not have enough energy to reach the anode
when Cl>Ais -36 V. Norma.l1y the ratio ofion current to total current (F) is around
0.1 [Sch83]. This means the current density bas to increase with 10% when the
anode sheath potential drop Cl>A decreases fonn 0 V to -36 V. Negative sheath
potential drops Cl>A therefore do influence the saturation current density.
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Implementation ofthe sheath into the plasma model changes the boundary
condition for the azimuthal magnetic field on boundary 1 (fonnula (S-II), Figure S­
2) intö:

E =__O~_A =..!..J +_I_(JxB) -(vxB)
f"'-,.I ar a f en f f

e
(5-23)

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

5.1.3 Tbe axial and radial magnetic field components
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The calculation ofthe axial and radial
magnetic field component is little bit more
complicated than the calculation ofthe
azimutbal magnetic field component. The
axial and radial magnetic field can not he
solved in the plasma region only because
there are not sufficient boundary conditions.
Deep inside the contact material however it
may he assumed that the axial magnetic
field, generated by the coil type contact, is
constant and it also may he assumed that
the radial magnetic field component is zero
deep inside the contacts.

Using the assumptions made above, the
following boundary conditions can he used
(Figure S-S):
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Figure 5-5: Boundaries
for tbe anal
and radial
magnetic field
components.
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Boundary 5: Boundary 5 is located deep inside the contact material. Deep inside
the contact material the axial magnetic field component is asswned
to he constant and the radial magnetic field component is assumed to
he zero. The boundary conditions therefore are given by (5-24) and
(5-25).

B = Ku (5-25)
~-,., ...

Kaz = Amplitude ofaxial magnetic field
component deep inside the contact materia! [Tl

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

B =0
rbo~6

(5-26)

(5-27)

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

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

Boundary 8: This boundary is the rotation axis. Because ofcontinuity
considerations, boundary conditions (5-26) and (5-27) have to he
applied to this boundary.

Boundary 9: No strong boundary conditions can he given for this boundary. The
relative magnetic permeability (Jlr) ofthe used contact materials
however is approximately equal to one. The radial (Br) and axial <Hz)
magnetic field components therefore have to he continuous on
boundary 9.
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Tbe boundary condition for tbe azimuthal magnetic field component
(Bil') on boundary 9 bowever changes wben a radial (Br) and an axial
(Bz) magnetic field component are present. The boundary condition
for tbe azimutha1 magnetic field component is now given by formula
(5-28).

E =- O<l>A =..!..J +_l_(J x B) -(v x B)
r"-'9 0 r cr ren r r

e

1 oBil' 1 o(Br + Bcp + Bzt
= ------ ----->--------'-+ vzB.

cr J.1o 0 z ene J.1o ar

(5-28)

Taking Br and Bzzero in equation (5-28) gives back equation (5­
23).

Boundary 10: Tbe same considerations as for boundary 9 can he made for
boundary 10. Tbe radial (Br) and axial (Bz) magnetic field
components therefore also have to he eontinuous on boundary 10.

5.1.4 Implementation of electric field effects

Until now tbe model only contained a magnetic field that was responsibIe for tbe
current contraction. For a hetter correlation with tbe physical reality tbe mode~

bowever, also needs some effects ofthe electric field

Tbe contraction model is assumed to he rotation symmetrie. This means that
equation (5-29) is valid.

oE
-=0ocp (5-29)

Tbe equations for the magnetic field are time independent so aceording to Maxwell
equation (5-30) is valid.
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Combining equations (5-29) and (5-30) reveals that the azimuthal component ofthe
electric field (Elp) is zero. Using this in equation (5-4), the following condition for
the magnetic field is found:

(5-31)

Equation (5-31) however is not the only result ofthe electric field that bas to he
taken into account. Another effect of the electric field that bas to he taken into
account is caused by the assumption that the plasma bas a constant conductivity
(paragraph 5.1). A contraction ofthe current in the plasma therefore means that a
potential drop in radial direction, that opposes the contraction ofthe current, is
present. The electric field caused by the potential drop can he calculated by
equation (5-32).

( 5-32)

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

(5-33)

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

.Ê...[! a(rB~)] =_0
2 B~

ar r ar az2 (5-34)

Using the effects ofthe electric field mentioned above, the contraction model uses
equations (5-35) to (5-37) to calculate the components ofthe magnetic field. The
boundary conditions descnDed 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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(5-35)

(5-36)

(5-37)

S.2 Numerical implementation of the contraction model

The finite element method (FEM) program PDEase2 [8PD95] 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 ofsuch a description file.

