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ABSTRACT

The decay of a horizontal A.C. @rc between t{:e elect.rodb.s of a horn
_gap was studied, With the arc initiated at the smallest gap between the elec~
trodes, buoyancy force causes the arc column to rise fran. bottom, accompanied
with increase in length., The losses from arc column, mainly due to conductione
convection phenomena in air, cause decay and consequent extinction of arc. The
process being inherently slow, arc was struck in presence of transverse magne=-
tic field of a bloweout coil, energised by arc curreat, Buoyancy force, being
augnented by electromagnetic force, subjected the arc column to rapid motion
‘through air causing increased rate of heateloss and a fast thermal clearance.

Results are given of experiments on arc duration under the action of
buoyancy force exclusively and also when an electromagnetic force acts in cone
Junction with buoyancy force. Magnetic field was found to have a marked influe
ence in causing a fast recovery consistently. The consistency of results in
presence of magnetic field was indicated by an appreciable decrease in standard
deviation of arc duration along with the significant #ecrease in arc duration
itself. Arc duration has been shown to be inversely proportional to maximum
transverse magnetic flux density at adequate magnetic field strength for the
magnétude of current to be interrupted. An empirical formula relating arc
duration to maximum transverse magnetic flux density and current to be intere
rupted has been obtained in terms of two constants on the basis of experimental

results,
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L1 INTRODUCTION

The interruption of gaseous conduction or arc discharge',. which

, ensues between spparating contacts in a circuit-interrupter is a field of cone

siderable investigation. Efficient circuit-breakers of large breakihg=capa-

city, capable of operating on extra=high voltage circuits have been built. But

these breakers, which are either of oil-break or gas-blast type have been deve-
lpped more on the basis of some tried and tested practice than on the basis of
any theory of gaseous conduction. The complex and varied natur;z of gaseous
conduction occuring in different types of circuitebreakers has been found to be
extremly difficult to analyse satisfactorily. As far as known to us, airebreak
circuit-breakers exist in the low and medium voltage range only, even though air

is a very good insulator at normal pressure. Certain designs 4f air-break

circuit-breakers are in the range of several KV but their size do not compare

very favourably with an equivalent design of an oil=break type.

The behaviour of an arc column as a flexible conductor, which can be
deflected, or even ' blowneout ' by a transverse magnetic field has been known
since the last century. This property of an arc column has found application
in airebreak circuit-breakers as blow=out coils, which stretch the arc columns
so as to aid deionisation. Magnetic control of the movement of arc column is

utilised in various forms in circuit interrupters, A D.C., arc can be deflec=

ted by the field of a permanent magnet. But an A.C. arc carrying an alterating
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current can only be deflected by an alternating magnetic field, The magnetic
field is produced by a magnetic circuit, energised by the arc current itself.

The present work has been directed in evaluating the efficacy of tt.xi.s method of
circuit interruption under conditions of severity of a power circuit., A circuite
.intemxpter as a_ protective device has to be 1008 dfficients The deionisation
of arc column, in this work,was mainly in the region away from the electrodes
i.e. major part of the recovered dielectric strength was in the positive column
of the arc. It was considered desirable to make an attempt to relate the
effectiveness of this method of clearing an arc, quantitatively in temms of the
magnitude of the arc current and the magnetic field strength. Since the are
duration i.e. the arc'clearing time ' is not a unique function either of the
current to be interrupted, or of the imposed magnetic field, due to the nature
of the physical phenomena involved in arcing, as well as certain other parameters
of random nature, it was also realised that a statistical method of analysis of

results muldf&f greater value in this investigation.

Greater eifort in the direction of extinction of an arc in air may
well open up new techniques, which may in turn lead to the development of aire

break circuitebreakers of larger breakingecapacity capable of operating on

circuits of higher voltages.



.o

Chapter - 2

THE ARC



1
% A FEW HISTORICAL HNOTES.

The discovery of Volta's pile in 1800 led to three classes of experi=
ments with electric current. One of the classes dealt with heat producijg effect

of electric current, more particularly with the spark obtained on making and

breaking a circuite These experiments led to the discovery of arc but it is

difficult to say where and by whom it was first obtained.

Sir Humphrey Davy's laboratory notes for the years 1805 to 1812 show
' a bright spark ! was obtained in the labobatory of the Royal Institution when
the tips of two pieces of charcoal, connected across 200 batteries " each composed
of 10 double plates arranged in cells of porcelain " were brought within 1/30
or 1/40 of an inch of each other. When the points were separated from each
other "™ a constant discharge took place through heated air, in a space at least
equal to four inches, producing a most brilliant ascending arch of light ". In
1820 , following Arago, Davy came to the conclusion that the arc behaves like a
flexible conductor, both attracting a magnet and being attracted by it. It
was on this occasion that he gave the name of " arc * to the electric fiane,
which he had earlier described as an " arch of light *, W, Petmfi‘zs of Russia

also discovered the arc discharge at about the same time as Davy.

In the nineteenth century mumerous investigation on D.C. carbon arcs
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were carried out by different workers. In 1852 an interesting experiment was

performed by Quet, who showed that a vertical carbon arc could be blown out by

the horizontal magnetic field of an electro-magnet., This is the m;sis of pre=

sent day blowsout coils employed in airebreak circuitebreaks.

Towards the end of the last century Mrs. Hertha Ayrton made extensive
research on the mechanism of and phenomena associated with the electric arce A

few of her notable conclusions are given belows

(1) Curves representing arc woltages against are currents for various

lengths of carbon arcs show an inverse characteristic and are split up into three

zones, namely silent arcs, unstable arcs and hissing ares ( Fig. 1 ),

(ii) In the silent region the relationship between arc voltage Vp and

arc current { for an arceleongth 1 is well represented by Ayrton equation-

Va = a+bl+ &4

where , agb,candd are constants.

