- UNIVERSITY OF EDINBURGH
DEPARTVENT OF ELECTRICAL ENGINEERING

'THE EFFECT OF PHASE CONTROL ON THE

ENERGY CONTENT OF A.C. ARCS

being a Thesis submitted by
NORMAN EDVARD NMcOUAT CUTHBERTSON, B.Sc. (Edin.)
for the degree of

Master of Science

October 1950,




i
- LIST. OF CONTENTS

List of Contents
List of Symbols
Abstract
Chapter I  INTRODUCTION
1.1 The Electric Arc
1.2 'Theories of Arc Extinction-
1.2:1 The Slepian Theory
" 1.2.2. Energy Balance Theory
1.2.3 Displacement Theory

1.3 Possible Methods of Improving Performance

Chapter 2
2.1 Introduction
2.2 Optimum Speed of Contact Separation

2.3 Methods of Controlling the Phase of
Contact Separation

Chapter 3 EQUIPMENT
3.1 Sub-Station Supply
3.2 Low Voltage Switch
3.3 L40'/3.3KV Transformer
3.4 H.V. 0i1 Circuit Breaker
3.5 Johnson & Philips Make Switch
3.6 Experimental Switch
| 3.6.1 ~Tripping of Experimental Switch

3.6.2 Experimental Switch Operating
Spring

-3.6.3 Experimental Switch Trip Lever
Design ’

3.7 Power Factor, Current, and R.R.R.¥.Control
3.7.1 Resistive Load

3.7.2 Capacitor Board

o & W N

1L
1k
15
15
15
16
16
18

18

26




3.8
3.9

3.10

ik
The Fault Circuit
Timing Sequence
3.9.1 Timing Unit No. 1
3.9.2 Timing Unit No. 2
3.9.3 Oscilloécope Brightening Unit
Drum Camera |

3,10.1 Recording Paper and Processing

Chapter L,  MEAS ENTS
L1

L.2
L3

Lok

k.5
L6,

L7,

Current Measuremant.

L. Measuremsnt of Arc Current by
'  Transfoxmer

Leli2 Measurement of Arc Currenﬁ by
Resistor

Voltage Fleasuremeht

Arc Power and Energy

4.3,1 The t=Square method of Multiplying

-

i.3.2 Analogue faltiplier
Arc Severity _

Moving Contact Displacement
High Speed Photugraphy

pevelopment of the Arc

Chapiior 5 EXPERINENTAL RESULTS

5.1
5.2
5.3
5.
5.5
5.6

Arc Current Waveform
Are Voltage Waveform
Are Power end Energy |
7ero Psuse Region |

Measurement of Light from the Arc

The Relationship betueen Arc Voltage and

Length _ .
5.6.1 General Laws
5.6,2 lethod of ‘Approach

5.6.3 Resulis

28

28

28
29
29
31

32
32

33
33
34
34
35
36

1O

18
48
52
59
61

63
63
65
66

Tt



5.7

5.8

5.9
5.10

6.2
6.3

iii

The Effect of Altering the R.R.R.V. on
the Range of Optimum Phase Angles

Burning of the Copper Contacts
Time Constant of the Arc

The Relationship between Arc Radius and Current

Chapter 6 CONCILUSIONS

6.1.1. Arc Energy Input for the lst and 2nd
Half-cycles

6.1.2 Arc Energy Input over the First Four
Cycles of arcing

General Comments.

Future Work

ACKNONLEDGEMENTS

. REFERENCES

 APPENDIX A

+ ILLUSTRATIONS

-....____..._._,.

69
71
4
75

76

79



e

pl & H % % W pa B H e R V4N o B == R o <

iv .

‘ LIST OF SYMBOLS

in order of appearancs

instant of contact separation measured from current zero

arc current

arc voltage

critical length of arc o
velocity of contact separation
acceleration on contact separation
angle of rotation of machine rotor
number of turns on transformer secondary winding
number of turns on transformer primary winding
transformer inductance

mass

stiffness of spring

spring load

displacement

velocity

acceleration

acceleration of gravity

time

total displacement

total time

bending moment

tltimaté ~tensile strength.
acceleration of trip lever

Moment of Inertia

Load

angular acceleration

radius of flywheel

Torque

coefficient of friction

arc resistance

K') K, K%' constants

n

p
np
Ta

number of ions im are space
number of ions produced
number of ions recombined
arc temperature



angle of lag between arc temperature and current
4 angle of lag between an ion recombining and being produced
angle of contact separation before current zero

Wa (© = 160°)
effectiveness ratio of phase control = Wa (0 = 09)

MNomn o

Wa arc energy
P circuit power

Z extinction level
L  gap length

Fn  function of

i instantancous arc current

v, cathode voltage drop

o, o B9, J &8 ok constants in arc voltage equations

n exponent. of Nottingham's equation

T, boiling point of arc anode |
i\‘hx peak arc voltage '
vp photo-transistor output voltage

Wa' theoretical arc energy from Howatson's equation

Wa" correction factor for Wa' to account for v, ® 0 at
contact separation.
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" ABSTRACT

[N

The energy content of a.c. arcs was investigated using a
plain-break-in-air switch. It was found that by altering the phase
of contact scparation relative to current zero, the energy content
of the arc space at subsequent current zeros was markedly affécted
and it seems\zgit<$his may prévide a useful methed of increasing
the rupturing capacity of modern air blast breakers.

The work follows that done by A. Howatson (1954) who
shcﬁed theoretically thét there would be an.advéntage:in phasé
control and the results of these experimenté aré compared witﬁ those
| which he predicted. Close agreement is fouﬁd a%d his:theéries are .

thus substanfiiated. -

High speed photographs yielded much information about the
development of an arc and also helpéé,to explain some incongruities’
met in the oscillographic recordings which were used ﬁo oﬁtaiﬁ the
bulk of the resulis.

Although the fault circuit was capable of deliveriﬁg‘
80A at 3.3KV, the experimental switch could only interrupt 17A énd
so the range of results is rather narrow. However, by using

- capacitors to decrease the rate of rise of restriking voltage,
indications of the effectiveness of phase control were obtained for-
higher currents. It is shown thét, if contact separaﬁion occurs
just before a current zero, the energy released by thé arc after
l% cycles is approximately haif ihat released after 2 cycles if the
contacts separate just after a current zero. It is also snown that
the optimum angle of contact separation 1s between 55° and 70° before
current zero for a current of 17A at 2400" and that the range of -
optimum angles inctreases if capacitanée is connected in parallel

with/
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with the arc. No optimum angle'was'found'for higher currents,
except with. added capacitance.:.

It is verified that Ayrton's Law holds for a.c. afes
at similar points on the voltage waveform aﬁd the peak afc voltage
~ versus electrode separation graph is a straight line.

FHinor investigations weie carried‘out on copper tips
which ha&>been burned by the arc root. Photo-microscopy was used

- to enable quantitative analysis of the copper deposits to be made .
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CHRAPTER. 1

INTRODUCTION

An electrical power system consists bagieally of
generators, transformers, cables, loads and switchgear. The

first four of these are vital parts of the system without which

but first clags, insurance policy.

The purpose of switchgear is twofold; it is required
for the connection and disconnection of, for exampls, & gencrator
to a transformer, under normal worl;ing conditions of current and
voltage, and it is reqired to interrupt any fault condition
which may arise. As far as ordinary connection is concerned no
great difficulties are encountered in the switching operation,
the only qualitieé requj,red of the circuit breaker being contacts
of ample current-carrying capacity, and insulation strength
sufficient to withstand the system voltage. However, if a low

impedance connects a high voltage point to earth, a large ‘current

will flcw& in the circuit and the second requirement of the breaker

i
|
t
I

P
1

is called into action, namely the quick and efficient interruption !

' of the fault current. The circuit breaker must be designed to

operate raliab]y under the most severe fault conditions and not be
affected by the high temperatures and pressures agsociated with

the interruption of currents which may be as high as 50 kA. Not

| only that, but the breaker must suffer no damags at the hands of

the large electromagnetic and mechanical stresses generated within

it. The importance of robust construction is evident and a féirly

high/
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Ehigh factor of safety is desirable, since the performance of
certain types’ of circuit breaker is inherently erratic.
| Imnumsrable workers during the past tbirty years have‘
gstfivéd to evolve comprehensive theoriss of arc 1nterruption, in
i : o

lorder ﬁhat circuit breakers may be designed with a lower, yet

1

sufficient, factor of safety. None suéceeded9 although most

|

1improving breaker performance have been tried at one tims or
‘Ianother, but it seems that very fow workers have attempted to shawA
!that circuit breaker performance is increaaed if the instant of
‘ébntact separation is contfolled relative to'curfent zero; The
research work described in this volums shows that improved
|perfommance is available with this method of arc control.
j Firstly, an outline of the properties of an electric
:arclwill be given, after which a synopsis of the relevant arcing
;thscri*‘ will be set out.‘ |
l1 l-EhgiiLiﬂmis_Azﬁ |
i The basic action of eny switch, when opening a circuit
!13 the sep&ration of a pair of contacts which are normally engaged
. If current is flowing in the circuit before the switch opens,
:arc is created between the contacts at the instant of separation
‘and the current is thus able to continue in the circuit until the
'discharge ceases. The processes involved in gaseous conduction are
among the most complex in the rcalm of electro—physics, and the
circuit breaker discharge, in its various forms and phases,
.represents a particularly intractable aSpect of the subject.

Just before separation, the area and pressure of
:contact between the separating members decrease rapidly, giving an

‘inerease in resistance and, consequently, intense local heating
which/

 have made useful contributions. Nearly all conceivable methods of

- e
/{ Suac .
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'which may be sufficient for thermionic czmission. Although this
‘momentary resistance m be onl,y a small fraction of an chm, the
‘current flowing may be sufficient to give a potentialvdifference ,
;oi‘ a fow volts. The small distance of scparation, and the rasulting
Ivoltage gradient, is believed to bz sufficient to yield electrons

|from whichever electrode happens to be the cathode. Thus in the

!
' ) . ' I
learly stages of an arc's development there are two main sources of ;
i

%electrons - thermionic em%lssion and field ssion. The electrons'
which are liberated give rise to ions which in turn, by bombardment
;of the cathode give rise to more electyons and the discharge is
itermed self sustaining, It may be thought that thermionic
éan%\ission from a low boiling peoint metal, such as coppér, could not
| account for suffleient electrons to carry the high current, but

11'. is believed that the ion bombardmsnt of the cathode Suppresses

|
,vapox(risation, while allowing electron emmission.
, )

[ s :
|

As a consequence of one or both of the a.bove processes, !
I

Ithe space between the electrodes becomes highly ionised and has a. i
¥

: ' low resistance. The current flows in the circuit almost nmhindered,

iand will continue to do so until such time as the ions are removed :
trrom the arc space or else the are voltage rises to such an extent, :
' |
‘usually because of increased length, that there is insufficient !

: electron density to carry the current which then decays.

Because of the many unkncwn fecto:s involved in circuit
breaking, designers are obliged to build breakers using empirical
formalac and large safety factors. There are, however; several
badic theories of arcing, hone comprchensive; which have béem
'introduced/



' the restriking voltage transient., Attempts to calculate the

ol o

introduced during the years,

1.2.1. 3leplan Theory
It was as late as 1927, well after the invention of i

’
1

several extremely efficlent circuit breakers, that Slepian presenteq;
his paper on the "Extinction of A.C. Arcs.” It was in this, and :
later papers (1928, 1930) embracing a more practical form of arc, r
that he introduced his now famous "diclectric race" coneept. |
Although Hilliard (disc.1927) appreciated that the ‘performance of ,
a breaker depended on the form of the voltage appearing across the .
gap after a zero pause, it was Slepian who realised that the ]
restrﬂkihg transient depended on the external circuit. He

visuaeliged the residual colum, after current zero, as a mixture

of electrons ahd positive ions, which gradually separated under

the effect of the restriking voltage transient leaving a space

charge layer of ‘increasing thickness. This layer repreéented the

dielectric strength at any instant. Siepian suggested that, if

interruption was to be successful then,' during restriking, the :

" dielectric strength curve of the gap must, at all times, lie above

v
’

i dielectric strength curve were not: very successful, but the concept;

is a ugeful one; It was he who introduced incidentally the idea 4

.
3
+

' of resistance switching in order to reduce the rate of rise of

restriking voltage (r.r.r.v.).

In a classic paper, Cassic (1939) put forward a new

- theory of operation of an av.c'. ciircuit breaker, based on the '

conception of an energy equilibrium at current zero instead of

that of a race between a curve of dielectric strength and the

‘restriking voltage tramsient, For this pufpose an equation

- representing/
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representing ‘the behaviour of the arc columm at current zero was
developed from the principles governing steady arcscarrying appreciable
current.
P Cassie was able to show that there was a meximum energy

‘release corresponding to one value of gap resistance. Theoretical

Zresults corresponded well with experimental values and he deduced
ithat a necessary criterion for successful interruption was a
Ebala.nce between the energy released in the gap and the energy

| :
|dissipated by the arc resistance at current zero,

Prince (1931) introduced a theory which proposed that

iare extinction was brougnt about by the introduction into the are

| .
«space av current zero of a wedge of unionised gas. This wedge

provided an insulating gap on whose dielectric strength the
i

l

| success of extinction depended. Although Prince wag a,ble to shcw

‘ %anglytieally that his theory was correct it never gained the
ﬁgenera;]f acceptance accorded to the theories of Slepian or G'assife--
: o Kesselring and Biermanns in Germany made an exhaustive
4iresearch into the operation of circuit breake?s but although an

ixx@ortant series of papers was published (see rcferences) there

iwera still some first class mysterics, In general the problem wag
jhcﬂ:xr to account for the extremely fast rate at which the arc colum
‘became deionised at current zero. The calculations of the loss of

electrica.l conduction xjesulting from thermal conduction and

diffusion led to results less than those observed, » .
Vo Edels and Crawford (1957) broks dowm the recovery of an .
arc gap into three stages. During the first stage the propertics
._oi‘ cathode emmission are lost, this taking about l/us. . This is
'follcwed by a period when the reignition voltage x-emains essentially
constant (this has been verified by Dow and Timoshenko, 1930) and

after/
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1 after thig the gap reébvers”slowly“té'the full breskdowm strength, |

Whatever may be the real explanation of successful

. interruption, one thing is certain - that the condition of the arc

gap at current zero is all important, If it'is assumed that the.

 rate-of-rise and energy balance theories both contribute to

: guccessful interruption then the following variables affect the

operation of a breaker:

(1) Tho inherent r.r,r.v., of the system
(2) Actual Power Factor

(3) Shunt Damping
(1) Conditions of the gap at current zéro

(5) Dsionisation means
and (6) Variation of gap length after current zero.