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

• The program does not use the computer memory consequent1y;
• It is almost impossible to influence the calculation process;
• The program does not allow changing geometries.

The last disadvantage becomes important when tOO program is used to calculate the
temperature ofthe anode contact. The absorbed are power bas to he integrated
over the arcing time in order to calculate the temperature ofthe anode contact.
During the arcing time, however, the contact gap changes and therefore the
geometry bas 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 he
generated best by writing a little program (in Turbo Pascal for example) that
generates all the required description files. The description files ofcourse use the
results ofthe last time step as a start in order to reduce the calculation time.

The process described above requires a lot ofcomputer 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 he
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 ofCuCr bas been measured for butt
type contacts. The measurements ofthe CuCr butt-type contacts therefore are
compared to the calculations ofcurrent contraction in a copper vapor are 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 helonging to the used contact
materials.

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

• Electron density Ile. The electron density depends strongly on the arc
current. The measurement results indicate a peak electron density that
can he descrihed by:

Oe =5.6.1017 .i-45·1020

Oe =33.1017 _i+7.0·1020

1\ i<4·103A

1\ i~4·103A
(5-38)

• Ratio F of ion current to total current. F is measured to he around 0.1.

• Plasma velocity v. The meao plasma velocity cao he determined by
using the ion velocity and the ratio ofion current to total current
[Sch83]. Using this method, the meao plasma mass velocity (vz) is
around 500 mis directed from the cathode towards the anode.

• Thermal electron energy kTe• The electron temperature is independent
ofthe current but depends on the applied axial magnetic field. The
electron temperature seems to he around 2.7 eV.

• Plasma conductivity 0'. Schellekens [Sch83] does not give an explicit
value or formula for tOO plasma conductivity. Therefore a theoretical
approximation of cr is used.
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According to Mitcbner and Kruger [Mit73] the plasma conductivity can he
calculated by using fonnula (5-39):

(5-39)

v, =thermal electron velocity in all directions [mis]
Oe. = e1ectron-ion momentum transfer collision cross sectlon [m2

]

Fonnula (5-39) however can only he used iflocal thermal equilibrium
(LTE) or partiallocal thermal equilibrium (PLTE) is assumed.

Tbe average electron-ion momentwn transfer collision cross section is
given by [Mit73]:

(5-40)

where

(5-41)

Eo =e1ectric pennitivity of vacuum
T!WC = are temperature

and where
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o

Combining equations (5-39) to (5-42) yields:

3

247t EHk TBR:)2
a= 1

ze2 (3 moF ln(A)

(5-42)

(5-43)
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Schellekens [Sch83] measured an average ion charge numher around one
and an electron temperature of2.7 eV. Because no clear indication ofTarc

is given, Tart is assumed to he equal to the electron temperature. Using
these figures in formula (5-43) a plasma conductivity of5.7·103a-luil is
found for alO kA arc.

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

PDEase2 does not allow different equations in different regions ofthe geornetry
and therefore also tries to solve the plasma equations inside the contaets. 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 ofthe program. Consequently PDEase2 can not he used to calculate the
current contraction when an external magnetic field is present.

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

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

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

Figure 5-6 to Figure 5-9 show the measurement results and some ofthe results of
the calculations with the current contraction model. Both the measurement resuhs
and the results ofthe 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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Current contraction model
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Figure 5-7: Calculations of tbe axial current density in tbe are plasma.
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Current contraction model
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Figure 5-8: Calculations of tbe axial current density on tbe anode surface.
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Current contraction model
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Figure 5-9: Calculations ofthe anode sheath potential drop cDA.
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Gurrent contraction model

Figure 5-7 shows two strange negative peaks in the axial current density at the
intersections ofthe rotation axis with the cathode and with the anode. These peaks
are not present in Figure 5-8although Figure 5-8 presents the axial current density
on the anode surface. The peaks therefore probably represent a numerical problem.
This nwnerical problem however bas not been solved yet.

Figure 5-7 clearly shows an increasing contraction ofthe 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 smal1 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 probleins at thc rotation axis. The peak
however also can be caused by a physical phenomenon. Schulman [BSc94]
measures bridge columns during the fust two milliseconds ofarcing and Wieckert
and Egli [Wie89] calculated comparabie current density profiles.

Figure 5-8 also shows that the highest current density occurs at time B. Time B is
located in the arc vohage 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 fonnation (chafter 2.1.1).
Schellekens (Sch83] reports on current densities of9·I07 Alm near anode spot
fonnation.