(1ii) The curves comnecting the arc wvoltage and arc-length for various

constant currents are straight lines confirming Bdlund's equation ( 1867 ) -
R = a+ bl , where R is the apparent arc resistence; 1 is the arc-length and

a and b are constants for a constant current ( Fig. 2 ).

The work of Mrs, Ayrton and other workers before her deals with D.C.






arcs of short length and small power. But in the present day péuer system

engineering circuit = breaker designers are faced with control and extinction
of high power A.C. arcs associated with threeephase supplies at.'w.rery high

voltages,

2.2 INITIATION OF ARCING IN CIRCUIT=BREAKER.

The entire cycle of discharge occuring between separating contacts

in a circuit=breaker is termed as ' arc '. As the last point of contact
separation is reached, the current density increases to such a magnitude as
to produce a local rise of temperature. The temperature of such a point has
been estimated by Slepiat% to be given by =

T e _V2
335 Ky

where V = Voltage between the contacts = Volts
K = thermal conductivity e Ca.l/anz/ oc/cm

/O

resistivity of the material « omemn

5 and K= 1,0 , a temperature of3000°Cuay be

ForV =1, /= 10
reached at the last point of contact. This temperature is high enough to
cause metal vaporisation, The wltage stress appearing across the vapour

gap is then sufficient to cause ionisation of vapour and thus initiating cone

dition for gaseous discharge., Alternatively a large number of electrons can



be liberated from the atcmic shells either by thermionic emission or by

field emission from the last point of contact. The former requires temp=-

erature much hifher than 1000°C while the latter, a field of the order of

8 -5
10 wvolts/em. On ordinery smooth metal surface ( 10 = em is the finest

roughness that can be seem ) there can be little points where the focal

field may be materially higher.

2.3 ARC : THE GASEOUS ELECTRICAL CONDUCTOR.

2361 Disch_g_.gges in Gas Gap.

In the gas gap between two electrodes there will always be some free
electrons, With the application of a small D.C. voltage, the free electrons
will flow through the gas, the flow being impeded by collisions with the neu=
tral gas atoms. ( Fige 32 ). Soon all the clectrons and ions produced by
external agency will be involved and the current will stabilise at approxi=

mately a constant valuey independent of Voitage over a limited range. So

far the current is negligibly small and the gas is an insulator.

If the wltage is increased still further, a few electrons will
attain high kinetic energy, able to ionise atoms by collision and thereby

release further electrons and ions i.e. the current will commense to increase

again. Additionally some electrons will be produced by positive ions
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bombarding the cathode 3 this is the region known as Townsand discharge.

Upte this point the discharge is not self « sustaining as removal of ionising

agency cuts off the supply of electrons and the current ceases { Fig. 4 ).

On the other hand, with higher applied voltage between the slectrodes,
the free electrons will soon attain ionising velocities. These high-energy
electrons will on collision with neutral gas atoms, free positive ions and

electrons, which can then function similarly. The process is cunulative,

producing an electron avalanche and finally a spark discharge ( Fig. 3 b ).

The gas under this condition is conductive and can easily be maine

tained in a state of stable conduction., Subsequent to a spark discharge if
the current is limited to a low value by the circuit impedance a glow dise
charge with nearly constant voltage characteristic will be produced. Above
a critical value of current a decreasing ( negative slope) voltage=current
characteristic is obtained, and this finally leads to the formation of an

arc ( Fig. b ) ¢« Usually glow discharge occurs in gases in lowepressure
range ( Ool = 100 zm of Hg) where in the supply of electrons is limited. In
high-pressure range it is difficult to distinguish it from the arcs. But glow

regime may have important bearing in understanding postearc phenomena in A.C

circuit interruption,
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: 3
2.302 Production of Di SChE_IEG mio_xg.

Let us consider again a gas gap between two electrodfzs as a part
of a simple D.C. circuit. In the simplest state; the current is solely
due to motion of free electrons present in the gap ( Fig. 5a ).  This
system, however, lacks a fundamental requisite of a selfesustaining dise
charge, namely a mechanism able to produce required electron emission from

cathode. Cathodic emission can be brought about by field stress, teme
perature or light radiation,. Both glow and arc discharge require the

production of positive ions in a region close to cathode. Because of
some initial ifonising collision between accelerated free electrons and
neutral gas atoms a positive space charge builds up across cathode region
( Fig. 5b ) producing a voltage drop, termed the cathode fall. Under
the influence of this local field stress the positive ions are impelled
on the cathode surface producing more electrons. In the glow discharge
the current density is low ( ~ 10 amp/cn® ) and the cathode fall high

( ~ 300 wolts ), so that positive ion bombarment of cathode surface is
possible. In an are the current density is high {( ~ .I.Oh amp/mz )s
so that the ions, with low cathode=fall woltage ( ~ 10 volts ) can pro=-

duce high temperature at the cathode with consequent thermionic emission

in refractory materials such as carbon, tungsten and molybdenum. For

low=boiling=point materials like sodium, mercury and copper, the mechanism
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‘of electrons emission is not clearly understood, It is considered that

for arcs, with continuously moving roots, ficld emission can still play a

major parte  But for arcs with fixed roots, thermal emission should be a

major factor as for example, copper vapour will be 80% ionised at 1900°K and

arc temperature rises to about 10,000 °K.

As shown in Fig.5b, which illustrates the flow of currents and
not charge concentration, the electrons emerge into a region known as the
plasma. The plasma is almost electrically neutraly so that the positive-
ion and electron concentration must be equal. The required positive=ions
for neutralisation are produced by ccllision in the ancde region, where a
negative space charge and anode voltage drop exists. The discharge thus come
prise threeregions, namely cathode=fall space, plasma and anode=fall space.
The potential distribution in these regions is illustrated in Fig.5c, which

shows the potential gradlent is high at both ends compared to the main arc

region of plasma,

2¢3.3 Losses from the Dischagg_«i?