Considering these individually, criteria (1) and (2)

are inherent in the power system and cannot be controlled by the
breaker. Factor (3) is controllable and has baen exploited te
the full in resistance switching, The conditions of the gap at
current zero are affected by the extent of ionisation, the voltags
across the contacts, the current which has been flowing and the
length of the gap - in short by the total cnergy released in the
gap. Most of circuit breaking research has been devoted to

improving the deicnising means in switches and any contribution

f which could be made on the small scale available would be

. inadequate. The limitation on the last means of controlling

circuit breaking performance is imposed by dosign factors and

stresses. It is, however, linked to factor () in that the length '

of the gap at current zero affects the energy content of the are,
It appears, therefore, that the most promising approach to a
radical improvement inm breaker performance is ihrough factor (4)
"y :
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and this criterion is the bné‘.‘investigated? ‘in the following thésia.
‘fho principle on which the research is based, is that,
41¢ the instant at which the contacts separated relative to current
zero is varicd, there will be found a point at which interrupting |
?capacity is above average. The amount of energy in the gap at the {
Iﬁ first current sero (if not thereafter) mist be primarily determined :
by the previous life of the arc. In order to establish whether or
'not there could be an advantege in controlling the instant of
separation, it is necessary to consider its effect on current zero
?conditions in general terms.
; If the contacts geparate very shortly before a cugrent
;zero then, by the tims the current has reached zero, very little
energy will have been lz_lbexfated and the degree of iocnisatiom will
l:i.n 6onsequanc¢ be low, -But the gap will'.'be so short that it will
have little dielectrié strength ,e,ven so, A restrike will most
likély occur follawed bv another half ecyecle of aﬂcing. If, on the
other hand, contqct separation precedes a current Zero b;y an
N appreci.able part of a half cyele then when t.he currem; reachea
zero a considerable emount of cnergy will have been liberated,
'X’he are space will be highly 1cmised and its breakdomm gmdiem |
‘low, To compensate for this, the gap wi]l bo mach longer due to

|

r |
. the greater period of contact movement , and the situation may be !

'no better or worse than in the first case.

| Since the trends of are cnergy and arc length are in

opposition, it follows that the dielectric strength at a particulay |

time may have a maximmm for ono particular ingtant of separation. ;’

The probability of interruption may also, therefore, have a mdmnm,’
The form of contact movement after separation will |

affect the balance both before and after current zero. It has

long/
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‘;long been recognised that intemptién without arcing would be
?achieved if the contacts could bé separated exactly at current
1izero and thereafter accelerated rapldly enough for the breakdorm
fstx'ean'xgt.l'x of the non-ionised gap to exceed the restriking voltage
at all times. Fof power systens this would require extremely
large forces apart from the great accuracy of tining needed and
'must bs regarded as impracticable. Even under the small secale
1conditions of the experimcntal switch described later, arcing
Eensued when the contacts wore separated at current gero despite
‘the fairly high acceleration.

l The value of dielectric strength at any point for a
%pax'ticular length of gap msy be regardcd as a funct;ion of one of
; several variables namely, degree of i_.cmiaaiion, arc témperature,
;;are conductivity or arc energy; all of which are interdepend nt.

:In the present investigation the emphasia has been placed on are

|
|
!
|
i
!
i

energy which is more readily calculable than the cth;;w gualities.




_CHAPTER 2
‘2.1 Inkroductiom = - ' j
At the end of the introductory chapter it was stated

that there appeared ‘o be one method of are coentrol which had not
‘been fully investigated. This was the control of gap conditions

'at current zero and it is in this direction that the follewing
; research was conducted. The gap length and arc energy at current
' gero were the two parameters varied, both being dependant on the

. phase of contact separation relative to current gero.

2.2 . nbas
| Analytically it can be showm that there is an optimum

1
1 speed of contact separation for which there will be a minimum -
energy release, This implies that, for a given circuit breaker
Eog'ezz'a.t.i-,nag, under constant conditions, there will be an opening

. speed for wnich interrupting performance will be better than

3 average. |

Consider first a switch vwhose contacts open very slowly.

)

|
' : f

I! At the first current zero the energy liberation (L : Ta vadt : |

l . “Vo

iwhere t o is the instant of contact separation measured from current f

{

gero) will be quite low since the arc length is short and the are

'

évoltage consequently low., If, howsver, the contact separation is

extremsly fast the cnergy liberation will be great since v, will

/ be great. The breakdowm voltage of the gep will also be great for
. these conditions whereas it would be low in the first case. Thus ’
“between t;he two cases there will be an opening velocity which
‘strikes the optimm balance between energy liberation and dielectric
strength of the gap. This will occur when the speed of ccntact

separation is just sufficient to attain the critical lemgth, C
of/
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of the gap aftér a half-cycle of arecing, IL the contacts open

at constant ve]_.ocity., \) , this conditi.onf will obtain whgn
| | o | Q s 200L . vee 2.2.1
; ii“L' is in ft. and N is'; in ft./sec. For the constant e,c:cele‘x"a'tiqn
case the corresponding equation will be ' I
a = aooooL 222

| if a ig in i‘t./éec.z, the supply frequency being 50 ¢/s- in both

|

|

l

|

! cases.
3 Eskin (1939) showed experimesntally that there was such

i

| an optimum opening speed, He investigated short arcs with currents
| between 15 and 35 amps. The system voltage was 1557, and the |
frequency 60 c¢/s. He showed that the optimum speed of opening |

' was 0.5"/sec. for the 15A arc and 1.5"/sec for the 35\ arc., [From

|
equation 2.2.1 the criticel lengths are 0,006" and 0.018" respectively.
With contact spseds slower than those quoted the arc energy

increased rapidly with decrease in speed; the rate of increase is

less with higher speseds. The conditions under which Eskin

experimsnted were similar to those used in the author's tests

except for the system voltage. The effect of this is to increase

the critical length of the gap which (it is porsumed) is

proporticnal to voltage.

It is but & short step to realise the importance of

: the optimum phase of contact separation. It is naturally

| inconveniont to alter the speed of contact separation for each
different condition under which a circuit breaker has to operate.

" But it is very easy to alter the phase of separation (if control
is available). This effectively alters the speed of contact

: 'separation/
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_geparation since the “time teken to reéach current zero is altered.

The research work involved conducting experiments- on
arcs whose phase of contact separation is variable along with
k geveral other parameters. The timing of the contact separation in
ea circuit breaker, relative to current zero, wcmld best beaschieved

}

!in practice by electronic timing of am impulse to the trip coil.

‘This method has been used by Wildi (1951) who obtained the current

pulses from saturable reactors, and these had already been used
ifor synchronising recording apparatus in early circuit breaker
¥tests by Poitras, Keuhni, and Skeats (1935). The main difficulty
in applying this device , which consists of a peaking transformsp
and a phase-ghifter plus power amplifier or relay, to a circuit
ébmaker lies in the time lag, duc partly to the trip coil time
?constant and 'part.ly} to mechanical inertia,

In designing a single-phase experimental switch with

Iwhﬁ.ch to investigate the theoretical results derived by Howatson

! .
' on an adequate scale it was considered desirsblec to adopt a mathod

. of timing which would dispense with trip coil lag and have

neglig?!ble inertia delay,
i When a synchronous induction motor is rumning with no

fslip there will be a stationary field linking the rotor and stator
?and, so if the stator rotates through an angle o( the £fisld follaows,
Epuli!.izag the rotor through the samwe angle of ‘. Thus by rotating

| the stator of a synchronous machine a peint on the periphery of a
‘disc attached to the rotor will alter its phase with respect to a
fixed point in space. Consequently foz;'a given gystem, supplied

' from the same source ag the motor, this provides a datum of timas

referred to the current phase, when the motor is in the steady state,

Assuming/

L
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|
E ‘Adsuming that “the - 4o ‘actually required to move the i
Eswitch tripping lever and release the conia‘cts can be negleqted ‘
ithe inst.ant. of separation depends only on ‘the synchrenous motor. |
i | The stator used in the acperiménts wag fitted with a | '
iscale marked off at inter’vals of 5 electr:.ca.l and could be sed
|with reasonable accuracy to within 3% care had to be taken,
'however, to ensure that the load angle of the mechine remained
!constant during the period of operation. ‘l‘o ensure this the motor
it«:as started long énough before each test to allow the rotor o . |
!reach constant speed and similarly tbe fault current was switched
}on long enough before the tests to allow all switching transients
reachmg the motor to die awayg the inevitable drop in voltage en
smitching in the f;‘ault produced a slight oscillation in the rotor
‘speer.i,7 which vas then allowed to regain it.s steady state.

‘I'he mo‘bor uged to drive the synchronising disc was a

six pole synchronous machine with flats ma.chin aleng the rotor

| laminations, These previded sufficient. saliency to pull the rotor

| .
| into synchronism while coupled to the disc which housed the tripping

devices. Tﬁe squirrel cage formed an efﬁ’ective damping winding. :
,The disc was 2 ft. diameter and 17 thick, being directly coupled
and ovez-hung. The tripping plunger and spring (see figure 3,b.1.
and section 3.be l .) were contained in 3 steel casing which pasaed

l

completely through the disc near its periphery, The inertia of !
' the rotor and disc had to be large compared with the gvitch trip ’
' le;rer.sé that the force of impact did not appreciably affect the '
speed of rotation. This also resulted in consistency of the tims
teken to trip the switch, | |
' Hoswats@ suggested that the values of voltage and current:
requifed to test his theoﬁes- satisfactorily were an open circuit :

' voltage of not less than 3 kV and a short eircuit current of

" about/ -
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iabout 100A. He pedlised that while this weo not coaparable in scalc’

to power system practice the conditiﬁne‘ would at least be representati',ive
%of large circuit breakers. In fact the minirmm powers which he ‘
fsugges’ced were never reached’ gince the maximum current which the
 ¢ransformer could deliver vas only 80A. Howsver, since it was
{found that some low power arcs were extinguishzd at the first
écurx\ent zero somz rasults which might have been missed were

obtained by virtue of the low power.
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loboratery woro kopb, oo for 6o pesoiblc, bonsath the fleor.

Tho coln ouppdy to the loboratery 4o brougnt frenm the

|
|
|

 Be3.5.0. Subs=Statlen whlch 40 cdjoecat to the budlding. b % 0.3 0g.4f.

ecblo 4o used to brdng tho supply o the Eaglloh Blectric cviteh
ab hAOv, AL thio pofat the 230v cupply fer tho lew veldass
apporatus ond onsidliary ogudpnead 49 tapped off. The comd ypo of

i
1

cablo 4o used % comeet tho 16w veltame citeh to the Wrunafercop,

b Ve ormourcd eoble 40 onpleyed botseon tho cocendery of o

tronofostor ond e 0.0.0. ALL tho eablo 1o Lodd wndorgrownd, Boing

e
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1
fed through ducts budlt imto tho faundatiens ef tho laboratory.

i This 4o o standard 3-phose ore-chuto sviteh, equippdd
wmh adjustablo tims-dolay overlead coilds. It serves soveral ‘
p&wpoaesg to isolate tho transformar so ag nob %o leave 4t on |
m—load and to facilitate tap chomging., o isolatc the eircuit t:men |
:D.C. maegurements are being taken, and to intorrupt the eimum
%a!n@ulé the 0.C.B. fail to open, Althoush this cwiteh 1o enly rated
%m?. 100"/ phase, 4t operates satiofactorily at €00"/phace with the

{@varl@ad relays held ocubt,

This is o siagle phase, high rogctanso tranoferzor. It
Q.a ocguipped with taps giving @ variation in eutput veltage botwoon
12&,90 volto and 3200 volto in three stops. The traneformsr hos a
fah@r‘t circuit current of 46.6 amps. at tho low voltage and 79.2 agps
iat the high voltage.

E By measuring the voltage drop acress the resistive load

t

if@? disforent valucs of resistance, the inductance and recistance of

'the transformer roferred to the socondery eon ba eolewlated. Thoy
|

arc ag £ollowsiw |
|

" Tugns Ratie %% a 75

Inductanze L o 0.07H '

|
|
i
|
|
|
i

g | Resistance roforred to gocondary o 48.90

Secondary D.C. resistanco o 5

Prizary D.C. resictence s 0.78n

The switch en ¢the high volfmgg 9ide of tho tronsforaor
i a threo pole pl}:&imabmak?in odd byeakor of 15 VA xating.
Selcaneid/



. Solenoid or manual tripping is available, -

ptch
' To avoid any uncertainty in the mamnual operation of the :
: M’et.ro-Vick 011 Circuit Breaker & spring actuated switch was E
‘ installed to close the fault. A spring machanism was kindly supplied
by f&essrs. Johnson & Philips and the blades_ and contacts, and |
| other auxilliary parts, such as connecting links, mounting plates,
! and beds, were §onst.ructed by the University Engincering Workshops

| to drawings kindly supplied by the Belmos Company Limited,

; The original experimntal switch was designed by
f Houatson and m&nufa.ctured by Messrs. Bruce Pecbles Limited, It
:was devised to minimise any time lag due to imertia of moving
' D parts or solenoids such as are used in circuit breakers of
industrial design, | ‘

The switch had a bakelite frame held rigid with angle

' irons, The contacts, of which on]y one moved, were made of brass

| opened by a compression spring and provision was made for springs

of different lengths. . The switch contacts opened linearly, and it

l
|
|
|
|
|
| and had replaceable copper butt contacts, The contacts were
|
|
|
|
! | was intended to have consta.nt accelerat.ion over the total separation |
of 3. |
| . |
1 When tests were first begun it was not long before the }
bakelite frame cracked in several places. It had also bean found t
' that the speed of opening of the switch and the length of gap were
' insufficient i‘or the circult and so it was decided to build a
' stronger switch incorporating a much stiffer spring and a longex‘
arc gap. )
The new switch, showm in figure 3.6.1. has an angle

" iron frame with 3° x 3" Whale Brand Tufnol sheet sides. The
mbving/
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moifing contact is of 1" diamster é" wall steel tube, ‘treated with
the "Progreg® anti-friction process,“a;'s were the brass bushes
t;hrough which it travels., The tube is 33" long and at one end has
- a steel cone. This is used as a buffer so that the movement of

" the contact will not be complicated by "overshoot” i.e. continued .
' movement after the spring has reached its free length. The buffer
strikes a 131b steel weight riding freely on two bars which form

: part of the loading mechanism. This weight absorbs most of the

g Kinetic Energy of tﬁe moving contact and as can be seen from the
displacement curve (Figure 4.5.1.) the rebound is quite small.

' The compression spring has a free length of 12" and compressed
length of 5" its stiffness being 4Olbs/in., It is held at one eﬁd
by a 7" long steel collar which retains the switch in the loaded
position. It is %;" thick, fluted at both ends, and held in
position with #" UJH.T. bolts. At the other end of the collar a
3" diameter $" thick washer keeps the spring from extending beyond
its free length. The washer moves with the contact and is stopped
by a 4" thick steel plate carrying the trip lever. The ‘trip iever
is made of steel and will be the subject of a later paragraph.

The switch is loaded by a screw, The fixed contact is also made

of steel tube and, like the moving contact, rides in two bushes.

! A compression spring ensures initially good contact between the

{

ot

, copper contacts. The dimensions of the switch are:-

P Overall length = 5'-Of

Overall bxeadth = 9%

| depth = 1'-10"

To prevent rotation of the moving contact, the centre bolt holding
the collar to the contact was made with a.3“ éxtension above'its

' head. This extension passes through a slot in a }7 bakelite sheet

}

i which/
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' which is securely boltcd to the frame of the switch, and was found

useful in the measurement of contact displacement as will be
mentioned. The whole switch, including the synchronous motor,
is housed in a hardboard box.