Figure 5-9 presents the calculations ofsheath potential drop <!>A. Here time B bas
the lowest sheath potential drop and therefore is c10sest to the saturation current
density. Figure 5-9 points into the direction ofthe theory proposed in chapter 4.3.1
but does not correspond to it. The theory proposed that the vohage 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 distnbution in two ways.

According to the discussion above, the contraction model seems to work
reasonably in the case ofbutt-type contacts. The results ofthe model however have
to be compared to current density measurements to make a more substantial
comparison.
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Current contraction model

Ifthe contraction model is coupled to an anode heating model, more practical
comparisons between anode spot fonnation and the temperature distnbution in the
anode material can he made. The coupling hetween the axial current density and the
energy input into the anode bas been descn"bed by several authors: [Jo182],
[Box83], [Wie89], [Wat96-2].

Recommendations to improve the model are:

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

The second recommendation ofcourse is necessary for the third recommendation.
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Conclusions

6. Conclusions

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

After the interruption ofhigh currents, current peaks can occur during the fust
quarter ofthe period ofthe recovery vohage. These current peaks seem to coincide
with the maximum derivative ofthe recovery vohage. The current peaks were
largest when using the contact materials CuCr and CuW.

Three main types ofreignitions can be distinguished: dielectric, thermal and a
combination ofthe 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 are
energies below approximately 1 kJ. The erosion ofthe 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
ofthe ones that are most suited for the interruption ofshort circuit currents. The
erosion ofthese 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 ofcontact materials that
probably initiated reignitions between the contacts and the screen ofthe vacuum
tube. These reignitions between contacts and screen were accompanied by high (40
kV) vohage oscillations.

The AgWC coil-type contacts had a very low erosion rate but also had lowelectric
reignition field strengths. The contacts are not very suited for the interruption of
short circuit currents but the contacts are very weIl suited for "low surge breakers".
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Conclusions

The fust computional results ofthe current contraction model confirm the existence
ofcurrent contraction on the anode ofbutt-type contaets. Many problems however
still have to he solved. The greatest problems at this moment refer to the
implementation ofthe model into a suitable finite element method program.

86



Recommendations

7. Recommendations

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

The contact material CuW seems very promising for the interruption ofhigh
currents and it is advised to do further measurements with this contact material.
Perhaps the composition ofthe contact material can he changed a little in order to
get a hetter interruption perfonnance than in the case ofCuCr.

Finally it is recommended to continue with the deve10pment ofthe anode spot
model. The results ofthe complete model should also inc1ude computation ofmetal
vapor production at current zero, one ofthe most important parameters for the
reignition characteristics.
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Appendix A: Eguipment

Appendix A: Equipment

: Capacitor battery. 32 cpacitors of 127.8 JlF parallel;
maximum voltage 15 kV. Total C = 890 JlF. Each capacitor
is short circuit protected with an inductance.

Tl

81

82

V8

lp

: Distribution transformer. 10kV/400V; 8 = 800 kVA; Dy5;
tsc; = 3.64%.

: Capacitor. C = 27.8 JlF; maximum voltage 15 kV.

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

: Torodial collo L = 885 JlH; maximum current 5 kA.
Designed at TIJE.

: Collo L = 32 JlH.

: Circuit breaker. ABB RM12e35; low oU volume breaker.

: Circuit breaker. Toshiba 8VB-I0M40E; vacuumcircuit
breaker.

: 8ectional vacuum tube (see appendix B) with switching
mechanism. Used to test contacts. Pressure inside the
sectional vacuum tube is lower than 10-6 mbar.

: High current measurement. Rogowski coll in combination
with matching integrator. Designed at TUE. Sensitivity
without attenuator: 25.3 kAN. 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 transfonner
connected to oscilloscope 2.
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Appendix A: Eauipment

Uni : Arc voltage measurement. Probe: Tektronix P6015A (TIJE
id.: EG3103 SDI4); 1:1000; accuracy 2%; bandwidth: 75
MHz. Probe connected to oscilloscope 1.

UnZ : Recovery voltage measurement. Probe: Tektronix P6015;
1:1000; accuracy 9%; bandwidth: 70 MHz. Probe
connected to oscilloscope 2.

UllCrma : Screen voltage measurement. Probe: Tektronix P6015A
(TUE id.: EG3104 SD15); 1:1000; accuracy 2%;
bandwidth: 75 MHz. Probe connected to oscilloscope 1.