In circuitebreaking, losses from the discharge are important, as
successful circuiteinterruption requires that the energy losses from the dise

charge must exceed the energy input into the discharges The mobility of
positive=ion being small, the electron current constitute the main source of

current. Thus the losses depend almost entirely on the result of the elece
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tron collisions. ( 1 ) As a result of many non-ionising collisions with
electrons, the gas atoms gain considerable amount of energy and the tempera-

ture of plasma in an arc discharge can rise to 4000 = 10,000 °%K: ~  These

high temperatures produce both radial and axial conduction losses and give
rise to convection phenomena and loss as depicted in Fig.,5d. ( 2 ).Aton.tc
excitation occur from electron collision so that the discharge emit light and
loses: energy by radiation. ( 3 ) Energy losses also occur at the electrodes,
(L) Of the other possible loses which may occur, Figs 5d shows those due

to ionisation and dissociation within the di scharge and their subsequent

losfes
recombination outside.  For a stable discharge ionisation/by diffusion

must be balanced by new ionisation within the discharge, and such a process
is depicted in the diagram. These losses, which occur in varying degree
in different types of eircuitebreakers indicatef the intricacy of the arc

interruption problem,

2. ARG BURNING vcgnm-;.h’ 546

The relationship between the arc burning wiltage and arc current
should be of the fom =

Y o e (1)

/i

since the arc has a decreasing volteampere charastspristic ( Hg.@ ).

The arc column comprises of a main region of plasma with anode=fall space



15

and cathode=fall space at ends. The gradients at ends are practically
independent of arc length and so the expression for arc tﬁltage should be m

nodified to = e
B
AR B e (2)
’ i L ]
Actually, the relationship at atmospheric pressure has been found by Nottingham
to bg =
B
Vg ™= A+
" n (3)
i
where AsB = constants dependent on electrode material and arc length

i = current in ampere

N = 2,62 x 10"h T » constant which is approximately a linear

function of anode material absclute boiling
temperature ( T), and is approximately 1 for
carbon, 1.3 for tungsten and 0.65 for Cul:.

Above atmospheric pressure, the burning woltage is increased, the relationship

being of the type
V, = Mlog peN (L)

Where Myl are constants, p is the gas pressure and arc current and
length are assumed as being constant, Arc in pure hydrogen do not fellow

this law above 100 atmospheres pressure being unstable probably due to the

turbulent convection of the gas.
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2.5 ARC cmmcrmmcs.""‘

The form of arc voltage drop, as the current passes through its

sinusoidal form, depends on the type of breaker 3 but in general, the shape

one
takes due/or other of the forms shown in FigeT7. .

A plot of instanteneous values of arc woltage against correspone=
ding values of current; gives the arc characteristics, but more accurately
arc characteristic does not depend on the current but on the rate of cha;‘lge
of current 3 that is static and dynamic characteristics must be distinguished.

However, during most of the halfecycle the quantity di/dt/i is small and a
plot of V, against 1 gives the static characteristic nearly enough.

Static characteristic are said to be positive, zero or negative depending on
whether dv/di is positive, zero or negative. lNear current zero when
%is/ i becomes large, this will no longer be true, Consequently the arec
gap has a higher breakdown voltage near a current zero decaying with increa=
sing cument tc either foaaorc . In general arc has a negative volte
ampere characteristic ( Fig.8 ) as is given by equation ( 1 ) and ( 3 ).
With a confined arc, it is evident from equation ( 4 ) the arc voltage may
be increasing instead of decreasing due to pressure build up within the are

chamber consequent on the high temperature.



2.6 AsCe ARC

In AsCo circuit the current varies gyelically going. through
gero twice in every cycle, The anode of firstehalf gycle becohes the
cathode of nexte-half cycle and the phenomena is repeated periodically with

u\carcr?liungmurevuymrmtzm. At a current zero the energy

input inte the arc must be zero and so it would appear, the arc resistance

momentarily jumps to infinity forming an insulating gap. Actually due to

themal inertia of arc column, the gas gap remains in an ionised state at
current zZero giving arc a finite value of resistance, which leads to

reignition , Reignition is of two types, which are described as themmal

reignition and spark reignition. The thermal type is examplified by dige
charges with themmionically emitting materials like carbon. The anode of

the carbon arc is maintained at a much higher temperature than the cathode
so t hat when it becomes the cathode of the following halfwcycle, it is ready
to emit a copioms supply of electrons to carry the current, and no appreciable
rise of voltage is required to initiate the arc in reverse direction. With
discharge in hydrogen between copper electrodes,; on the other hand, conditions
are quite different, The current remains zero for a period of the order

of 100 = 200 _u«sec, and a relatively insulating gap is formed, which can only
be broken down by a high reignition woltage in the form of @ spark discharge.

In air and nitrogen, conditions seems to be varied and a transition from spark
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breakdown to thermal breakdoun may occur. In general spark type of re-ignition

are marked with higher breakdown voltage than that of thermalkype.
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G‘lapt.er-3

ARC EXTINCTION



3. INTRODUCTION

The extinction of an A.C. arc in a circuit breaker is .t-'undamentally

"different from the extinction of a D.C. arc. A D,C. arc is to be lengthened

or the arc space is to be so deionised that the arc bﬁrnlng wltage necessary
to support the current rises to a value above the applied circuit voltage.

The current then reduces to zero and the arc is extinguished. An A.C,. arc
burns with a low voltage drop across it and influences the course of current
in a minor way. In A.C. circuit, current reduces to zZero value twice in every

cycle, There is no energy input into the arc at such a zero pause and arc

extinguishes at or near such a moment,

The interrution of a fault current is one of the major duties of a

circuit-breaker, As system faults are mainly inductive, current lags the

system voltage by 90° approximately .i.e. at a current zero the arc gap will
have to support the peak of the eircuit woltage. This is a more onerous
duty thin when the power factor of a circuit is unity i.e. current and voltage

passes through zero at the same moment,

3.2 LINTERRUPTION OF A SIMPLE AlC, CIRCUIT

In order to study arc extinction phenomena, it is convenient to consi-

der interruption of a simple A.C. circuit with a generator, an inductance L, a
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condencer C, representing say the line capacitance and the circuitebreaker S,

as shown in Fige. 9(a). Initially the breaker is closed when the fault has

occured, Let the generator vocltage be .