3.6.-1

The ¢ripping of the experimental switch can be

initiated (a) by a push button switch or (b) as an intermediate

operation in an electronically controlled sequence,

In the flywheel of the synchronous motor there is a

" spring loaded plunger (Figure 3,6,1.) held flush with its mounting

' by a steel catch lever. This lever is pivoted on a screw so thad

' when it is rotated approximately 10° the plunger flies out to

protrude by 2". The lever is displaced by the tripping solenoid

which is actuated by either of the methods (a) or (b) above.

The plunger spring is of such a strength that the plunger reaches
its fully extended position 1lOmsces after release, which is
equivalent to about 30° rotation of the flywheel. As the solenoid
is mounted dismetrically opposite the main trip lever there is no
chance that the plunger will be incompletely open and jamming
against the trip lever is impossible. |

The sequence of tripping is; thercfore, thatv the

' solenoid plunger rotates the plunger catching lever, thereby

- releasing the plunger. This strikes the main trip lever, which

| in turn releases the moving contact. The trip lever is held in

 place by friction against the action of a spring which is

included to prevent the trip lever rebounding and fouling the
moving contact. A

3.6.2.
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l into the propertics of & cpring-mass ecyetcm. This led to tho

 cholce of a 401b/in. epring which gave & goed ceceloration and yeob

| was not so bulky as the opbimus spring which, a8 will be seem,

s extressly loag and weall.

The mass to be moved o @ lbs

et the apring have a stiffneos tt 1bgy/in. and a lead, when
fully comprosged of F ibg,

The load of the ep?in@ at digplacement x ing o (F, « lac) 1bs
and therafere the' velogity of the gyotem after x msa of traveld
s given by

lose®
or Gz: & %g[ﬁ‘x«?]

and the time ta\koﬁ to reach this diotance, i:, is given by

2, © x
prd L'glgg

T
v

NG [F?%-ﬂ}

so that the totel time takeon to roach the open gap length,

8, of o cwiteh kg

indrams opendng time for the cviteh, an investigation was mado




A

Clearly fov o given 8, )? oad m, the timo T doponds on the stﬁ.iz‘ﬁmss

£ and varics botwscon the ostronds whors It o © ond k o g.g The
B

offect of verying k is best chown grophically ond a fow exemples
ore choxm in Figure 3.6.3. These graphs ars, of courss, theoretical

ond do not ascount for friction im the bushes op opring losses

éuring extension.
It con rerdily bs seen that the a3 taken to travel

a given dictance in caly slightly different botwecn the e
extreros of stiffness, the ratio botwoon T (k o ) and T (K o 82 )
E}

b@ﬁm@ 0.9, This can b2 vez'im@d the@mt&callkfg the pm@i’ boing
given in Appendix (a). | ‘ N
Since the time tokea Lor all spz?inos to rove the moss |
o given distance was 5o cless thore occmed to bo ittle aﬁvantag@
in choosing a epring which wewld have proved inecnveonicntly long,
eopecicdly during the frequent ac0CubAY cmd dismantling of the
cdteh wndch lntor was found noecssary. Tho atiffest opring which
zat with the lood mquizézems of the wit.ch vag therefors ehoson.

T2 wos o hows oingle coll spring of 26 wrs, wAth o free leagih

of/
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of 12}%, a comprossed lemgth of 5°; cnd a otdiffnces of O 1bo/4n.

Ito dmner diometor wme 1%, This Gﬁ?mg gave a cceprossed leoad of

300 ibo.
The porformanee of the spring urder woriing ccmdi‘izi@né

. 40 discussed loter i scetden 45 _ .

(Figure 3.6.4.) |

‘The exporizontel Guiteh is tripped, as alyoedy
menticned, by the pia dn the flywheel of the synchronous Dotor
striling ozadnst the lovor which ?em:lns tho madn spring in the
locded position. This lover &g subjeed ¢o large BLFODEE0 ‘
resulbting fren o maln forees, éha% due o the opring pmacingh
the lever agednct it mownting plate and that due to tho Inpaet
of tho rotating pin,

Tho firob foree introduces thrse subsidisry ferces ald ;
of which tend to fractupe the lover. The greatcest ef these is the
frictionnl foree t@.be overcems whon impact of the pin agalnot the
tip of the lover cccura. This foreo weuld cause ‘Z’ra«;,mm across -
the pivet holo, The other two subsidiary stregoes aro 0ot up
oreound tho hole in tho lever msunting pia%e, through waleh the
meving contact pasecs. The cpring abtterpts to puch the lever |

through the helo, that is, & shear fome i9 sat‘up apound the odgs

of the helo and o bonding otreos 19 introduccd im thal pord of the E
icver Aying ccross the hole. 1
The really troublegscme foree, howovor, e thé dmpact .

ferce. Bosmugse ef its. indotorminote nature, the originsd “dosign®

of tho lever was by trinl and crror. This large fores involves ono

otress only, beoldes bringing inte play the {rictien foreo nentioned
cbove, and this 46 & bonding womont botween the fulcrum and the t&p?o
Thore ig also o substantial rocetien ab the fulcrum ot iwpaet sinee

the ond of the trip lover petoiming the spring may be congidored

fixed ot thad ingtont of timo,
The/
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! The trip lever in the original switch was a plain bar

- of Tufnol, 11" x 13" x 3%, with a brass plate on the impact face

to prevent shattering of the Tufnol. The spring pressure, however, f

, was only 60lbs aﬂd this lever was satisfactdx'y;. It was obvious
| t,hat‘, with the spring pressure increased to 300lbs, & more ‘
substantial trip lever wbuld have to be developed., The original
} trip lever is showm in Figure 3,6.4.a

To offset the frictional force a spring of 101b/in

t

1

.| was attached to the end of the trip lever, as shown in the first
;desigx for the new switch (Figure 3.6.L.b). This was fi#ed to the
i frame by an adjustable screw so that the initial tension on the
req;r‘ing could be adjusted to & maximum, i.s, so that the minimum
force was required to displace the lever. This meant that the
impact force had only to be great enough to overcome the inertia of

the lever. To strengthem the lever across the hole in the mounting

|plate, a 3" case hardened plate was screwed onto the lever and to
%a_bsorb the impact force a brass faced rubber pad was attached to
ithe face of the lever. Mass and inertia were held to a minimum,
{Fra,cture occurred bshind the steel plate as shown and the rubber

!pad was dislodged. It was thought at first that the fracture was

lc:au.s.sed by the spring trying to push the lever through the hole and
's0 the latter was reduced in diameter from 3" to the bare minimm
'of 2", In the light of mora recent cccurrences it 4s now believed
that this rupture was caused by the lever rebounding from its stop
‘and fouling the collar fixing bolts.

The rubber pad was replaced by a steel tip but this
‘lever, too, was inadequate and fracture occurred in two places
‘as shown in Figure 3.6.Lh.c. It was apparent that Tufnol was not
;strong enough for this component and the next lever was made of
steel. An attempt was made to keep its mass to a minimum buf the
lever sustained bending as showm in Figure 3.6.L.d.

It/

i
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it was thought thot there wao rew sufficicnt data te

dosign o stecld trip lover which would withstand the foreos
j Hlmstmted obovo. Tho coleulations ore gived below for thie

" lever, which hog préved mogt satiofoetory.

{ o w_EL LSLWR S
' ) 2
(4) Bending Memont M o bls o éo . b4
; B . Bé\\ - - :
| s bloc s A T
t B’ ﬁ dﬁ’!‘
! - Y2 —2z —>
4. ’ . y
| c . : |
[ o X
| 7Y R
| 72 4 sUTS.of Tl
Tesing G, o 16000 lb/8a° thom,
3 ’ ’ L]
2 12 a1

3000 ib.das g M-IT5P

B

- ‘fhemefom P e 572 ibs, vhich is o médnioum value

(i1} trodizan load which could be taken ab the root withoud

Lracture : ’
. wl 16000 % ;z
& 12

e 1339 ib.dno
therefore 333 1lbs applied at the tip should cauee fracturce neay

the rood.

(314) The pin cheuld bo in contact with the tip of the lover

for appronimntaly 1%, So, cssuming thad the trip loyer is
aceclorated £ron the root to tho poripheral veleeity im 1%, tho

accoloration .
1o given :’y * vadws of Fluwohee =11

3 e L o 1000 p.pedo X 2 % AA" - 3

28 &0 2.1

o 67.0 x 20° ing/sce”

so the angulep ceccleration, assuaing that the l@voz; mo
sl edd/f
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!

A = 2

e 13.b x 10% rdna/sec2
the moment in Inertia I = 1 x 25
L x 386

0.0162 1b.in.sec
T= [«
0.0162 x 13.5 x 10%

o

therefore, the Torque

= 21.7 x 10° lbs.ins.

5
= 435 lbs,

therefore, the force required at pin = 2l.7 x 102

. (div) However an additional torque is required to overcome the

Espring friction., Taking me 0.3 and the spring force as 400 lbs.,

i

. the frictional force = 120 lbs. This acts at approximately 2.75"
from the fulcrum so that the torque is approximately 330 lbs.ins.

!
| From this the force required at the trip to overcome friction is
|

iabout 66 1bs, This gives a total force at the pin of say 500 1bs.

L (v) Steel e

' ba3

! Moment of Inértia = <=

: 12

: i x ¥
| 12

= 0.00521 ins.*

i

Moment Arm s 3.75%

Yield stress of 2
steel = 45000 lbs/in

[«
o
o

4 o

0

B 1222

3.75P 200
i.e. 00052 ° <25 lbs/in

f so that P 50000 x .0052
=3 2%77ib9}f 0.25

since/

Mass of steel tip = %1b at a radius of 5" from the fulcrum therefore




P had

et
since the bending yield point may be higher, P might be as large

as 350 - 40O lbs,

(vi)

New Steel Trip Lever
In the design of this lever

80

= 100001b/4ins>

- U
1

< o

P L@_&&L
- I

where x = distance from tip along lever

y 12 d
a @° . n
33 - for a thickness of 3
gso that d = 10000
o .693 x
x ins | 1 13 2 3 ] & 5

dins |.69 | :85 | .98 | 1.2 |1.39 | 1.56

From table of cross sections, at x = 57, d = 1.56"

Diameter of hole for pin = 2"
_obox (W)’
I . - - .
12
)’ ‘ )
therefore I.. G- ¢ 3 x b (.575)x 2
= 1412 ins.b
Homent at x s '5
w = MO x 5

therefore/

= 2000 lbs.ins.




, (o]
thereforg P = My

A2

1050 1bs/sq.ins.

This is satisfactory.

in transmission and large consumer supplies, there are innummerable

combinations of short circuit power factor, current,and rate of

rise of restriking voltage. Any research, with practical application

to such circuits, must éttempt, therefore, to cover as many
variations as possible of these three parameters.
In order to vary the short circuit current of a circuit

it is necessary to alter the circuit impedance, the most

conveniant method being to introduce resistance. To vary the power

factor, either reactance or resistance may be added, Capacitive
reactance would give the best variation of power factor but large
capacity condensers for high voltage operation are costly and the
inclusion of inductive reactancé to a cireuit which already has a
large inductance would give only a narrow range of power féétor
variétion, possibly between 0,01 and 0.1, The power factor, can
be raised by the use of resistors to a relatively high value, say

0.9, current control being effected using the sams re81stors.

|
4

}

|
|
:
|
|

Although this is not ideal, insomuch as the current and power factor

are not independant variables, it is an extremely neat and

inexpensive method of control.

Variation of the rate of rise of restriking voltage can '

be effected by the conventional method using condensers connected

in parallel with the arc.

3.7.1 Resigtive Load /
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'

- perieds were installed ¢ an acbeotes frems ageinst ono wall of the :
: lab@m%&'y, Each net, of which theroe oFe seventech, hag o

, maiatance of 5 5«u, givﬁmg a load varioblc betreen 5452
end 93 5 Q: ond power factor variation bemeem 0.24 and Q. ‘77

k e@nnected ims s)eﬁ'&ee to protect the capacitors ag&iﬁs% oncess

3,71

@Wﬁmlﬁ&gﬁﬁ, [N A s W ,: TR AN ;~~.',";."-'._.,' SN 'j.':".,: s\ 2‘.., :.-»f.’

T ke T

Rosiotance nets, copablo of carrying 100" gor chort

_ Banko of capacitors vire used to control the rate of |
rise of mstﬁk&n@ ml%ag@., Tho capacitors are lSOO%.C. workirig, '

amﬁ cach bonlt, of vhich there are slx, cowxsista @f five eapacﬂ.mms

An ssexe'ies cach. smm,@a with Q e 7 o leakage msism?.

The values of capacimc@ which can be introduced

across tho ore. gop’ aro 0.b pFs 0. 2pf, 0.05 pF 0,02 uF , 0.0 uF
axwl 0.005 ),F mr any ew&wtim of these. A mmﬂ fuse io |

. The variotion of rate of rise of rostrilking voliage
with cmpacimme@ 4s showm in ﬁgmm 3.7 3., and a fuller dﬂ.seuasion |

of the eoffect of shunt capaci%amc@ on s?.he aye ie gﬁvcezm in

aect.ion:—r 8577 o

- Tho fault cireuit econtolng all the units 3.1 w0 3‘7
ab@:wa.' | L |
| Aftor tho Englich Elcctrie 0B2 eviteh (3.2) the yellew
phase 4o dlspensed vdth, the fesi phasd'b@em&ng the 1ive l@@ ond
tho bluc phace the neutral.. A fowll conolots of tho chord
cireudting of the red md_bme phages through tho 0.C.B., the rake
oitch end the exporimontod cdteh. The complote layout 4o shewm

in fi@m 3.8.1.
3,9 Ziies Scouasnce/



| chortest duration of foult current. ALl subsidiary oporationo

3.9 Zimins Scoponsq

are electronically controlled by the apparatus described balew

hadl 2 > B

The gequence of oporations 4o cuch as to pivo the

; (3@3‘@&0@3 3'.9?1 L 309050)»

| time, Timing Unit No. 2. (Scetion 3.9.2.) is fired by o pulse from

0.C.B. 4o tripped by solonoid ond the 0.B,2 tripped opon by hand.,

application-of=-fanlt-current transients to die away, snd te pormdld 5

ALY gwitehes are doaded, and tho camera loaded
irmacdintely prior o o test. The Johnoen & Phildipo cwiteh is
then trippod by press-button control. Am awhlliary gwitch then !

. gtarts Timing Unit Hos 3. (Section 3.9.1.). After a gzm-détémine(g

T4ming Unit No. 1. It ig this Unit whieh, in cequenca, operates
e subgldiary opparatus, The axperimontal owiteh tripping
colonoid pulge 10 applied, theroby reloasing the flywheel plunger
which 4n turn tripo vhe axporimental ewiteh. 20 millioceconds after
the solenoid hao been operoted a pulse 19 applied to tha
oscilloseope brightening undt which beightens the traces for &

pre=dotermincd iength of timo (Section 3.9.3.). After this tho

This Unit provides the dolay te ollow the initdal

’ !

the synchronous moter to Fe-adjust itsclf after the application of |
, ) A

oveh trensionts e s terminala, The Unle lo deketzen sparated ;

and 4 capable of o delay of up %o 2 socends in 1/5th cecend 540pG.
180 output coasisto of o corden of 50V mogativo puloes,

of cpproximately 10 m sec. -duratien, from o cathode follcwer. Fhe.

circuit is shawm 4a Pigure 3.9.1.