Oscilloscope 1 : LeCroy 9314M (TUE id: EG3096). 4 channels; 300
Msamplesls; 8 bit; 50 kbyte acquisition memory per
channel.

Oscilloscope 2 : Lecroy 9400 (TUE id: EG30l1 OF46). 2 channels;
100Msamplesls; 8 bit; 32 kbyte acquisition memory per
channel.

Contact gap : TPA laser displacement rneasuring system; accuracy 0.2
mm.

Vacuum level : The pressure in the sectional vacuum tube VS (see
appendix B) is measured indirectly by measuring the current
ofthe ion getter pump.

High speed camera : Designed at KEMA. 16 X 10 matrix ofglass fibres. Each
fibre is connected to an optical receiver. The signals ofthe
optical receivers are converted by a4-bits ND converter
with a logaritmic conversion characteristic. Maximum
sample rate is 106 imageslsecond. The camera has a
memory for 1638 images.

Balance : Sartorius AC 210; accuracy: 0.1 rog; range 0-210 g.
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Appendix B: Drawing ofthe sectional vacuum tube

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

Appendix C: Measurement results

Table C-l: Erosion rates.

contact type CuCr Cu CuCr CuW AgWC
butt-type eoil-type coil-type eoil-type eoil-type

anode 52.6 1276 52.6 -41.4 19.6
erosion rug/Cl

rate cathode 159.6 185.0 102.5 66.3 21.9
[J.lg/C]

total are charge 3316 3324 6192 4688 3514
[Cl

maximum are eurrent 36.46 26.69 39.14 29.24 33.02
(kAl
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Figure C-l: Some mean results orthe interruption measurements.
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Appendix C: Measuremenl resu/ts
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Appendix C: Measurement results
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Appendix C: Measuremenl resu/ls
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Appendix C: Measurement results
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Appendix C: Measurement resu/ts

40 I-------------~======::::;..,
+0<d<3mm

X 3<d<8mm
Xd>8mm

z ~ x

20
Tarc [kAJ

30

~
è 20 ~.SlI
! +

+::::l Z
+

+

10 1;-
+

+

0
0

x

10

x
x

x z x

x
:z x x x

x x

x x

30 40

Figure C-S: Correlation between reignition voltage and maximum are current
(or the Cu coil-type contacts.

30

40 I--------------;::====~=::::;l
+0<d<3mm

X 3<d<8mm
Xd>8mm

Z+-

++ x x
+ Z
+

+
+ X

X
X X

X X X
+-+1- X

* X
+ x

~
+

• 'V

10 20 30 40
Tarc [kA]

O+---+---~I_-___f--_4---+--_+_--+_-A.__1

o

10

Figure C-9: Correlation between reignition voltage and maximum arc current
(or the euCr coil-type contacts.

102



Appendix C: Measurement results

40
+0<d<3mm

x
X 3<d<8mm

30
Xd>8mm

5' x
~ + ~ Xc: 20 +l- x
.21 t- + X X
~ + x x x::>

+ x x
X Xx Xx x

10 + x

X
+ x
+ x x

t ,* x x
0 x x ..

0 10 20 30 40
Tare [kA]

Figure C-IO: Correlatioo betweeo reignitioo voltage and maximum arc
current for the CuW coil-type cootacts.

40
+0 < d < 3 mm

X 3 < d < 8 mm

30
Xd>8mm

5'
~

c: 20 + X X X
.2l
~ + x

::::> + xx x
+x

~
-x x x

10 +
B:f: x

+ Xx x x x
x

x XX x x+ ~ :5< ::il!l!C ",Z X Xx
0 -+,+ X

0 10 20 30 40
Tare [kA]

Figure C-ll: Correlatioo between reignitioo voltage aod maximum are
current for the AgWC coil-type cootacts.

103



Appendix C: Measurement results
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Appendix D: PDEase2 prob/em 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

{The azimuthal magnetic field
component, the sheath
potential drop <I>A}

I = 9000
D = 0.0069
rho = 0.015
mu = 1. 25664e-6

me = 9.1093ge-31
eps = 8.8541ge-12

e = 1.6022e-19
k = 1.38066e-23
Tarc = staged (3.1e4)
vp = -500

kTe = (4.32e-19)

{A}
{m}
{m}
{H/m}

{kg}
{ F}

{Cl
{ J/K}
{ K}
{mis}

{ J}

{circuit current}
{contact gap}
{contact radius}
{magnetic
permeability of
vacuum}