: eg-Esinwb

then the fault current

E sin wt sut
l B st = If co
£ L /900

If the breaker opens at some time t before current zero, an arc will be drawn out

betwean contact gap burning with a low voltage V, » which is in phase with

current, Arc wltage Vg being very small, current will still lag the genera=

ted wltage ey by nearly 90°,  Assuning now an ideal condition, in which in a
small time embracing current zero arc gap momentarily changes from a comparatively
good conductor to a comparatively good insulator, a transient voltage of reverse

polarity will appear across the gep having a value

e, = Eg ( coswt -cos _t )
R e

This is an oscillatory voltage ( Fig. 9b) termed as the restricking voltage

transient. The first tem ( eg ) represents the fundamental frequency voltage,
called the recovery wvoltage. This voltage appears across the gap after final

arc extinction, The second term represents a natural frequency voltage, which

oscillates about the wltage level of e, with a frequency

2R Vv IC
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and has a peak value equal to that of &g - The total voltage swing is theree

fore 2 Eg from zero 1.es 2 {2 Vg when Vg is the r.m.s voltage.

The are space will have to stand the high transient w;.tage, tiil

* recovery voltage is established across the electrodes of the breaker, Evie
dently whether or not arc extinction will take place depends on the restricking
voltage transient and particularly its rate of rise. The natural frequency
of a power circult vary say from 5 to 100 Kc/s.  The period of the latter
wave is only 10 microseconds. It may thus be generalised that the time
available for the transition from conducting to an insulating gas space vary
from 2.5 microseconds,fe. the time required to reach the first peak to several
thousands microseconds depending on the character of the external circuit.

Arc extinction thus depends on the reaction between the behaviours of the gas

space and that of the external circuit.

3.3 THEORLES OF ARC EXTINCTICH

Most of the theories of arc extinction have originated from investie

gations into the circuitebreaker performance, so that these theories are mainly
concerned with A.C. conditions and the behaviour of an arc at a current zero.
Out of the various theories so far proposed, two are very widely knoun and
refferred to in analysing the behaviour of a circuit-breaker. The first one

is due to J. Slepian of United States ( Eesting house ) who in the period 192830,
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prr;posed a theory which is known as the Dielectric Recovery Theory. He
H
analysed the problem of arc extinctions as dependent on two factors, the rate

of recovery of the dielectric strength of the arc space and the rate of rise of
restrif!king voltage of the external circuit. In 1939, A.M. Cassie of Electrical

Research Association, Britain proposed ancther theory from consideratiof of the
energy content of the arc space and is known as Energy Balance Theory. These
two theories scems to have made considerable impact on the problem and will be

outlined here.

3.3.1 Dielectric Recovery Theory:

8,9
Slepian ?? visualised the arc extinetion phencmena as a rapld transie

tion fram an highly conducting to a comparétively noneconducting arc space embra

cing a current zero. The transition depends on the reaction between two

opposing forces which are called into play. The first is the rate at which
the arc space recovers its dielectric strength due to disappearence of ions and
the other is the rate of change of circuit voltage, which tends to reignite the

are. The theory assumes that at every instant after current zero, the arc

space recovers gcertain dielectric strength, which can be represented by a
unique curve such as curve ( a ) in fig. 10, iIf the restricking woltage is

given by curve ( b ) , which always lies below the dielectric recovery curve(a),






then the arc will be extinguished, 1f however the restrigking woltage is

! given by curve ( ¢ ), reignition will occur at voltage V and time At after
or
current z¢ro. In the words of Slepian, " the extinction/reignition of an A.C

arc following a current zero dependéd n the outcome of a kind of race between

t contending factors", = the dielectric recovery of arc space and the :e.stri!gﬁking

voltage transient.

A prerequisite for the application of this theory is the determination
of a eritical dielectric recovery curve for the arc space under investigation,
The theoretical determination of such curves for different types of circuit-breakers

e spetr e
with varied arc conditions ase oonsiderablﬂproblegs‘ in . Slepiants

oun attempt at assessing the dielectric strength of an ionised gas between

closely spaced electrodesin the open gave the value as

9 273
vV = 1093!10 X( T"'273) x t

where T is the absolute temperature and t is time in seconds. With brass
+)
electrodes, if its boiling temperature, 1200 C is taken as the temperature in

the cathode region, then-

6
dv . o4 x10 wolts/ sec.
dt

If the melting peint o*/ 940 °C is taken, the

6
dv . 1.1 x 10 volts/sec.
dt
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The theoretical values of the rate of recovery of dielectric strength are well

below the experimental walue of 25 x 1o6 volts/sec.

The formulation of this theory is based on the assumption that
" dielectric recovery of arc gap and restriﬁking voltage are two independent time=
varying quantities. Actually the dielectric recovery is not an independent

process as at every instant it can be modified by the existing circuit woltage.

However Slepian's contribution is considerable as he really first distinguished
between the recovery and rest.rifking forces. With experimental values of the
recovery of gas gap in a particular type of circuitebreaker, this simple mir

criterion of arc extinction can still be of great value.