3.9.2. Zantoc Uodk He. 2,
Timing Undt No. 2. 4o ugod o oporats the awnslliery

opparatuo cnd to contsol the soguence of evants oftor tho Johmoon
&/ '



& Philidpo swvitsh 4o clooed., The fLirst oulput pulse Lrom

_ Timing Undt No. 1. firao tho igadtren V; (Figure 3.9.2.). Thie
eporates Roley 1 vhich discharges tho external 32 VF endongor

" through the oxporimontal cwiltch tripping solenoid and starts tho

; @9@&11@3@@)5@ brichtening unit,. Ajmmh@? éet of contacts otarts
the dekatren ¥ 5 vhich after o proset deley pulses the ignitszon ¥ X
' Thio them @l@ses Relay 2 which opovates the 0.C.B. teip coiia.; |

3

The unilt can bo oporated by the closimg of the 0.C.B.

t .

i brightening undt.

¢ oné ean control tho oscilloscepe brightrness indepondant of the

This unit controls the leongth of tims for which tho |
! oscilloscopas arc brightoned during o test. The eireuitd is chom
in Pigurs 3.9.3. I§ 48 oporated by o pulec from Nm, 2 Timing Unit,
vhdeh aetuates o CR éiﬁ*euit controlling tho ocutput puloe duratica.
| Composite with this part of the eircuit o o ualt for differcnbticldy
I brightaning the current and voltage wavelorsd' go that g‘agﬁ

' ¢ransionts are elcorly sech on the pocord, (It hod bceh .

i

| proviously found that the high froquemcy transicnts wegs teo fast [

it@ leave & troce on the photog&'aphie‘ poper). The unit is supplicd
' grem o otablicod power oupply. It also pernite Sndividund brightmosb
;cm%ml of cach eseilloscopo. Doth traces ¢n cither osellloseopd r
aro difforenticdly modulated togothor, but this hes net been found |
ipcenvonicnt., |
‘ 1% was also RECCOBAEY t@.m@di@f ths inteonsity msdulation ;
unite of tro oocslloscepss. Tho originnd and modificd cArewits

va?e ghven in Piguse 3.9.be

3.0 [ Serorn

| There 46 undoubledly only cne way o recoxrd the wolbtage,

eurront /
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' high and 60" circumference, mounted on a vertical ghaft. The drum

|
!
!

. a speed reduction of about 3/1. The face of the drum was turned
1 .
- . i 4n a lathe and there are two grooves to take 35 mm and 70 mm

i
t

' one wall of the box, the mount being equipped with a L0 t.p.i.

current and other parametdrg ‘of an arc, and that is to photograph
these wav‘éfoms displayed on a Cat?)ode‘ Ray tube, - The permanent .
records thus obtained are ind@spensgble for future reference. |

In the author's study of the are it was of paramount
importance to be ‘able to examine the traces in great detail with
respect to tiﬁé especially around current aero, and so a recording |
camera of fairly high time resolution was desirable. It was \
desirable to have a film speed of up to 100 ft/sec and to meet ‘

these requirements a drum camera was most suited since the

recordings needed only to be of short total duration. The drum

camers also had the advantage that speed control was simple.
The camcra consists of a wooden box 183" high x 25"

x 253", In this box is housed the drum, a steel cylinder &0mm

is driven by a 240' 3 h.p. motor through a belt and pulley giving -

recording material. S . [
The lens is a Wray f1 C.R.0. lens. It is mounted in

thread so that the very sharp focus of which this lens is capable |
can bs achieveds ... ‘ o S : 1
The traces to be ,photogf‘éphed are displayved on twn :

Cossor 1049 MKIII oscilloscopes with blue tubes of short persistance.

' The oscilloscopes are mounted facing each other and at right angles |

. %o the lens, mixing of the traces being accomplished by surface

silvered mirrors..

' As has becn mentioned the lens is capable of very
sharp focus, 50 ke/s being resolved quite sasily. I% is however,
difficult to achieve sharp focus for both pairs of traces

sinmltaneous];v/



'simultencously as the tube-face/lens distance is not quite the
same for both 'scopes and the dis'ta;'ac?e botween the lens and drum
' face is extremely critical being goout 7 mm. As little as 0,001"
. change in this dimension has an appreciabl‘e’ effeéf. on the focus.

. The size of trace obtained was governcd by the
idistance between the oscilloscope faces and the lens. The minimum
tto which this ceﬁld be reduced was 9%“, the corresponding
;mgnification being 0.2. This meant that the maximum amplitude of
I trace would be 0.6"., Both traces from onc oscilloscope were
‘ superimposed so that the maximum amplitude could be obtained for
'both traces. It was seldom found to be ineconvenient or coz’xfusing_.
! 3 10,2 Recording Paper and Pxracessing
The first essential in the recording of the arc

!
i

;parametors using the drum camera was to have clarity of trace for
examination., It was also convenient to use a photographic medium
;vfnich lent itself to ease of handling and developing.

| Various types of film were experimented with. 35 mm

' film and paper were used initially, and both green and blue C.R.T's
iwere tried, Finally it was decided that, for ease of handling,
; cheapness and clarity of trace, Ilford B.P.l blue sensitive ‘

: recording papér was the most suitable,

! The paper was developed in a 23 gallon Polythene bucket °
| !

usmql/ I0 33 high contrast developer. A stainless steel trough
5 6 foet long was used for fixing. Those records suitable for

. examination were thoroughly washed and glaged,

When the r.r.r.v. tests were being conducted, it was
necessary that the arc be blowm out so that a record with a fast
| tims base could bz obtained.

A/
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A cylinder of nitrogen was used to blow a high

velocity ‘jet of gas'onto' the arc. The’ jet was formed by a piece

of 3" I.D. rubber tubing through which the gas was forced under a

pressure of 1500 p.s.i. The jet wes played onto a point about an

from the fixed contact because the actual arc root is extremely

. difficult to move. The method was surprisingly successful, even

" the most severe arce were always extinguished at the first current E

4Cr0.
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f . MEASUREMENTS

The medium used for the recording of a test was
'photography of the arc parame;ter waveforms, To avoid unnecessary
icomplexity, two double beam o:scilloscopes were used to photograph
on],y four waveforms on one record, The choiée of 't.hese four | 2
‘parameters and the method of translating them into voltages | ' !
fsuitable for recording is the subject of this chapt-er,@ see fig Al)
t“es 1 Curpent Measurement

' There are two distinct regions of current flow in an
arc. During t.ha' majo‘:c° bﬁrt of a half-cycle the arc current is
sinusoidal and very nearly equal to the short circuit current of the
system, For a brief period, around what , in a linear system, would
normally be current Zero, there is an interesting region of nearly
zero current flow, knmm as the 3ero pauae. In a high power circuit ’
breaker this zero pause is act;ually an mterval of, at the most,

1

feur tens of microseconds where there is no appreciable current, flcw.

In a free arc it would be expected that the different conditions

experienced would have a different influence on this particular

region, and an oscillogram of the zero pause might well kmre proved f
interesting, Howover, since only one , trace could be allotted to i
' arc current the lat.ter was dispensed with, in the hope (which was. {
‘: fulfilled) Athat , Elven & good oscillogram, one could examine this :

- l

' pegion fairly accurateiy with an optical magnifier.

As it was necessary to take frequent direct readings
 of the short circuit current, a current transformer was used to
drive an ammeter. It was found that the resistance of the ammeter

was sufficient to develop a small voltage across its terminals;

about/
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i

‘about 0.1 volt for a primary current of 254. This, at first sight,

'appeared to be a suitable way of measuring the arc current butv, due
t.o certain peculiarities in the wavefom it was discovered that
ithere was inductive pickup sufficient to make a emall error in |

'the current measurement,

Le,lZ.

g Mason (1952) studied the problem of current measurement
in arcs, primarily around current zero, and found that the most
;accurate method was to use a low value of resistance and to record
'the voltage drop across it. This device eliminates any phase shift
ioztf' inductive lag such as is encountered with current transformers.
The value of resistance had to be sufficient not to
‘require a prea-amolifier and low enough not to affect materially

the fault circuit, and yet not introduce high frequency oscillations
in the cable connecting the resistor to the oscilloscope. The

resistor chosen was a 0.02astandard with 2 econtinuous rating of

50A, the voltage developed varying between 0.k volt and 1.6 volts

r.n.s. according to the circuit current.

There are two co:m‘nonly accepted ways of reducing a high

' yoltage to one of suitable value for application to, say, an

|
!
!
i
i

oscilloscope. ‘They are the resistor and the capacitor divider,
‘both of which are simple and accurate. : o ,
‘ With the resistor divider, the balance of two eriteria
:must be found., A relatively large voltage nmst be applied to the
} oscilloscope to make any interference from mains "hum" negligable
3 and the current {lowing in the resistive loop must not be

. sufficient for t.he"arc to be shunted to give a form of resistive

switching. To satisfy these requirements the resistors would have

' to/
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to dissipat-e about 300 watts and have a resistance of about 30 - 35 K_(L
P ' Because capacitors can bokept low in value and still |
u;nhsiand the high voltage, they do not alter the circuit to the |
sia.me extent so far as arc extinction is concerned, A capacitor ?
d;,vidcr was used to measure the arc voltage and it consisted of ,
i‘ive 0 005 }Ar condensers in series as the input limb and five 0.005 )AF :

condensers in parallel as the output. 1imb giving a voltage division

éi‘ approxim&tely 2511. ‘

The princig}le investigations of the research involved the
qumtat.ive measurement of arc energy. There are three possible ways
of ingasuring the arc pewer, The first is by mcremental meagurement
of voltage and current with respect to time read directly from the '

cscillog‘ams using a magmii‘ier. This method is tedious and an
electronic nmltiply:lng device would have bsen advantagecus. "mc
were mcper:l.mented with, one a valve circuit and the other making use
cf the Hall offect. |

l+ 3 l The  2-squave Method of Mult.iplying

- ' The operation of ﬁmltiplying two voltages electronically

!

13 one which, until recently, has proved very difficult to perform
!accurately Although a valve can bs constructed to square a VOltage
accura.tely ’ there are difficulties in producing a valve with a .

sufﬂciently linear characteristic, to carry out multiplication. |

iﬂcwever one can, by the b-square method use adding, subtracting and ;
squaring circuits to mnltiply. A block diagram of such a circuit is:
shown in figure h.3:l:a and a suitable squaring circuit is given in
figure 4,3.1.b. Such a circuit was constructed and tested. The
addition and subtraction circuits were of the conventional type and

- Wers accﬁaté over a wide working range. The individual squaring

circuits, too, were satisi‘actory, but, when the complete unit was
assembled,/ .
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%assembled, the distofﬁiéh, espacially around the current and
' yoltage zeros, was far in excess of that which could be tolerated
jif accuraie resulis were to be‘obtaiﬁéd. Thé constantly éhanging
valve parameters imtroduced varying distortion, which woﬁld have
'necesgitated elaborate zeroing controls if{ it was io'be eliminated. E
éThe error in each unit of the circuit was of the order of 2% which
Eleﬁ to an error in the output of at least 10% according to the

| amplitude of the respective input signals.

This dovice was kindly provided by Messrs. Metropolitan-

: Vickers Ltd: It is a recent development using the Hell effect in

%an indium arsenide crystal..
| N The principle of operation is that if a field is applied |
iperpendicular to the largest face of a thin slice of semiconductor
Eand a current is passed across the crystal perpendicular to the -
Efieldg then a current is induced perpendiculer both to field and

%applied current, This eurrent can be used to develop, across a
|

}suitable load, & voltage which is proportional to the product of
|

the field and applied current.

The pla?e current was supplied from a 0.020 standard
éresistor'inserteq in the main current-carrying circult. The field y
Ewas supplied from a coil incorporated in the device; the current

for the coil‘was_’bled from the high voltage end of the switch - |
through a 50 Ko resis;or. The output voltage was thus proportional;
'to the arec current times the arc voltage.

. The multiplie; worked well and accurately under d.c.

'conditions. It was, however, unsatisfactory under a.e¢. conditions

in the reglon of current or field zeros. This was due to difficulty

in balaneing @he device at zero output. The effect was to produce a
large/
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' l&rge spiite on the output‘ voltage.
bk Arc Severity '

"»

?he mgsjor'ity of arc research worlkers have found the

- |
. inconsmtencies in their experimental results inexplicable. Even {
if electx‘ieal, meehanical 9 and physical conditicms remain identical 1

-during successive experiments, 'che arcing tims is not necessarily

Loy |

constant, giving rise to the idea that soms axcs ar¢ more “"severa"

i

ithan others. It is thg' author's contention that these discrepancies
?.re due tb the lack of control over the point of confacﬁ separation
%elative to the current cycle,

i - | The problem arising frem this is how to estimate the
ise_verity of an arc by observing the arc itsclf and not by analysis
92‘ its current and voltage.

l The value of the experimsnts conducted with a view to
-1solving this -problem is lesscned by the lack of control over the
| " .The first attempt at measurement was to detect the 50 ¢/s 1
zixoise cohtent of different ares. A microphone was attached to the

switeh frame and its output fed to an amplifier connscted to a C.R.O.

?he waveform recorded was distorted due to spuriocus noise from the
éwitch itself, so much so thgt the arc noise m?as swamped, The m_ethod,%
%oneeqnently, was unsuccessmi. | . | :
' ' In the next ekperiment an R.F. amplifier replaced the |
A.F. amplifier but no cyclic variation im output was obtained. It '
io thought, however, that observation of radiation in the 'S" or 'X*
bands might have yielded useful informaticn.

The most promising method seemed to be the measurement
df f.he light from the arc using a photo-transistor. If one are is
more difficult to interrupt than another, given the same interrupting

conditions,/
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:conditions, then its degree of ionisation mist be more intense ;
This will lead to an mcrease in temperature and consequently an 1
increase in light. The 1light output from the arc can be transferred'
;to a voltage, using a photo transistor, and this voltage can be |
ompared qualitatively with the arc power. | |
: | Tempera.ture measurements were not attempted as the |
;equipmant necessary for this is complicated, and it was felt that
;the limited results which would bs available from the low-power arc
used would not contribute axwthing to the findings of other workers.

1
i
i
1

The behaviour of the arc and any relation which this

t

ibea.rs to severity was investigated using high speed photography and
;13 discussed in section 4.6, The results of measuring the light

~output from the arc are given in section 5.k

‘ Howatson (1954) has shown that the energy content of an

are pan at any given instant of time depends on the mathematical
'nature of the contact displacement. By evaluation of the formilae

f
I
l
]
|

t&xich he obtained for the cases of constant velocity and constant

,acceleration of contact separation; it can be shown that the nearer
]this is to the constant velocity case the greater will be the
i chances of interruption.

1

|
!
1
* To simulate the case of constant velocity displacement i
' the contacts would have to be separated by a very stiff spring so !
that tho equilibrium position is reached im a small part of the
total travel. The contact would then be free to continue at
- constant velocity the only deceleration being dus to friction, which
" could be kept small. This condition is very difficult to obtain
. and naturally therc will always be someperiod of aceceleration.

Por/
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For 'the- constaht acéeleration case a very léng weak -
spring would be required, highly compressed. It can be shown,
© howaver, (appendix A) that the timé taken fof any spring-mass !
| system to obtain 1ts totm incompressed position can only be
11% greater then the time taken for the ideal system (i.e. a long
weak spring) to move t.he same distance.