{electron mass}
{electric permitivity
of vacuum}

{electron charge}
{Boltzman's constant}
{arc temperature}
{mean plasma
velocity}

{mean thermal energy
of the electrons}
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Appendix D: PDEase2 problem description file

vTe = sqrt(kTe/(2*pi*me))
{mis}

f = 0.10

{mean thermal speed
of electrons .in
axial direction}

{ion fraction of
total current}

Ne = if I < 4000 then 5.6e17*I-4.5e20 else 3.3e17*I+7e20
{m-3} {electron density}

lambda = 12*pi*Ne*( (eps*k*Tarc)/(Ne*eA2))A1.5
{help variabIe}

((3*me}AO.5) * LN(la~bda»

{l/O}

Initial values

Ba = (mu*I*r)/(2*pi*rho A2)

Equations

{plasma conductivity}

{Jz homogenius}

de12(Ba) + dr«dr(r*Ba))/r) = -dzz(Ba)

(2*vTe*f*I*exp«-Ua*e)/kTe))/(pi*rhoA2*(­
vp)*(l+erf(sign(Ua)*sqrt«e*abs(Ua))/kTe)))) ­

(f*I)/(pi*rhoA2) = (dr(r*Ba))/(r*mu)

Boundaries

Region "plasma"

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

{Boundary conditions}

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

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

natural(Ba) =sigma*«dr«Ba)A2))/(e*Ne)
- mu*vp*Ba - mu*dr(Ua))

line to finish
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Monitors

Appendix D: PDEase2 problem description file

{Graphical output on computer screen}

contour (Ba)
contour«dr(r*Ba)/(r*mu»

plots {Graphical output on disk}

End

surface«dr(r*Ba»/(r*mu» as "Jz in plasma"

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

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

surface(Ba) as "Azimuthal magnetic field"
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Appendix E: Results ofthe current contraction model

Appendix E: Results of the current contraction model
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Apllendix E: Results ofthe currenJ contraction model
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Appendix E: Results ofthe current contraction model
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List of symbols

List ofsvmbols

V
IJ.
&0
IC

I..
~

ç
PI>
cr
C1>A
CJ)lnj

CJ)maIn

A
B
Ca
E
e
F
f
flnj

fmaln

I
Ilnj

lmain

i
J
Jac
Jz:
Jsat
Kaz:

k
lmoo
l1le
Oe
r1ea
nl
Oei
R
Rmoc!
T8I'C
Te
Tm
Ty

t
~

fez:
fez:maln
tnj
Uo
Uarc
Uvs

=gradient operator
=Laplace operator
=electric permitivity of vacuum
=mass density
= heat conduction coefficient
=magnetic perrneability of vacuum
= help variabIe
=plasma resistance per meter gap length
= plasma conductivity
=anode sheath potential drop
= 21tfilj
=21tfmaln

= are cross section
=rnagnetic field vector
= specific heat
= electric field vector
=elementary charge
=ratio of ion current and cireuit current
=frequency of the sinusoidal current
=frequency of injection current
= frequency of main current
= maximum amplitude of the current
= maximum amplitude injection current
= maximum amplitude of main current
=current
= current density vector
= average anode spot threshold current density
= current density in axial direction
= saturation current density
=amplitude ofaxial magnetic field component

deep inside the contacts
= Boltzman's constant
= model reactance
= electron mass
= electron density
= electron density in the sheath region
= ion density
= electron-ion momentum transfer collision cross section
= radius of contact
= model resistance
= are temperature
= thermal electron energy
=melting temperature
=boiling temperature
= time
=arcing time
=time of first current zero
= time of current zero of main current
= 1/frequency of injection current
= constant ionization voltage
= are voltage
=measured are voltage

[FIrn]
[kgmî
[Wm-'K']
[Hlm]

[nim]
[!r'm-']

M
[radls]
[rad/sj
[m2

]

[Tl
[Jkg-'K']
[Vlm]
[C]

[Hz]
[Hz]
[Hz]
[A]
[A]
[A]
[A]
[Am-2]
[Am"2]
[Am-21

[Am"'

[Tl
[JIK]
[H]
(kgl
[m1
[m"j
[mj
[m2

]

[m]
[a]
[Iq
[J]
[Iq
[Iq
[sJ
[sJ
[sj
[sj
[sj
M
M
M
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iist ofsymbols

v =plasma velocity vector
Vc = constant contact opening velocity
Ve = electron velocity in axiaI direction
Vet =thennal electron velocity in all directions
VI =ion velocity in axial direction
VTe.z = thermal electron velocity in axial direction
Ware =maximum cumulative are energy
z =average ion charge number
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