3e3.2 [Energy-Balance Theory :

The existance of postearc conductivity in clrcuit-breakers excludes
the idea of simple dielectric recovery curve, Gas-blast breakers with high
postearc currents are found to clear a circuit successfully. Also high rate
of rise of rest.rlf'king voltage does not have marked bearing on the performance

of these breakers. These considerations led A.M. Cassiem’n

to propose a
theory of arc extinction phenomen@pin tems of energy exchange in gas gap during

the interrupting period.
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A sudden change in arc current is not accompanied with a corresponding
change in woltage given by Static Vi characteristic of an arce  The reason
is traced in the ' heat content ! of the gape Arc is a column of heated,

- dissociated ionised gas . Because of the thermal lag or ' hysteresis' of
arc colunn, its resistance or conductivity does not depart from its previous

value with the momentary change in current. The behaviour of arc can thus be

better understood in terms of a time-dependent equation in R .

Assuming a constant temperature through the positive column of arc,
which excludes the electrode phenomany varying area of arc crossesection, and
main losses being due to forced convection, Cassie formulated an equation in R

in 1938

az
dt L
where g = const.

In temms of instantaneous current; the equation reduces tos

. (1)

dt %

This is an energy=balance equation as the first term on right repreémts the

rate of heat loss and the second term, the heat input,

Tn about 1943, Hayrlz’u also deduced a similar equation in R,
assuning losses jue to thermal conduction only:, The equation iss

dR w N, R_ 1
- e (3)
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where in again the first and second term on right represent heat loss and gaine
’

i, is the rate of heat loss from arc column per unit length and Q, is a constant.

iIf the current in an arc were stopped suddenly, then equation (2)

reduces tos

_d-B- consts R = iRo

dt e
t/e
or R = Rge (L)
i.e. resistance of arc column increases exponentially with a time constant .

Reignition after a current zero can occur in either of two alternat.ijre
process. I1f the postearc current is less than say 10-1‘ Ay i.ee all conductivity
has prastically sessed, then only spark or corona break down can take place
governed by something like Paschen's law i.e. breakdown strength o / p dx.

This may be referred to as hard zero.

In the other process there is postearc conductivity, and the mechanism
becomes one of energy balance, in which rate of energy input exceeds the loss.
Slepian 1h’ faced with this situation gave a new definition for the electric
strength of the gap - the woltage, applied at any instant, which is just suffie
cient to keep the specific conductivity or specific resistance, of the plasma
constant., This voltage may be used for assessing balance , for which an indi-
cation of arc resistance at current zero is also necessary. If the current

linearly falls to Zero, then it can be shown that arc resistance at current zero
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i;t

2 e,
R- R
0 i (5)

- where e, , the wltage gradient in the arc 3 I peak value of current and

w = angular frequency.

The arc colum will be contracting in diameter because of axial flow
of gas but this will not cause arc temperature to drozi Hg'i)e arc colum will of
course be loosing heat by thermal conduction, which can bemlled diffusion loss
causing the axial temperature to drop. The specific electrical conductivity
does depend on temperature, Now to make the diffusion loss and to hold the

temperature constant, a voltage Ug be applied to the column, the diffusion loss

v o= Vg2 watts (6)
R

Hence Vg = const /R , since W is roughly constant.

Therefore a change in Vd increases as the square root of change is resistance due
to deformation only, This wltage Vg is the dielectric strength of the gap as

defined by Slepian,

The voltage appearing across the gap is no longer the simple restrigke

ing wltage transient but one which has been modified by the conductivity of the

circuit.  Now the problem is one of balance between enengy Vz& entering the

residual column from the circuit and the energy W, being lost due to diffusion.

If V'?R exceeds W after current zero, an'energy breakdown ! of the gap occur,



,» In the reverse process, R increases exponentially and the restricking voltage

rises. The energy input V% increases to a maximum and then fall off again,

this maximun being less than W.  The variation of Vzé after current zero

for a typical clrcuit is shown in Fig, {f.(a) ¥
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CIRCUIT CONDITIONS IN RELATION TO CIRCUIT INTERRUPTION
= — = A AL LY



IS § CONDITIONS OF SEVERLTY

The duty imposed on a circuitebreaker depends on a number of factors
_which have been temed conditions of severity. They include circuit power
factor, current asymmetry, earthing conditions, recovery voltage and reStrigking

voltage. BeS. 116 defines ' recovery woltage ' as * the normal frequency mms,

voltage that reappearsbetween the poles of 2 circuitebreaker after final arc
extinction > and ' restrigking woltage 'as © the transient voltage that exists

at, or in close proximity to, each zero current pause during the arcing time j
the important characteristics are its amplitude and its rate-oferise ( expressed
in V/as ) at the time of final arc extinction.  But in American terminology

'recovery voltage ! covers the complete wltage phenomena at circuit interruption.

h.2 INTERRUPTION OF LARGE INDUCTIVE CURRENT

The easiest duty is the interruption of load current when besides the

small value of current the power factor is high eg 0.8. But in a short

circuit the impedance is almost inductive but low giving a low power factor

( .15 or less )» This is a more severe condition as bhesides the large current
to be interrupted the arc gap has to support nearly the peak of generated voltage

at a current zero ( Figdb), when the arc current is interrupted, the voltage

at the breaker contact changes rapidly to nearly twice the circuit voltage.

The frequency of this oscillatory wvoltage ix in the simplest case is =
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-3

f = _.3‘_ 1 x10 KC/s.
2R LC

which is the system natural frequency. A high " rate of rise of restricking

*voltage "™ or RRRV increase the possibility of arc restablishing across the gap.