The constant acceleration case is mich easicr to ob?.ain

than the constant velocity cage (by the use of springs) and, since
for the purpose of‘ verifying the theoretical formulac it does not a
matter which case is selected, the constant aceecleration cage was
chosen (section 3.6.2.).
o It was necessary to measure accurately the opening time

; and speed of 5eparation of the contaets so that the effects of the
movement of the contacts om the arc could be studied,

| The acceleration of the moving contact was mich too
great for the uge of any purely mechanical measuring device such
as. a Flﬁtchers' Trolley mechanism, Electro-mechanical devices
held a certain amount of promise but it seemed that with a switch

of the type used the only really successful measuring devices

!would have to be purely electrical. ‘
| A Tufnol rod, 1% in diameter and 10" long was wound .
1swit.h 16 s.w, g. resistance wire. The potentiemeter sn formed was

: supplied with 24V D.C. A spring loaded wiper was attached to the
steel collar on the moving contact but no matter how tightly the
‘wire was wound, the wiper inevitably distorted and stretched it.

‘E | A linear carbon tracked potenticmeter was next used.

It had é resistance of 100 (7. ‘The wiper, which x'an‘on rails, was

en integral part of the potentiometer. A brass, and later a steel,

rod/
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'rod was used todrive “the wiper. The ‘wip@r supplicd was rather [
flimsy end a mqre:'substantiall ong was fitted. Hoﬁever, although B
‘the wiper was smooth fmnning under no-load conditions', 'it‘ jemmed in .
the guide rails mihen running ‘a.t speed. It wag therefore apparent
fthat the 'most succeséi\xl measuring device would be the one whieh r
"had no mechanical attachment with the switch -
I ( Fourteen holes » 1/32" diemeter, were drilled vertically l.
: t.hrou@ the moving contact, 2% apart. A beem of light was shone 5
throu@ the holes onto & phot.o—transistor beneath so that, as each :
hole paseed across the beam of ugm s the photo—transistor was |
: nergisedp transmitting a pulse to the C.R.0, The displacement-tims
% graph can be réadily obtained by measuring ¢hs distance betwsen the

pulses on the oscillograms.

i
t

The holes in the rod, however, bscame clogged with oil

7 from the bushes under operating conditions and while it would have

l

! been possible to . enlarge the holes and so eliminate the clogging, ]

‘ 1% was deemed unwise becaunse of ths already high stresses obtaining
1 in the rod.
E It was possible to discontinue further investigation in
this direction when it was arranged to take high speed films of the

are., By this; method the diaplacement of t.hfe moving contact. was

!

 easily and accurately determined.
¥ A graph of displacement versus time for the evitch is

f shown in figure 4.5.1. The graph shows the average of eighteen
opening operations. ‘The meximum deviation from the average was
2 milliéeconés in tho total opening time, The movement consists
' of 22 millisceconds of constant acceleration, the parabolic constand
deviation in |

' of which is 0.0068 for the units used. The maximu
+ this constant between openings is 2 0.0003. These figures
illustrate/



‘ o 50 o
;"i]..lust.rat,e.the consistancy of operation, The final u/millia‘éconds ;
.of travel consiste of a decrease in acceleration; in fact the |
:movemsnt beeomés, approximately constant velocity inm the last T
15 milliseconds, - o | C ' S |
: The great improvement in opening time with rés'peé:t"ﬁo thei
:travel of . the new switch compared w;th that of the old é#fitch is ‘

',,also illustrated in the figure.

¥

[

It was realised that if a comprehensive study of arcs i
'‘wag to be made then it was desirablé 5:1f not essential, to 'corx.-ele.te‘
%the physical properties of the arc with its electrical 'propertieé.' |
icémination of the ‘initial stages in the growth of the arc and of

Ethe period around zero pause werc the main objects of the high

i speed photography.

1 .
‘1 , The ideal camera for the purpose would have been one

7

' .
iwhich had a framing rate of the order of 100,000 por sccond and

! ‘ 4
iwcmld cover about 30 milliseconds of arcing, - Examination of the

1

|
|
|
; |
irelevant literature (Reports in Progress in Physics, 1954, The i
;Joumal of Motion Picture Engineers and other similar articles) I
'showed that cameras could be, and have been, designed to meet the |
‘ . R R i
‘above specifications. being mainly of the rotating prism, mltiple
;lens, or image dissection, types. #As far ag is lnown, hmever,; B L
isuch cameras have bgen built only by the user and they arse not in '
! .
'production, so that no camera which would mset the above
'specification was availsble.

_ . There were two cameras available which could photograph
~ 'the are for a reasonable duration and at a falrly high speed, These

-

;were the "Fastax Camsra® manufactured by Woblensac Litd. and the

Langham/
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| Langham Thomson "Courtriey Pratt Sories 600" Cemera., The u
,Langham Thomson camsra uses the image dissection technique

. perfected by Professor Courtney~Pratt (Courtney-Pratt 1956, and

i
[

.Courtney~Pratt & Thackersy 1957). It is a variable speed ;

]

fmachine with a framing rate betweenl,000 and 150,000 fremes g
- Eper second. It takes 300 pictures on a 5% x A" photographic ’

' E,plate.' At 100,000 fremes/second each frame is 12 b secs in
éduration». Each exposure therefore covers 3,6 milliseconds.
é“fhis mzang that the camera could only be used for speclalised
isﬁm@y of the arc such as zero pauge or extinction, The

.camera embodies a projection device for playback but the
;resolution. of the picture i only 5 lines/mm (a normal

-

‘ .
' photograph has a resolution of well over 100 lines/mm) and

f

'the plcture is subject inherently to "ghosting.? A camera

|

;of this type was available and several exposures were made

 lusing 1t. A picture was obtained im all cases but the

: ;de‘@initian was low and the frame by frame change in
;intensity did not permit any measurements to be taken,

I .The Wollensac "Fasiax“, -camera is a rotating priem,
imoving film camera with a nom#a.l framing rate of 10,000

‘pictures/second. By reducing the frame size with & smaller

' “gate" and by increasing the speed of the primm the framing
‘pate can be increased to 20,000 pictures/second. This |

i‘cémera is extremely suitable for photographing Along duratioﬁ
?a?cs because it can take 100 £t of £ilm covering over 1/3rd

e me—CE S —— -

sec, of arcing, When run at 15,000 frames/sec. over 5,000

o e

:pictures are taken. , _ ?
Twenty arcs were photographed using this camera

‘and a great deal of useful information was obtained. :




The first study of the high speed film was to

find howthe arc develops from. the tiny spot at the instant-t

. of contact separation to the characteristic arch shape which:

. one sees with the naked eye. The movement is very much

:more complext than was at first thought. A sequence of
:photograpﬁs for the development of a typical arec is showm
' in figure 4.6.1. It can be seen that the arc remains J
| relatively straight until the third half-cycle or, to be.
%more general, until the moving (lefi-hand) contact reaches
%the end of its tiavel. During this early stage of arcing,
Ta small cloud of arc gas builds up around the fixed contact. !
. The importance of this cloud is discussed in section 5.3.
iOn picture 4 the moving contact has just rebounded froem the
- energy absorber. This results in a "kink" in the arc which
| accelerates its upward rise which is now increasing in
§Velocity. The are column becomes thicker in section and

fgives the impression of being more stable by virtue of the

. build up of lonised gas around the are channel. During the

 period of contact separation each zero pause results in

i

almost complete diffusion of the arc column whereas at

‘later zeros a considerable cloud of high-temperature gas

‘persists. It would appear, therefore, that it would be
I easiest to extinguish the arc at current zeros falling betwe%n
ithe time when the moving contact leaves the cloud of gas ;
;surrounﬂing the fixed contact and the time when the moving :

i contact reaches the ond of its travel,

From picture 5 onwards, it can be seen that the
‘arc leaves the fixed contact upwards, and the moving contact ?

Zdawnwards./
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:domwardse This is a general éffect s for which no

| explanstion can be found, The reason is probably that

?mgnetie ‘i‘ields set up around the contacts are such that i
> no maﬁter the polarity of the -zonﬁact the effect iz to

' deflect the arc upwards at the fixed contact and dowmwards
fat the moving contact. These electro-magnetic effects are

\probably responsible for the helical shepe which ths are

2 T ST X W R T

‘adopts during the early and middle stages of its development.

:‘Zhe exact shape of the arc camnot be determined from two {
}dimensional photographs but a good estimation of the .shape
%can be determined from pictures such as 7 et seq, It seems
étha.t’. the arc starts as a straight filament and develops to |
Ea small diameter helix, having a pitch usually equal to the
igap length, Sometimes the helix, which is distinectly
irregular, has a pitch of § the gap length as showm in
Ei‘ime L:6.1, As the arc duration increased the dismeter of
the helix mcx'eases until it is destrcyed by a short circuit
’:!.n the arc channel, This is shown in picture 15. The arc

;then agsumss the characteristic arch shape as shown in

i@icture'léa The whole sequence covers 8 cycles of arcing.
fIn this time the arc has attained a length of more than 12°
z(it.s exact length ¢annot be deterninzd sinee the 2ye dsss
:Exot-, lie in one planc). Singe the arc reaches a length of
7% in 30 msecs the natural rate of increase of are length

 — o T T | AT

tan bs estimated to bs about 4O inches per second. The arc
rises at a rate of about 25 inches per second due to ‘
¢convection,

The short circuit in the arc channel provided the
e:mlanation/
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Ea@lanation to an unusual geature in the arc voltage
éwaveform; This is showm in morec detail in figure L.6.2.
Picture (a) corresponds to (a) on the oscillogram. The
loop in the arc is closing de:m on the upsheot at the fixed
-,contact. At (b) & streemer has broken.across the narrow gap
;?,umich contains a hrge number of ions and conseéguently has
ia low dielectric strength. Although it may appear that the
f;g&.p is approximately 1% wide and t.hereforé fairly cool and

gstz’ong,; the camera aperture was £ 22_and in fact the
background to the arc was pure white. It seems likely that
the extent of hot gases is mich broader than indicated by

4

;the photographs. At (b) the majority of arc current is

flcwing along the original path and so the arc voltage

R s

! remains high. At (c) howsver the arc current is flowing
g through the short circuit, the loop being in the process of
: dscay.

i

! about 100 volts from an original level of over 200 volts,

L

i the arc length being reduced by approximately half. This

1%,

This results in the sudden drop im arc voltage of

' adds weight to the argument that Ayrton's law holds for this'

i
i type of arc (section 5.5). At (d) the arc has assumed its

! naw shape and the loop of gas is rapidly diffusing and
cooling.

18

Copper and its alloys have been used widely as

. contacts in circuit breakers. That copper should be chosen
is unquestioned because of its high conductivity bub it
also posceoses another property which makes it preferable

j to other motals for use as contacts, This property is

' illustrated well in figure L.6.3. The sequence of thres

pﬁétogmphs/
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: photographs shows the arc burning oncopper av une ieiv
' hand contact and on the steel rod at the right hand contact.
; The arc is burning mch more inmtensely on the steel rod 'ané

i the arc channel does not decay to the same extent during a

! current zere, at the right hand gide as it does at the left

hand side. It appsars that the number of ions in the arc

space is greater when the arc has its roots on steel than

. st G s

when these roots are on copper. The work function of copper

lies between 3.85eV a_u'xd ho55c7 while that of iron in between|

< mx

L.0LeV and 4.76eV., It may well be that in the case in hand
the work:,ﬁmctién of the copper is highér than that of the

steel, thus explaining theenhanced .emission oiz the steel

:? contact. It is probable, however, that the high emission

is due to the presence of & fairly high percentage of carbon |

:in the ste&l, Thils, of course; would make the éﬁﬁmcandjeecem

r - Figure 4.6.L, apart from illustrating the very
.. complicated shape whiech an arc cangssume, also depicts an

" unusual phenozenon which the author has termsd a secdnda.ry

i arc. Unfortunately this secondary arc only occurred once

% and so no detailed information can be given. The secondary
l::zu:’c: is the offshoot from the left hand conta 9 : The .first

' photograph in the sequence was taken 2 maecs; after current
.gero. The secondary arc reaches a length of 14" in L msecs.
T resztlt;mg from a velocity of over 30 ft/sce. The arc

reaches. its maximum length in picture (c) and then decays

" as rapidly as it appeared. The term “arc” is something of
" a misnomer in that it appears to have only one root. It is
' interesting to note that the direcction of the secondary arc

'is/
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Q;is the sam@ ag that followed by thne maln &rc wnhem 1n 1vs
‘initial stages. It is aldo worthy of note that the are

f“robt from which the gecondary arc emanates is burning on

‘the steel rod. It scems unlikely that the offshoot is

iactually an arc, It appears to have only ons root and its

'appearance is not that of an arc since there is no well-

‘defined channel. It cannot be @ droplet of beiling metal
H : i

. isince this wcﬁld drop vertically and not at the angle of
':lbso shown,: It may be a jet.of‘hot gas f?om'a hole in the

'steel rod but there is no definite explanation.

i
é Anoth.e:'e striking feature of the arc which was
grevealed by the high speed photography was the considerable
time taken for the are chamnel to decay after extinction.
;Figure 14.6;55 shows three photographs of the post extinction

:period;. ‘It can be scen that, even after 60 msecs,, remnants

) '
.of are ges can sbtill bs distinguisheds Bearing in mind

itﬁat the back@omd to the arc is wﬁite,?- the arc probably
Etal%es well over 100 msecs. to diffuse completely.

“ | The rate of rise of the arc due to convection was
%measured and found to be 25 inches per second: This can be

‘compared with the speed of travel of 300 f£t/sec, reached by

i _
larcs im cireuit breakers, such as the are chute types;
: ;

:;designed 2o extinguish. the .arc by increasing its length and
?consequ@ntly its voltage. The inefficiency of a switch with
no forced extinction media is consequently illustrated.

| An attempt was made to observe the zero pause
iphenomena but because of the short duration of this period
Znot muach detailed information could be obtained. The zero
gpause period usually covers about 1/20th iasec;,, which means

' that the whole period occurs within one frame of the £ilm,

| The/
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' arc root. ‘I’hey then evaporate due to the high lemperature

' and become dense balls of metal *éapour. The film indicated

. . after about 6 half-cyclea.‘ |

- 4l = i

The c'mlyi i.nfbi'mlation. which was found was t?h'at‘ there was & |
tine léangf a'pprq':itimaﬁely‘ 50 }As“ecs; betwéen the arc: ;
restrﬂdh‘giat éﬁe contact and the other,. The rate of.travel ;
of the arc "front® is thus of tho brdgxf of 0.175ins/psec. | }
(22 miles/second). ' i
| In several arcs thér‘ex appearasd just aft.er a |

current zero a small bright spot about 4" in me within |
the arc chan?ield These ebots' are apparently tiny droplets

of matal which have become detached from the contacts at the

that they mist be extremely light since they were carried

‘ back and forth at half-cycle intervals as the ionms moved froxm

3
:

one contact to ‘the other. The spots gradually dispersed

The preceding pages will have shown just how
ugeful high speed photography can be in the investigations

of arcs and provided a study by itself.




CHAPTER §

EXPERIMENTAL RESULTS

This chapter contains the major results of the

.research, namely the effect of altering the instant of
:contact separation relativé to éurrent zero, on the total
arc energy up to four half-cycles. In all, four main tests

- were carried out, two at 2400 volts and two at 3200 volts.
iIn both cases the maximum and minimum currents, and,
iconsequently, power factor were used.

Several other minor investigations were carried

kut and the results of these are also fully discussed,
:‘5.1

The ;are current waveform was sinusoidal axcept at

1

ithe zero pause region. Sometimes at £he higher currents
?here was slight distortion in the waveform due, in all
%robability,'to overloading the transformer. TQese small
?eviations {rom sinusoidal were neglected when ;alculating

@he arc energy.

N

Ny

-A«—MP‘.—*‘A‘.‘ .

s to increase the resistance of the arc space, by the

)

application of a strong deionising medium, to such an extent
?hat its dielectric strength is sufficient to withstand the

!

,restriking voltage., The shaps of the arc voltage waveform

shows, to a large extent, whether or not a circuit broaler

The principal of arc extinction in circuit breakeré

.
T
M
+
i
i
)

is performing as it should. It is worth examining the reasons’

ﬁfor the shape of arc voliage waveform usually encountered
!
‘so that the unusual waveform found in these experiments may

'ba/
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' current continues to flow in the space between them through |

. voltage is relatively low and virtually constant, and a

. waveform in figure 5.2.1. By making general assumptions it

: peaks.a?e degenerate as shown by the typical arc voltage

- 49 -

pe treated in its true perspective.

“When the contacts of a circuit breaker 6pen, the

a chennel of ions, formed initially by thermionic emigsion
at the contadtg and sustained u& jonisation due o6 the high
temperafdve generéted py‘the arc. As tﬁe current decreases ]
towards a current zero, the number of ions being produced pe?
unit time decreases while the number'of ions recombining '
under the effect of the gas blast or dthéf deionising medium!

emeins at a high level. The resistance of the arc space,

and, as a conseqpence, the voltags, rises until at current

zero it reaches & maximum, If this resistance is sufficiént?

to withstand the restriking voltage, the arc will be extinguishéd9
P

but, if not, the voltage will reverse its polarity as the

current ﬁroceeds on another half-cycle. As the current
increases se the number of lons éradueeaiwiil incredse, the
resistance will ‘decrease, as will the voltage and the
process will be repeated. There is, therefore, in the course
of a half-cycle, an initial peak of voltage (the reignition
peak), the major portion of the half-cycle where the arc |

, a
final, or extinction peak, towards the end of the half-cvele:

In a free burﬂing arc in air there is no such ;
~ r

forced deionising process and the reignition and extinction

can be shown that these waveforms are exactly as would be |
expected in this kind of arc.
The arc voltage is determined by the current and

resistance/ \



‘V the rest of the waveform can be built up as follows.

B TR Lt T S

. than n, but the difference between np and n, will be greater;

produced, n, and the number of ions recombined, n_. The

rasistance thugie

Vae I!'a ’ 'o.o‘v.b‘oo.a'o.-.ot (1)

Neglecting the zero pause region for the moment,

| ‘i
The arc resistance at any instant of time depends |

on the inverse of the number of ions, n, present in the

¥a ° kl[%ﬁ]

At any instant of time the numbers of ions presentﬁ
: ’ i

arc space, i.e.

is equal to the differance between the number of ions | !

|

number of ions produced depends on the temperature of the

arc, ‘I‘&, and is governed by Saha's equation, so that

np = l2” Ta:lz

Slepian (1930) indicated that the number of ions
recombining per unit length of arc is proportional to the
number of ions present (diffusion loss) plus the square of
!

]

the number present (recombination loss) but it is unlikely

that the latter term will apply to an arc in which there is
no forced deionisation. So that >
L R [ns;] ak {_TJ

|
‘
¢
If the arc is to be sustained np must be greater j

{
’
g
7
y
1
¥

: when the arc current is increasing than when it is decreaainfg.

. variation/

f
The arc temperature lags the arc current by an '

angle (S (section 5.9) and it can be assumed that there will
be a further time lag,€ , between an ion being produced

and the seme ion being lost by diffusion. The temperature
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T‘v.aar'ﬂ.@‘t‘,iv:.un over .a half-cycle wills'ﬁé as ‘sahé;v}x in figure 5.2.2.§a.°
The number of ions produced will incréase greatly with ' ;
5increase in temperature as glven by the Saha equati.on. i

i _ vAs the arc temperature docs not fall to gero at
EIaa o there will always be a ‘certain .munber of ions in the
%e;rc space, This puts a limitation on the arc voltage at ;
;cumnt zZere because, ifn =0 at I3y= o, r, uould be infinite
;and so at o+ r a wauld be large. The waveforms of np and n,
'will thus be as shown in figure 5.2.2.b, n, has its peak
-Evalue at .(-T{#S) while n, has its peak volue at '('%‘_45 +€),
The value of n, will be less at O< than atg_\'- because the
temperature' will fall appreciably during the zero pause.
?‘\The' values of n, at O+ and T will be similar because the .
number of ions mcombining will also depend on the s:i.ze of
ﬁthe arc channel, ‘which determines the distance they have to
travel to reach a suitable mpnmture for recombination and

which depends on the current flowing.

The number of ions present in the arc space is

éthen‘ the difference between np = n., this being shoxm in
Zfigure 5.2.2.(c), . : ;
T The arc resistance r, is derived by taking the i
reciprocal of n and by miltiplying r_ and I (figure 5.2.2.4.);
:the theoretical arc voltage waveform is arrived at in ‘
figure 5.2.2.e.

Most of the conditions of the arc parameters have . ;
beoen satisfied in this analysis. It would be expected that ;
't.he arc resistance would be considerably greater at the
Peginning of the ha1f~cycle than at the end. As the arc
du:at.ion increases one would expect § to increase , and this
trould/




‘would conéeqnently'§hift‘the voltage psak away from zero.

. This is confirmed by the oscillograms.

!

[ U —

It has been assumed that ths arc length hag
 remained constant throughout the duration of a half-cycle.

:Since n, is also & function of arc length, in ﬁhe practical

fcase n, will be greater towards the end of a half-cycle.

,This will make only a small difference to the value of n

;

!

5 The assumption that the arc resistance is likely

and does not effect the principal of the analysis.,

‘to be greater Jjust after current gero than before it is

%supported by Mason (1952) who gives a graph of arc resistancé
versus time just before and after current zero. He found
éthat for a circuit breaker working at 10 1bs/sq.in. the
:maximum resistance was reached Z}Agecs. after current zero.

;Fof higher pressures the maximum resistance was reached

nearer the current zero.
: The arc resistance is of the order of Lh O at the !
:

»peak arc voltage during the third half cycle and has a

Yhen a deionising medium (nitrogen) is applied at
‘high pressure to the arc, i1t can be seen (figure 5.3.3.) that

I
1
5
?minimum value of 2. i
!
' the extinction and reignition peaks are more distinct. ;

The methods previously described were used to
‘evaluate the power and energy dissipated in about 250
-different arcs. The results of these mpasurements are

‘discussed in this section, and the effect of altering the

phase of contact separation on arc cnergy is shown to be

'consgiderable,

In/ |



In all cases the pawe'i‘s and energles quoted are

¢

for that part of a half-cycle &uring which separation took !

place and the subsequent three half-cycles. Any conclusions

dravn refer only to a free arc in air beiween copper

¢
¥
y
e

electrodes, the results to bz expected from other intermpto%s

being estimated later.

. cyele increases in ncarly all cases and the pewer is

" about 7 for Q = AOO, and about 20 for € = 20°. The arc

The .aré power was plotted to 2 base of time using ’
maasurements taken directly from the oscillographs and four ,
typical curves are reproduced in figure 5.3.1. O is the V
angle at which separation took place prior to the first ‘
current zero., HNo distinction was drawn between separatims i
on the nsgative or positive half=-cycles. |

The are power dissipated im each successive half-

approximately sinusoidal in shape. It can bs seen that, i

at the first current zoro, the difference in the power !
i
dissipated by the arcs is very marked. From a purely energ%

point of view it would be very much sasier to extinguish
{
the © = 20° arc than the O= 122° arc. It can therefore !
!
be conecluded that the nearer to curront zero the contacts :

separate the less likely it is that the arc will reigpite

at the start of the following half-cycle. }
In the second half-cycle the respective maxisum :

powers increase greatly; by a factor of about 3.5 for 0 e122§°,,
‘ i

energy is correspondingly increased, so that at the second : 

' current gero the arcs are very much more difficult ¢o o

. extinguish than at the first zero.

‘In the third half-cycle the marked difference in

- the power and energy of the respéctive arcs, observed in the

" first/
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‘first and second half-cycles, has decreased considerebly,
;although;thé O = 20° arc power continues to increase. This
lis possiblyvdue to the arcs becoming more stable or to some
%peculiarity in the individual arcs such ésfeﬁhanced emissi&nl
3a€ the céntacts (ﬁ:Zch would reduce the are voltags), It
‘may alse be due to/inherent. disadvantage in the mothod of
:measurement, namely the difficulty of positioning the ‘zero %
voltage and current line accurately, This error glves a ;
*1arge value for the arc power in one half-cycle ‘and a smaller;
'value the next, the tobal error will be negligable over four i.
halfacyclea however. ;
| : in the fourth half-cycle the maximum power reached
'in theﬁ% a 122o are is much greater than might be‘anticipatedi
;f?om éﬁnsideration of the previous halfecycles. In this arc;
;thé mgving contact has reached the end of its travel and so-

1
‘ the cnange from a strazgh% filament of arc gas to a twisted

chann@l will have taken place: This results in an increase

o —

|
|
, in arc voltage, which is proportional to are length and does
{
|
t

not dépend on time;, The § = AO arc digsipated less pcwer-in,

 this hali‘-cycle than the 20° arc. This shows the effect of
1 !
‘a ahgrt circuit in the arc which was shown by the oscillogram

: to héve cecurrad just prier ¢o the meximmm surrsat..
£ The graphs also show that the greater the maximum
‘ § _ '
.power the later in the half-cycle is this power roeached.

1

fsanée the current has its maximum at %'g 3g P 5;-5 the

' fifst are voltage peak must ‘e reached later in the case of

ol : :
_arics of longer duration, This supports the theory:that the
f ‘
plase difference between temperature and current changes

th increasec im arc duration.

The/
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'The' phase of contaét séparation has, therefore,

an appreciable effect on the power dissipated especially
during bhe first and second halfa-cycles of arcing. n
| The are poﬂer was integrated using a planimeter i
and t.he botal energy was plotted against (‘) l\!ot all Valueé
of energr me@sux‘ed are. plotted in figure 5.3.2 for the .
aake of clarz.tya a random selection being chasen to give ann

]

impress:.on of the scattex' of ths results.

|
‘Ihe graphs an slope upwards shwing that there '
is more energ released if the contacts are separated
further from cumn% zero, The graph indicates that at tho
i‘ourth GOFe the are ia more likely o be extinguished if '
9 :l.s nearer to O %h&n if it is near t.o 180°, The x'atio ‘
of arc energy Wa. when Q s 180 to that when 6 = 0 is
appro:d.mately 2:1 for all powers used,,

¥

For b case "h” ‘:.he rt. circult current was

"S

o omoucndde
193

1‘7 8 amps and the open circult voltage was 2400 volts, . ’
| wa( eno ) was 5b :]oules andWa (E) 180 ) was 108 jouleaf

glving - - : - : , ?
. B . ‘ . . L Lo B . §

| . 2 s 2,00 ,

* vhere 5 s Wal(Os 160%) “

' - Wa ( O = Oa) :

‘The scrresponding values foF *w otlier tests are given in :
, ‘the follcvdmg table.? is the shert circuit current, I, times
" the open cix-cuit voltag&,v,in kilowatts. , | '

. Wa EIG o v
P lay b e @ D = 180 Z’
. R | joules.. ,joules .
86.5. | 83 163 1.96
s, 0§ w23 2.09
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P It ean ba coon thot 5 , wnlch 48 a moomuro of tho |

okfectivoncse of p&mmén control ﬂ,m aoarly constant, having

aa average value of 2.06, Tho elpge agrocment in tho valueai

" of 7 40 comahot cuspledous duo to the deviatian im sevoral ' |

! roadings of Wa of I0F from moan, bub the gemeral indieatieon ~

is that 4t i nearly eongtont, Ifz.' in recapenoble te agsvmo |

| that 7, will remsin about 2.0 for £reo oreo in Q4P RO mALLOP l

i what thedyr value of P, Xt appoars, too, tﬁat the are em@?@"
diooipoted bgr the axe io not the only eritorien of the @ham@a

g of emm@ti@‘a of on are simec % 4o rec@@n&sed that o 20 A |

ore 6 much movo @3€ficult to dmtesrupt them o 10 ki are,

|
|
i

semarkobly high valuo of /, ebtelaing ofier four holfecycleo |

irrespeetive of thoir rolative voltages. Hewower, tho

f eonnet be overlegked, and it gowm that;, evan 1f the pﬂ.@m@eé

' 35 not complote, the exporimonts are worthy of furthor

!
inveotigation on o more ﬁ'@aliatﬂ&; %mé 0, higher pamr,;- '
B6alo, r

' It wao found that, &t somo valueo of phase s:amﬁmgi
the 274, 2400V are wao extinguishod at ¢the fivot current !
gero. Thio g chem by the drep 4n volues of Wa im the
géav,ph for those arco in figure 5.3.2. BDBebween the polld !
1inos no ares survived the fm?az nere and botwoom tho dett.e@li
\ lines, 56R0.ares continued to bum for many more h&lﬁ’-@ycloa ’
i wh&lo others tre ezz%inmi@he@o In RO 648C WAO 47 0¥ »
| virdeh ouevived tho £irot ore, oxtinguiched ot the sosend, |
. thizd op foupth zdmg oxténetien wao ochieved only whea At
| are veltage bosoms comparable with tho fayam voktage,

After 1% has boen chem thot ar are whleh

cemmoness Vo burn just boforo sore 40 cosier % imborrupd

 than eno uhich hao started ad o groater velwo of § , and yoo !
. these/
- Ghoon
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?these suceessful interruptions ta.ke pl#ce only for ’
' goparations between 55° and 70° there are cvidently other :
ifactors affecting interruption, In a free-arc switch the

:only other variable is the displacement of the moving écmtact?.
If in en ideal circuit breaker the contacts could L
Faeparate with sufficient velocity to hold eff the rcignition :
fvoltaga at any point .in its travel, then clearly it would ;
ibe best to separate its contacts st current sero. In

;p?actice s however, where some acceleration period is

:inevitable , soparation at current zero would lead to izmediate
ibreakdezsm of the gas, bscause the gap length would be

|

|infinitesimal. As O is increased there will come & point

; :
;when the energy content of the gap is low and the gap length !