The amplitude of recovery voltage about which oscillation occur

modifies RRRV propationately. A 3-phase fault that is insulated from earth,

either at netttral or fault, produces recovery voltage in the first phase to

clear ( i.e. 2.5 E, ) which are more severe than those produced by single phase
or 3 phase earthfaults on systems with earthed neutrals, where the recovery

voltage is L, . A further modification in the recovery woltage is introduced
by asymmetry in the fault current. Depending on the position of fault in a

system and the values of system parameters, multiple=frequency restricking wltages

transients may be produced,

he3 INTERRUPTION OF SMALL INDUCTIVE CURRENT

When interrupting magnetising current of a transformer ( secondary
open=circuited ) or very small ( reactive ) fault current, a powerful arce
control device may force out the current Before a normal current zero. The
system energy at the instant of interruption i then transferred to parallel

capaci t,y7 such that

ng(e")a ={ 1.1;2
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or et =i, /—_lé

where -io = current at cuteoff,

With a high cut=off current and low system capacitance ( Fig. 12 ) e" can be

very high.  The amplitude of oscillation is now E + e + e",  This pheno=
néna is known as " current chopping " which is usually accompanied with high

over voltage producing sometimes multiple restricks with a halfecycle,

15
Lol INTERRUPTION OF CAPACITIVE CURRENT

The disconnection of openw-ended line or cable imposed on a bresker the

duty of interruption of charging current, which leads the source woltage by

approximately 900. If the arc goes out =t a current-zZero ( time x in Fig.l13)
when the vp.‘ltage is at its peak value, the line 'nd b remains fully charged at
the positive potential » e. Thereafter generator woltage changes sinusoidally
to e ( end a ) at the next peak, while the other end has a potential + e, so
that there is twlce peak to neutral voltage 2e ( 8/2 En ) across the break cone
tacts a transient voltage of thi;s magnetude ( 2e ) will be oscillating at natural

frequency of L and C about the negative maximum peak giving the maximum voltage

to earth as = 3¢ ( =3/ 2 En ), If the arc gap is able to stand this high

voltage, the voltage doubling process may be repeated at the next peak giving

be ( L/ 2 En ) between contacts and Se ( 5./ 2 En ) frem line to earth.

The woltage doubling process is limited by leakage losses: or a breakdoun of



38

system insulation,  The probability of the veltage reaching be is only
@

6.60001.

o5 EEFECT OF wasrmgglm VOLTAGE ON AIR=BREAK CIRCUIT=BREAKER PERFORMANCE

The regj-.zmce of a breaker has a damping efiect on the restricking

voltage, the main effect being reduction of R«R.RaV, The critical damping

16
resistance is=

nc-&ff‘g-

If the postezero bresker resistance(R) is efqual to er less than Re , the wvoltage
change between breaker contacts after current zero follouws an exponential form
i.c. effective damping has taken place. If R>> Rg s an oscillating voltage

appears i.e, restricking voltage has not been effectivelyp damped.

Tn airebreak circuit-breakers, the process of arc interruption

N
involves, the lengtlting and cooling of arc thereby increasing arc resistance

considerably., This reduces the phase angle between current and voltage, so

at
that the voltage/current zero is low and restricking voltage tends to be corres=

pondingly small, Moreover, the postezero resistance of these breakers is very
low due to the péresence of ionised gas in arcespace so that any restricking

voltage is rapidly damped, Restricking voltage has thus little effect on aie-
break circult=breakers.



39

i

3.\ Witir oil{breakers and alreblast circuit-breakers the post-zero

resistance is considerably high and consequently these breakers have little

damping effect on restrighing woltage.



Chapter = 5

AIR=BREAR CIRCUIT=BREAKERS




Sel INTRODUCTION

The airebreak circuit=breaker has air immersed contacts and arc is

initiated and extinguished in air medium, Arc is dreun to much greates lengths

in airebreak circuitebrealters than the short arcs associated with oilebreak and

rs

‘aireblast circuitebreakérs. The lepfthening of arc raises the arceresistance
to a high value and thus helps to extinguish the arc. The airebreak circuite
breaker is essentially a high resistance breaker while the two other main types
of breakers, the oil«break type and air-balst type, can be grouped together as

' low resistance ' breaker because of shorter arcs associated with them.

5e2 FUNCTIONS OF m:-c:mm«:17

Modern airebreak circuit-breskers incorporates an arc-control device
or arc-chute, which are made to perform three intererclated functions =
(1) to confine the arc within a restricted space, (2) to provide magnetic control
_of arc movement and (3) lastly to provide rapid eoollngi}arc gases. The arce
control unit is mounted Just above the arcing contacts. The arc is driven by

various magnetic means, into the chute, where in contact with arcesplitters or

cooling baffles or such other devices it is lengthened and cooled until it is



5.3  IfPES OF AIR-GREAK CIRCUIT-BREAKER.

Arcechute breakers can be devided into two types depending mainly
on the mathod of construction of arcecontrol unit, In the colde=cathode type,
the chute is made up from a stack of thin metal plates and in the refraetory
type, the chute contains a stack of refractory plates, each of which usually

containg a magnetic insert,

The coldecathode type operates basically on the same principles as an

18
air -immersed dee-ion breaker, which is an American invention. Normally the

cathode anode drop of a palr of hot electrodes is about 20 volts but if the
electrodes can be kept coel, the cathode=anode drop rises near a current zero

te approximately 300- volts. In breakers of this type, the steel plates are
given an inverted U « shape and the arc current is used to energize these magne=

tic circuits ( Fige 14 )¢ The electro-magnetic forces generated thereby

drives the arc column into the steck of plates., Thig breaks up a long arc

into a series of short arcs. The rapid motion of arc thswugh the de=ion

structure holds doun the arc temperature. Each of the short ares recovers a

strength of several hundred volts. Thus by using a large mumber plates, a

breaker may be constructed which can Interrupt a circult of considerable voltage.

In the refractory type, arc is mainly elongated and to provide large

elongation, chute plates are so designed that arc has to move in a zig-zag path
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, through them,  In one typical arrangementws the plates contain slots which are

inclined alternatively left and right ( Fig. 15 )«  Initially the arc is trans-
ferred ( by convestion alrecurrent ) from arcing contacts to div;rging arcing
‘horns or arce runners. The arc current loop so formed energizes the ix:on
plates, embeded in the chute plates of insulation, The magnetic field estabe
lished thereby'sucks' the arc column into the chute platess As thearc root
travels vertically over the runners, the length ofthe zigezag path though the

plates increases. The large elongation increases the arceresistance and the

voltage dropped in the arc path reaches a value at which arc becomes unstable

and is extinguished at the next current zero.



Chapter « 6
ARC CONTROL IN AIR



6.1 INTRODUCTION

The prineiples and methods followed in certain types of interrupters

to initiate decay in an arc discharge in air so as to extinguish it are outlined,

These methods of arc control are analysed in a later section and the dominent

factors which contribute to a fast gap recovery are separated. The experimental
investigation which is based on these methods of arc control so as to evalute

their efficay is given at the end,

642 PRINCIPLES OF ARC-CONTROL

The principles usually, employed to cool and deionise the hot gases

of an arc column in air and to produce instability of the arc are 3=

1) Arc Cooling,

2) Arc Lengthening,

1) Arc Cooling @+ Arc looses heat by conduction phenomena in air. Air has a
high thermal conductivity at arc temperature ( 4000 °C - 6000 °C ) and consee
quently corduction loss to surrounding wall of cold gas is high., This conduce
tion loss is increased because of the temperature gradient of several thousand
degrees per millimeter, that exists in the region surrounding the arc core.

At the high temperature of arc, a portion of gas molecules may dessociate into
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atemic state hy absorbing energy from arc. Thus for air, the process =

. 02 — 20

Hz = a2

ord as suggested by Y, %ngei mad Steenback the process =
Np + 0 —= 200

nay occur in equilibriwm. The diffusion of the ions into cold gas boundary and

their recombination outside results in liberation of the energy.

The deionisation process contracts the arcecore, and arceresistance
which is inversely proportional to d2 ( where d = diameter of arcecore ) builds
up to a considerable magnitude just before a current zero. For successful
circuit interruption, the arc-resistance should increase to a value at which

circuit voltage can not cause any current flow through it.

2) Arc L ¢ When an arc column is stretched, the arc length is consie
derably greater than the distance between fully opened contacts. An increase in

arc length is accompanied with contraction in diameter of arcecore. These two

changes act cumulatively to build up the resistance of the arc-path, The current
decreases and vltage gradient of positive column increases recording to the
formula V; = 1-5_ - The voltage jradient of the column is the ratie AV/Ax

i
where AV is the change in voltage associated with a change in are length AX ,

With increase in column gradient and in arcelength, the positive column drop

continuous to build up until total arcedrop reaches the circuit voltage. With
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the total circult woltage dropped in the arc-path, the arc becomes unstable and

dies out.

6e3 METHODSOF ARC - CONTROL USED,

In view of the principles outlined in the last sectiony the two

methods of arc control employed in the experiments, reported in this work were =

1) The arc =runner
and
2) The magnetic blow-out coil.

1) The arcerunners

The arcerunners or the arcing-horns are the electrodes over which
arc-column is made to travel by the buoyant forceszl acting on the column,.
Owing to high temperature of arcecolumn relative to surrounding medium, the
colunn is subjected to strong convection currents in air. These convection
currents causes the arc to rise from bottom through successive positions such
as 2 to 5 ( Figs 16 )« The column, as it lengthens, moves rapidly through cool
surrounding gas, which aifd surface deionisation and further incre:ses the arc

voltagess The anode and cathode spots tends to lag behind the main column

because of cooling action of metal electrodes and the tendency of cathode root

to cling to the point of high electron emission. The action of arc-runners is
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inherently slow and high current arc unaided by any magentic drive will tend to

burn low and arc will not be extinguished, The angle of spacing of electrodes
is important as with too wide an angle the arc will not rise Upe The arc is
forced up the electrodes by thermal effects in air and this type of elearence

is called thermal clearence.

2) The Magnetic Blowsout coils

If an extra drive is provided by the application of transverse magnee
tic field on arcespace, the arcecolumn is subjected to rapid motion through coil

air. Deionisation of arcespace is much faster because of increased conduction-

convection losses to gas boundary. The arcecore contracts as arcecolumn lengthes
and arc resistance builds up at a faster rate. The arc voltage increases rapidly

to circuit woltage and current dies out,

The magnetic bloweout coils function by means of the magnetic field
established by the current that is to be interrupted. The coil is automatically
switched into the circuit only during the peried of arcing and in this respect
its action is similar to that of a series motor. The differential force on an
arc=column of length dl, carrying a current 1 and subjected to a magnetic field

of flux density B, is given by =
dF = Bi dl sin O 3-8

where ei-Blstheanglebetueen!andB.
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., The force results in the direction of the advance of a right=handed screw if

the current is pictured as rotated into the magnetic field, If O3 -5 = 900’

then =

dF = Bdl g .
Since the magnetic field is produced by the curreat to be interrupted, we have

for small currents -

Forece on the arc Flux density x current.
B(i) x 1
2

i

At higher current if the magnetic circuit is saturated, the force on the are

will be more nearly proportional to the first power of current.

The action of blow-out coil is illustrated in Fig. 17. If the current

is in x - direction and the magnetic field, in Zz - direction, then the force
acts in y = direction perpendicular to the plane of i and B, Reversal of current

coincides with the reversal of transverse magnetic field so that the motion is
still upwards, and operation is effective with alternating currents. But the
direction of winding is important ; the direction should be such as to produce

an upward magnetic iorce always.

The rate and direction of arc movement is also dependent on ancther

parameter i.e. the gas pressure., The direction of arc movement outlined above
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is that given by Ampere's law, The Amperian or forward motion of arc occurs

at atmospheric pressure, but at low pressure the arc moves in opposite or
mtmgradezz directions As the experiment was carried out at atmospheric pre-
ssure , the arc was not subjected to any retrograde forces.