:is sufficient to hold off the restriking voltage. In the :
:case of the éxperimental switch this region lies between 55°
‘and 70°. Bayond this the energy eaﬁ“*nt of the gap is too
;gréat to allow sufficient deionisation in the Z2ero pause to
%withstand the mignition voltage, although the gap length
would be ample to withstand it if called upon to do so,

0

lzero or until such time as the arc voltage bocamescomparable
! . o
lwith the gystem voltage. ' i

;
Th:l.s also explains why no extinctions:oceur at the second ’E

!
‘ That thare io an optmum phase of contact sepamtion
\can b@@:plalned analytically be consideration of arc energy
azwl contact displacement as follows., Suppose there is an
;fext.inction ‘level, £, dependant on gap length and arc cnergy
such that when it 1s axceeded the are will extinguish at the
;K‘irst zero. L must be a function of the gap length, 1, and

‘an inverse function of the arc energy, Wa,. The arc cnergy

fox/
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; for the first half-c¢ycle increases rapidly with increase in-

B, and so ;}5 will be infinite for Q' 0°, dropping rapidly
ias 8 increagses and reaching & minimum as Q approached 180°. | |
‘The gap length increases parabolically (constant acceleration)
,a.nd so F,( é"’) (1) will have a maximum value which, in this ';
5case lies between 55° and 70° and the extinction level () |

!

jwill be exceeded betwéen these values of O . "

f The values of 55° and 70° only apply to the circuit
ltxseer.i. If any parameter is altered the phase angles between
?whieh extinction ccours will also alter. In the e;cperiment
;describeel in section 5.7 the rate of rise of restriking
ivoltage was altered and the results shown in figure 5.7.1 !
jwere obtained.,
, Howatson (1954) 'suggested that the opt..ﬁmam are
;duration would occur when §) was between 2 and 3 radians.,
IIn his calculations he used figurea obtained from ._zl. getual
fcircuz.t bresker, He also noglected dissipation., The effect ’
Eof neglec‘_bing this is to dacrease O, In an actual circuit
Ebreaker it is uniikely that the value of U, would be so large
Eas in the case of the switch used and this; too, would i
idacrease O . His ealculations involved the uss of the rate

:of dielectric recovery in the arc space and, of course, the

jfate of recovery would be many times greater in an actual

S . s s e

gawitch than in the cxperimental switch. If the rate of
?dielectz'ic recovery is low the optimum value of O will be‘
Lower,

i The values of Wa were compared with those obtained
.using Howatson'’s equation. In figure 5.3.3 ﬁhe solid lines
vrepx’esen% W as obtained fxfom Howatson's eqmgtion while tho

:pointe were plotted from the oxperimental results., Several

typical/
!



i typical values are quoted in‘t‘:fa.{;’)le‘ 5.3.1 and the elose
% agreement is satisfactory. 'Nearly‘ all thé experimental
. values lie below the theoretical values which is to be ’
expected since dissipation was neglected in the calculations,
‘ The manufacturers of modern alr~blast circuit
. breakers hope to achieve extinction at the second current
? zero. The figure 5.3.3 shows that if the contacts are

i scparated just before the first current zero i,e, at
Q- & T (e), the energy liberated by the time of the second |

; current 3ero is only about a fifth of that which would be
liberated had the contacts been separated at B = 2 77 (-).

I

!

i The use of phase control is therefore more effective with
g a more efficient circuit breaker, ,
E

i

In figure 5.3.L, Wa is plotited against current ?‘

iwith 4 as a parameter. The graphs are straight lines !

' which shows that for a given O , Wa is directly |
: propoi’tional to the circuit current. This indicates that
i the system voltage does not affect the energy content of

the gap during the arcing peried. In a frec arc in air the

sysﬁem voltage only determines the duration of the are,

‘iThe large -difference between the energy content of an arc

%when separation occurs at 9 = 2 7 compared with that at

, 8 e T is showm clearly,

j:5éle' Ihe, :
| During the transition period when the are current
;is reversing its polarity there is a ccmplicatéd period of
;voltage and current oscillations. There was no consistent
;pattem of transition in this region and 3o no general rules )
‘of the restriking phenomena can be laid dovm.

The zero Paidge region usually lasts for about



TABLE Dedele

Comparison of Theoretical and Experimental Values of Arc Energy

between 6 = 120° and © = 360°
17 A. L6 A. 26 Ao 80 A,

e° 2,00 V. 2400 V. 3200 V. 3200 V.

. Wa We Wa We Wa We Wa We
120 2 143, 40 5.0 | 262 2.6 | 5ok |3.8/11
180 Lob 562 2.8 8.6 5.6 5.0 | 1746 | 1852
2,0 1241 { 117 2Ll 21.8 13.5 1245 | 3561 | 3Lo1
300 20.2 | 19.6 MeO | 37ek | 23,0 | 2242 | 59,0 | 43/54
360 34 3063 68 6148 37.6 3l 106 97
N.B. In this table Wa = Theoretical arc energy (joules).

We = Experimental values of arc energy (joules).
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' 1 millisecond. During it the current is virtually zero
. 20 ' _ '

‘ but undergoes a high. frequency oscillation of around

{ .
+ 100 ke/s. of amplitude less than 300 mA. A typical zero

: .
i pause is shown in figure 5.L.1.

.

i » The voltage generally takes the form of a recéveryé
, transient, that is, a negative psak followed by a fast rise
‘ in voltage and then a high frequency tranéient of "abcﬁut .
F %’; millisecond duration, This high frequency {ransient has
a variable duration between O and i% msec. Tho gap then

breaks down pesulting in a sudden dvop in the are veltage %
: after which the arc voltage settled down to continue the-
half-cycle in the normal manner. The negative spike is '
t usually about 200 volts and the positive transient occu;z's |
t at a level of 250 volts. . The general values of total swing
are usually between 450 volts and 680 volts. These values

are independant of 8 and of the duration of the arc.

The :difference batween the darc voltage just prier
to zero pause.and. just ‘after 1t 'i$ usually 140 volts and
this value, too, is independant of ‘0 aond are éumtion.

The effect of blowing nitrogen across the arc space
was to reduce the duration of the zero pause to about 200 sécs.
' This is approaching the low values whieh sccur _i_gg artunl |
- circuit breakers. |

If external capacitance is added to the circuit
' across the arc gap the zero pause assumes a definite pattern’
as illustrated in figure 5.4.2. There is no negald ve i
; voltage spilie and the rate of rise of the positive transient
is, as would be expeected, much slower. The transient reaches
: a value of 650 volts after 150 }A gecs. before breakdown occurs.
This may loed to & simple methed Of determining

: the/
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. the dielectric recovery curve of the gap. Using different !
. values of capacitor, the voltage level reached &nd the time i
! taken to attain it could be measured, so that a curve of

3. dielectric’ strength against tims cotld be constructed, It
appearsp from the limited results available that the

1
'

,dieleetric strength” increases rapidly with tims at first amd
zthen levels off,

Ag mwntioned 4n section L.L several mathods of
'estimating are aeverity were investigated. The only method
which showed possibillties of qualitative analysis was the
measurement of the light output of an arc using a photo-
mransistor. The reagon for investigating this in the first
place was that some arcs appeared to the naked eyes to be
brighter than others, It was thought that this might ba due
to the difference in duration of one arc from another, but
this wag discounted when it was lateg found that an arc

; The eircuit’ shawn in figure 5.5.1.a was all the

1
|
¢
¥
uaually burned for between 35 and 4O half-cycles. ) {
I
!
!
apparatus necessary, t

The photomtransistor was Placed inside
the hardboard box surrounding the experimental switch, The :
bax was painted matt white and the direct rays from the are

were screened from the photo-transistor so that the box

fbrmed an integrating cubs, The phota»trans;stor ugsed was a

Mnllard OCP 71. From figure 5, Jel.b. it can be seen thet the

current output is proportional to the light input for const&nt
wavelength light,

It will be seen from figure 5.5.1.c., however, that
if the wavelength of the light is not comstant the photo-

tranaistor output will not be linear. This is ene of the
drawbacks/
i
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dravioacks. of the wethod since it is. very likely that the !
arc will be predominantly green (the characteristic colour
of copper) at’ the boginning of its life and will gradually
change to I_'white 88 the are duration increases. It is ’
also‘likelry that there will be a cyeclic change in colour,

prebably ii"roia yellow to white and back to yelleow, in the
course of _ia hal f-cycle, 'There will alwgys, of course, be a

i

green cemonent in the colour.

}
Howsver, using the oscillographic records qaalified)

by the abpve conditions it was noted that the light outpub

t

© and then decays towards current zero, At the first and

eaeconé,;and oftez;-' the third, current geros there is no

wae very law quring the first half-cycle but after the t.hird;
halfacyclé the output increased greatly. This is to be ;
expected since while the contacts are separating the arc
current has to heat up a large volume of air in order to
mainte.tn;itself; It is also very narrow and so does not ’:
emit mé light. '

‘Z‘he arc light waveform is not sinusoidal in the

course oi‘ a half-cycle, increasing slowly at first, until 1

. after 3 ‘msecs, it assumes a sinuseidal shape for about ) mseé;s.

J
i
{
b

?

measurgble 1ight cutpnt. from the are, showing that the are

'f

) ehaxmel deionises almost completely. At subsequent zeros s

. there is an mcreasing quantity of remanent light., The

i

»light waveform also becomes more sinusoidal and after the

': sixth; halfacycle the cyelic amplitude decreases while the

geneml level of light emanated increases stcadily. After

, exti?nction the light decays exponentially, reaching its

K

' original zero level after about 4O msecs. The high speed

8ilmg showed that the arc was still visible after 60 mseces.

and/



" and so the photo~transistor was unable to detect low valucs |

- of light, possibly due to defects in the imtegrating cube.

The voltage drop which occurs bztween the anode
and cathode of an arc is split into three distinct reglions;

, the cathode drop, the anode drop, and the positive column ‘'
i

| drop may be as high at 10° volts/cm) while the third, which
| ,

ioccupies the major portion of the arc length, has a relativelvy
' !
l

drop. The first two have large voltage gradients (the cathode

i
'low voltage gradient.

1} )

Mme Ayrton (1910) was the first worker to investigate

b

+
]
t

rany relationship there might be between arc voltage and I

‘length. For d.c. arcs of short length between carbon ;
!elect.rodes she showed that ‘
vV, oo ¢ \Ql s l"‘i—é‘l"

a

-iwhere v, = arc voltage 1 = arc length (mm) i = arc current:
fthe current used was less tham 30 amps. For an arc burning |
zbetmen cépper contacts the values of the constants are
| o s 15.2
g = 10.7 f
Y= 21.4 . ’

§ = 3.0

Not long after Mme Ayrton's work was first pubiished in 1902,

Professor Steinmetz (1906) gave ,

C e 0
‘ Ya s o@,1¢ <1JT )

In 1925 Norberg showed that

: vauoz"o(é-’:>1

énd E.R.A. workers found that the arc voltage fitted the

equation/
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Va [~ Vc — 1 <& Al )
{1 ?

;
!
4

~ depend on the contact material and other physical parametersf.

i
’

equation

 In the above equations the constants ol ,‘@ , ,g » ete.,

1 is the arc length
1
, A 1is the instantaneous voltage per
i ' unit length of arc proper

¢

{
v is the cathode drop ’
| Nottingham (1923, 1926) found that the atmospheric arc of |

constant length could be represented by a general equation !
of the form li
. Ko '

va & Kl % ';_ﬂ ;
|

|
|
, i
' of this equation was found to depend on the absolute boiling;

for a large number of contact materials. The exponent, n,

point, T, of the anode. n is a linear function of TB’ thusi

v ) b, !
: , n = 2,62 x 10 TB ;
{ -

g Thus for carbon n = 1, and Nottingham's curves agrec well

t with those of Mme Ayrton., For most non-refractory

i

' electrodes n lles around 0,5 (Cu0 = 0.64) which adds

' support to the formila where v_ is a function oi",j i. Por .
‘ .t

tungsten however n = 1.4 and consequently Nottingham found
%

‘ that, in some cases, it was necessary to usc the boiling
;point of the metal oxides. n varies slightly with pressure

i
' and the nature of the electrod surface.

Grotrian (1915) found that for low current arcs
"between copper contacts the are voltage could be expressed

as

Vaéoo(12.8¢‘3'§‘i)l

a
1l isg in cms.

He also found that the length dependant term was approximately
the/. ‘



-0 -
the same for all contacts, suggé;sting that 4t is'a

! characteristic of a long arc in air. The first term

¢ represents the anode ¢ cathede drops.

It is probable that each of the above equations,
| which profess to express the same thing, is nzarly right
 within the limits of its own application, yet none is
strictly correct.. Mme Ayrton's refers to short d.c. arcs
up to .30 amps while tﬁe E.R.A. equations are f@m long a.c.
arce up to 1600 amps,

The majority of workers on the theoretical study '
of ares have found it necessary to assume a linear relationship
be’cween the are voltage and length s in order to simplify ;
their calculations, There is good experimental support for ;
t.his assumption if the extinction and reignition peaks are (
neglected. But Seelinger found that, for currents such as i

these encountered under fault conditions;

o A1 »éi__'#\‘ig

i o et . e . e B bt . 2 i e e = o snm o &
3 o . <& B B - B i o i e o e

t
there being no length dependant term. This could be i
eexplained by ‘the arc becoming saturated with ions at high ’
currentse ’ '
In order to supplement the above work it wag ' |
édecided to attempt to i‘ind a law governing the arc voltage .
?for a long a.c. arc.with currents up to 46 A R.M.S.

5 6.2 Method of Approach

,‘ Ter Horst and Brinkkmann (1936) using a constant
;Ilength arc measured the arc voltage by evaluating the R.M.S,
~A‘:va.luc—:° It is a very different proposition to spply this
?method to an arc whose length 1s conStantly changing.

It is, however, reasonable to assume that a law

' might/



" might be found if a given point 4An ths voltage cycle is
" chosen at which to také measurements. By varying the :
" instant of contact separation, the time taken to roach this '
point will be different. So that, assuming the arc length
| 1g the same as the gap length during electrode separations,
! soms form of relationship between arc voltage, length, and
i current should be found if Ayrton's law holds, ;
i

A suitable point to choose is that at which poak

}ere volts are reached since it is more clearly defined than |

. the miminmm are valtage which occurs near the middle of the

|
l half-cycle. Also a greater degree of accuracy is obtained §
! |
isince the peak arc voltage is approximately three times the i

!

minimim value, . o
; : !
‘5"6‘3 Results ‘ |
! The following results therefore apply to a long

ja.c, arc in air, the arc voltage always referring to the peak

§
;potential difference reached during a half-cycle, This peak
!
'lusually occurs 1 msec, after a zero pause and so the current

%used in the ecalculations is 4 = I,sin 18°,
| .

gcan be seen that there is a definite relationship between t.heé
| - ;
iarc voltage, length and current. The are wltage is greater

The results are plotted in figure 5.6.1 and it

the greater the are length inferring that there is a @ 1 tem.
‘i‘he graphs cut the woltage axis, end since the abscissae depend
on the current two constant terms are implied one of which

is inverse current dependant. These are the A and —E— E

ﬁems of Fme Ayrton's equation., The slops of the graphs
varies inversely as the current suggesting that there is
dlso a E"?‘ term. However, in t.he light of Nottingham's
work the current dependant terms are assumed to depend on

the inverse square root of the current 20 that the equation
of/



cof the arc voltage is

:’a c‘oﬁélél +'L.&S°—l

i

'

'If 1 is in cms, the values of the constants arec
' = 35.6
f = 96,0
¥ e 1.9
b = 77.0 |

: These results agree up to a point with those of other workers.

¥

Relating the author's equation with Mzs Ayrton's (which it
zresemblss most) it can be seen that of the constants only

1
;(g agrees with the values quoted in section 5.6.1. ﬁ also

agrees with the corresponding equation in the Grotrain
%bquation. In this equation the non length depéndart terms -
é.ota.l 60 volts whereas in the author's equation these terms
ére (35.6 ; 'l-é‘*g‘_i ). This is l2ss than Gprotrain's value, hig' |
éumnt being 3 amps. His & term is very much less than

&he author's and this is probably due to taking measurements -
at the peak value of v, ‘ '
o _ chever the results have shawn that- the arec voltage; i
does depend on the arc length and that the assumption that ;
Agyrton s Law holds for long a.c. -arcs is valid. The
éorréétness of using |1 instegd of 4 cannot be verified
w?th the limited graphs available,.

For large currents, such as those mst with in
cﬂ.rcuit breaking the current dependant terms become
insignifieant and the equation reduces to

Qla = A 2 ﬁ 1

At current zeros however these terms become large and indicato

the presence of extinction and reignition peaks, The
equation/

i
'
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. dielectric strehgth o withstand the rastriking voltage.

' It is constant for a given current and voltage, but will

" increase if the voltage imcrouses (since the maximmm

f
|
§
i
i
!
|
\
i

i
|
!
!

[N

- The limiting case is when contact separation occurs Jjust

Thoreases
restriking voltage increases) and if the cur?ent/(since the '

arc space will be more highly ionised). The most prominent i
effect is that the range of phase resulting in extinction .
widens considerably as the capacitance increases. The fange:
of phase is not symmetrical about the phase angle at which %
extinction occurs with minimum shunt capacitance. With a
current of 17A and an 0.C. voltage of 2400v. thé rangelof
phase is between 55° and 70°, For a parallel capacitance |
of 0.5pF 1t is betucen 25° and 180°, Thio indicates that
increasing the capacitance is more effective in extinguishing

the arec if the arc length is long, It is to be expected

. that even if the r.r.r.v. is low the arc will restrike if

after current zero. Then the r.r.r.v. would have to be slm%
enough to allow the gap lemgth to increase sufficiently ;
during‘the current zero period to hold off the syétem ' ;
voltage. If the gap length is lafge then the gep length ?

. r.reP.v, has only to be slow enough to enable deionisation

(which.is enhanced because of the long are length) to
exceed the breakdewﬁ level. ‘

The experiment wgs repeated for 254 and L6A arc
current and the extinction levels are shown. It can be seen
that, as the current increases, the optimum phase angle
increasééa This is because the deionisation has to be more

intense to hold off the restriking voltage for the same

gap length. Unforiunately the exact shape of the constant
capacitance/
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general 'fom,’ although in some cases the area of erosion

appears to move over the conmtact during a half-cycle.

The question arises as to the mode of formation
of these marks, to which elec.trode sach belongs and why the
deposit lies within the eroded portich. | i

In his book “"The Physics of Electrical Contacts® :
Professor Llewellyn Jones, describas the erosion patiern for
copper as a hemispherical crater and a ring of deposited ;
copper concentric with it. He also says that in one case
where there was arcing, "... the direction of transfer was
clearly directed from anode to cathode.® In a later chapterg
on metal transfer he gives the view that the greater
electrode logss should bz fram the anode in short arcs while ,
in long arcs the predominent loss would bz fraom the cathode.z

It would appear by the follewing analysis, hewever, that
\d the erosion at an anede.!

The electron flow in an arc is from cathode to ;
ancde any any ions will ati';empt %o reach the cathode. ‘
Because of the high temperature of the arc roois (21,00%K) )
ovaporation of the contact material will take place. Howevér,
it seems likely that the atoms released will be ionised by ‘
electron bombardment and will thus tend to make for the
cathode, Furthermore evapor&tion at. the cathode will bs
suppressed by the above process. The ions will thus tend t@A
collect at the cathode and will cover an ‘area more or less
equal to the robt arca, Similarly the evaporation will
cover an arca equal to the anode root which is generally
accepted to be the 1a,rgere

If a eycle of arcing is consz.dered, a deposit oZ’
copper will appear on the cathode and a crater will be

burned in the anode. During a zero pause there will be a

navriad/



period of time between the last electron leaving the

. cathode and the first electron arriving back at the stapd

! of the next half-cycle, During this time the arc channel

‘wiil have risen slightly and no preference will be given to .

' a restrike onto the exact spot of the previous cathods. A%

. the other electrode, however, the first electron will leave

i

the new cathode almost immediately after the last electron

has arrived there (the interval of time being that for the

voltage to rise to the arc reignition voltage). There is

thus very little time for the arc channel to move and the
new cathode will form inside the previous anode,

This argument, although it is feasible and ties

: up well with the experimental observations, does not agree

with the results of other workers. Seclinger observed that

the presence of electrode vapour in the arc channel could

‘ only be detected around the cathode and anode, whereas in

the above argument it must be distributed (though not
necessarily evenly) thréughout the aﬁc space., However, _
thers is some evidence that there is copper throughout the
arc space. Cobineo for example, states that for an arc in
nitrogen between copper eloctrodes 9,,. spectroscopic

examination .... shows a strong Nz band spectrum, together

- with some copper lines." Deductions from anaylses by

! Suits (1935) shows that about 97% of the charge concentration

' in an arc is contributed to by ionizcd copper vapour.

Cobine also says that the cathode spot on a low

- melting point metal ... is usually in continuous random

é motion over the surface.” This did not happen in the arcs

observed, the motiom being random but cyclie.

It was possible to draw a few quantative

" conclusions/
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conclusions from the photographs illustrated, It is
estimated that the copper deposit represents the passage
‘of an average current of 11.8 amps. The arc in question
Ehad an average current of 15 amps, the difference being
fpresumably carried by gas derived clectrons. The anode
‘fcgrrent density was found to be 2) amps./sq.um, vhile that

‘of the cathode was about 165 amps ./sq.m.,
&
i

ldue to bending under the force of gravity during cooling.,
5 9 Iime Constant of the Axe

‘ The time constant of an arc has proved a
H

':necessaxﬁr‘ function in energy balance theories of are

extinction. Although Cassis (1939) introduced it indirectly,

Mayr (1943 a, b) defined the arc time constant and used 1t
Liez:teneively o

‘ " The time constant con be detormined from the
%;hase angle between the arc current and tiémperatiare
1(assuming the arc to be a linear CR network). K This angle
ran be found directly from the oscillograms; the angle of

lag betrreen Vp and ‘I gives 8 direcuy

| The angle § was medsured at the third half cyele

of arcing for various currents, the following results

being obtaineds-

v X . 60

‘ Volts | amps.

| 00 | 17 S a

g 2100 16 7.8

i 3200 27 13.1
3200 € Sob

A graph of I verses S was drovm (figare 5.9.1.)

énd the values are found toegree well with those of Ter Horst

Brinlaan/

i

: The unsymmetrical shape of the deposit is probably.
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- Brinlman & Ornstein (1935, 1936) and von Engel & Stecnbeck
b , ,

1(1933),

5,10 The Relationshir

The relationship between arc radivs and current
iwas found to obey the laws suggested by, for example,
ECassig.(l939). The results wsre obtained using the high
‘speed f£ilms, and are ghown in figere 5101,

The radius increases linearly with'increase in

current belng larger the longer the arc duration and greater

)
.
:
{
b
!
i
!
{

the distance from the arc root. The arec radius has a

[
B

%esser eyclic variation the longer the érc has blurned
?ndicating that the arc radius may be temperative rather
&han current, dependant. The arce radius increases gfeatly
with distance from the arc root up to about 3 when the
radius becomes appéﬁximately constant until the other
éontact is reached. '

t

i



CHAPTER 6. ’

CONCLUSIONS.

The preceding work has been carried out with one :
- object in view, namely to justify the adoption of synchroniséd
. switching. It is the object of this final chapter to tie
* together the foregoing work and use the results found to
; verify the relevant theoretical work done by Howatson. It
vis shown thereby that synchronised switching has real
poasibilities in the field of industrial switchgear,

' 6.1.1. Arc Enepay

' As far as investigations into the energy input
1 of arcs, which have been initiated at different points in

! the current cycle, are concerned, only Goldenberg has

o n e  en e

published a paper on the subject. It is unfortunate to find;
gtherefore, that in his treatment he does not concern himself’
twith the form of the moving contact displacement which ;
Howatson has shown to be so important. However the F
,iexperiméntal values ofiénergy input to the arc can be g
%compared with values using Howatson's equations, provided a ;
! modification is made with respect to the arc voltage. g
;Assuming that the arc voltage per unit length of arc, U , ;
éis constant except at reignition and extinction (where the
relaxation of this assumption is warranted by the short
duration of the phenomena) the fqllowing expressions were

derived for the arc energy.

IUO (@ cos O- [)

where Wa} is the arc energy input for the case when

800000 6.191.

and the arc length increases with constant acceleration a.
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Where Wa; is the arc energy input for the case when

JT>6>TW . Q is the total arc duration up to the first
%cﬁrrent zero in equation 6.1. and up to the second current
;zero in equation 6.2, ' : :
g - It can bé seen from figure 5. 6 that the peak

}arc voltage/gap length equation is of the form Uh °<*F£

that is the value of \ko is not zero as would be required|

;if the peak arc voltage/unit length was to be constant for

i

]
i
a given current. Similarly the average arc voltage as Q—PO E
e
! !
|

.is not zero but has a value of approximately 7 volts., It

:is reasonable to assume, also, that the average arc voltage/ ;

;gap length graph will be a straight line parallel to the

,peak arc voltage graph for the same current b out -having a i
Walue Va, = 7 volts. By drawing these graphs the fbllow1ng.

values of average arc voltage/unit length are obtained;-
i
}

|
|
;
]
i
]
i

. oI B

; amps, Volts Volts/inch

‘ 17 2400 m ;
| L6 2400 82 f
: 26 3200 135

; €0 3200 62.1 ‘-

To obtain the total arc energy input for the first |

and second half cycles a correction term must be added .to

'Walp and,Waé to allow for Uax0. The correction terms are

L o mo
given by " I, S 0 do o >0 >0
5 \JQ‘ W dT-e

| A 2r —
and " \.J“ j ‘_[_quj Son B 8 6.,4 J7> 0 T
‘ \JQ, 7 WO, .

W
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. so that the complete expressions for the arc energy input
are

| Tua (0 AN - ‘
o b (St ) A o] s ]

' LN

o - Ioa, 7 o
Tua[ 39 Zeﬁ—ooséf\\‘—%)*ch + Y%, [l—wsé] .
\\]QZ: '\'5_1 Z. W e9ces 6.191&

!
1
: The expressions are worked out for various values :

f H
1 of 6 and are given along with the corresponding experimental

" values in figure 6.1. Because the arc length is greater *
fthan the gap length, the value of arc voltage per unit length

) . {
Ewill be lower than is the actual case but this will be offseﬁ
i ' I
! by a corresponding increase in the acceleration due to the ;

same error. The contact separation is not quite constant |
acceleration so that there is an inherent error in applying ;

forrmlae 6.1,3. and 6.1.4. to this switch, The value of

[

I

!

!acceleration chosen was an average obtained from the high
!

!

twere taken several months afterwards the spring might have
t

1

!

_ .

speed films, It is conceivable that since the oscillograms j
!

!

1

. weakened and the switch friction increased. It is possible -
! ‘ :
* ]
+ therefore, that the value of acceleration, 1,405 ins/msec? f
' .
"is in error by about 20.05 ins/msec.z2 This error would

| decrease Wa by about 33%. The agreement between experimental

!

époints and the theoretical values is remarkable. The
iexperimental values in table 6.1. have been taken from the
| graph and approximated to the nearest whole number.

The values in table 6.1 can also be used to yield:
an interesting graph. If Wa is plotted against current for |
} different values of 6 , the resultant graph is a straight

line. This graph can then be used to determine the arc

? energy/
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energy input in a given switch for various angles B 0

" without having to work out the arc voltage per unit length

¢ for each value of current.

It might be expected that for zero current there

would be zero energy but, 6f course, there is a minimum

current at whieh an arc will burn for a given contact
acceleration and duration. In other words as %-*’O |
so the current tends to O andAa greéter current will be
necessary‘to sustain the arc as © increases. " The graphs
indicate both of those criterias. |

6.1°2D

Howatson indicated that, By continued integraiioﬁ

of equations 6.1,1., and 6.1.2. expressions could be found
for the energy input of an arc over as many'half-cycles as é
desired. Such an equation would not, in all probability,
gserve any useful function in indicating the energy content ;
of the arc since the assumptions and approximations become §
less valid as time advances. It is also unlikely that any

[

ciprcuit breaker would have constant acceleration or velocity
over more than two half-cycles. In explaining why the %
graphs of arc energy versus phase over L ﬁaif-cycles ié a |
straight line whereas the corresponding graph over 2 half- :
cycles is parabolic, the change in contact movement from
constant acceleration to constant velocity gives the ;
answer. The equation for the arc energy input with constant
velocity increase in arc length is much more linear than |
that for the comstant acceleration cose, and, since the
energy input for the third half-cycle is considerably
greater than for the first and second half-cycles (of the
order of 2:1) considerable flattening of the Wa - © graphs.

over/
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. over 3 half<cycles would be expected. Since there is a

. considerable reduction in increase of arc length/unit time i

. in the fourth half-cycle (it drops from about 200 ins/secc.

. to only 25 ins/sec.) the Wa = © graph would tend to flatten
. out still further.

6.2 General Comments

|
!
i
|
!
{
!
|
Because of space limitations the power rating of §

i the apparatus was of necessity lew,., Although it is doubtful%

; whether this has had any effect on the consequences of the |

|

i e
- results, it is possible that the assessment of the effectiveness

y
i
H
i
i
.
\
i
i
)
1
t
4
.
'
¢

|

'

4

[l
]

control. It is known that in the case of some air blast

6.3 Future Work

i
of phase control has been optimistic. In the case of a !
circuit breaker dissipation of energy cannot be neglected, §

|

and this will reduce the "effectiveness ratio" of phase

gear the only criterion @ff@cting interruption is the gap

length; interruption is generally successful at the first

zero 4f O >1£ and at the second zero if © 412’_. .

The design of the switch and phase control
apparatus was not in keeping with modern circuit breaker
practice and it is suggested that in future compressed air

!
!
i
]
{
i
)
i
f

is used to open the switch rather than a spring. By prcvi@iné
a bﬁffering loop in the operating cylinder much of the !
mechanical failure which the sﬁitch suffered could be

avoided. A suggested design is showm in figure 6.3.1.

The practical possibilities of phase control

could have been better investigated had a more practical

‘control system been used, A peaking transformer and phase-

;shifting circuit, although perhaps not giving the consistency

,of operation obtained with the rocking stator system, would

.

have/

w
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have been a more realistic schéeme. It is also suggested
i that a controlled ar¢ing atmosphere be used, for example,
" by providing an alr blast or similar deionising mesans.
" This would also give results of a practical type as the arc
. voltage waveform would resemble that met with in high power

‘ breakers. The first sero extinction range would have been
f

! widened in the case of the low current arcs (see figure 5.3.2.)

| and it would have bsen found that there was an extinction
| range for higher current arcs..
|

'
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DISPLACEMENT - TIME CURVES

FOR SPRINGS OF VARYING STIFFNESS
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TEST AND CONTROL CIRCUIT DIAGRAM OF SWITCHGEAR LABORATORY
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