6eli  THEORETICAL CONSIDERATIONS ON EXTINCTION OF AN AJCl.ARC IN AIR

The positive colum of an arc has in most cases, a well defined boune
dary with a high Semperature arc core. The surrounding gas only a few millie
meters from the core is practically at ambient temperatupes Because of high
temperature gradient of the order of several thousand degrees per millimeter
in the region immediately surrounding the arc core, energy dissipation from
this part of the arc ecan be initiated so as to cause instability and conse=
quent extinction of arce

The heat loss from the high temperature arc core of a horizontal arc
at atmospheric pressure ( Fige 18 ) to cold gas boundary is mainly due to
conduction = convect.imza phenomena in air., Losses 2L due to radiation and
diffusion of ions form a very small percentage of total loss. If at time
t = 0 the arc column has a length x, then after a short interval of time dt,
the length increases to x #Ax while the column rises through a vertical dise
tancesye The rate of heat flow into a laminar boundary layer of radius r

and thickness dr in the interval dt, is e
( 2wdr gaTA) (v) (x +él;_

where Vv = average conwection velocity fromy toy + y
cp = specific heat at constant pressure
AT = temperature at r above ambient temperature
F = gas density
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The electrical power input into the arc during the interval is

Va[

where v, = instanteribus arc voltage .
. i = instanterbus arc current

If v, is assumed to be sensibily constant during the interval than the rate

of heat input is =

2 2
1:?}_‘1,“’.0/7“2

L.18 . 3:18
( '3)
where r, = instantenbus arc reésistance

§ = instante Hus electrical conductivity

Fig. 18 Sketch of elementary arc celumm
showing laminar beundary layer

The heat storage rate in the arc column during the inberval is =

of =
( afqT . ) ( 2 3 AT )
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wvhere T = average temperature of arc core
jac = gas density in the arc core

a =Y. = constant depending on thé angle
given to arc runners.

The energy balance equation in the positive column for the smail
interval of time,

Rate of Energy Input = Rate of Energy loss = Rate of Energy stored

¥input o= Wioss — Wstored

2
3 vy (x =(27zrdr T ) (v) (e AX)=(7\_r2gpt%) (§)
L.18 (x-n-Ag) 2

With a large T, the product t is constant and heat less does not depend on

temperatures A contraction in diameter of arc core will cause large changes
in the first and third temm than in the second termm, Therfore the significant

variable in the second term ig the length x and convection veloecity ve The
velocity v is not an independent variable but is caused by a buoyancy force of
g (/D = fg ) per wnit wlume in free convection in aire A large increase in
velocity leading to increased rate of heat loss results when an electromagnetic
force of ' B ' per unit length acts in conjuction with buoyancy force.

The third term ¥ stored accounts for the fact that arc resistance
can not momentarily rise to infinity at a currentegero, when there is no energy
input into arc, Instead §atored gives arc a finite value of resistance ro ’
which maintains flow of current with the appearance of woltage after a current

ZET0e
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The energy input to the arc is marked by zero=pause phenomena while
' energy loss from arc is a continuous process. If the losserate has increased
substantially at a currenteZero then immediately after the current zero when
input watts is considerably loss, the excees heat loss will come from heat
stored in arc column, The process will continue during every half-cycle until
the stored energy is exhausted, At this stage arc resistance will have builte

up sufficiently to force out the current at the next currentezerc.

The rate of heat loss will therefore, determine the duration of m=Re
arcing and from the above consideration we have that the losserate mainly
depends on average velocity  and increase in length. Therefore

& = gvdx
dt

where W = heat loss from arc column

K = constaht mainly dependent on gas density and
temperature.

v = average convection velocity

dx = increase in length dependent on the angle
given to arcerunners,

645  EXPERIMENTAL INVESTIGATION

It was proposed to perform the following experiments =

1) To record the time of recovery of hornegep at different currents
with the arc initiated at the smallest gap between the electrodes of the horne

gape
2) To initiate the arc in presence of transverse magnetic field of a

blow=-out coil, energised by arc current and to record the new values of arc
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durations at the above currents.

3) To vary the fluxedensity in the arcespace with the circuit
adjusted for a fixed shortecircuit circuitecurrent and to record arc dura=
tion at each value of flux density.

Arc durations were to be evaluated from oscillographic records of
arc voltage and current & The power factor of the circuit was to be fixed at

a low value and shortecircuit was to be made at full circuit voltage of L0OO-

voltse In view of the possibility of scatter of data, a large number of

experiments were proposed to be performed at each stage for statistical study,



Chapter « 7

EXPERIMENTAL METHODS AND APPARATUS



Te1 ZNTRODUCTION

This section deals with the experimental set-up made feor performing

the proposed experiments, The apparatus and the methods = used are also dese

cribed,

Te2 THE ARC - CONTROL UNIT

The function of the unit as the name suggests is tc control and
extinguish an arcy, The unit comprises the arcerunners and the blow-out coil
( Fig. 19 ). Arcerunners were made from polished copper sheets. Copper being
a good heatmconducting material facilitates ranid movement of arcercots. Runners

were of §" x " in crossesection and they together formed a V-shape upto a height
of 3 inches, above which they were parallel upto a height of 1 inch., The fixed
gap between the electrodes at the bottom was ", which increased to 1" at the
top. The arcerunners were mounted on a bakelite plate covered with asbestos

sheet.

The blow=out coil had 110 turns of paper insulated flat copper wire,
wound on a bakelite tube, with a soft iron core ( 1" in diameter ) inside it.
The coil was mounted on the leftehand side of the runners and the winding

direction being anticlock wise from the front., When magnetic field was to be
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Fig 19 (a) Arc-control unit

Fig 19 (b) Sketch illustrating the function of
arc=control unit
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q:piied in the areespace, the coil was connected in series with the arcerunners,
To increase the flux density in the arcespace, the reluctance of the magnetic
circuit was decreased hy fixing two 1/16" mild steel plates ( L" s 2" ) at the
two ends of the core, Thig arrangement alse facilitates veriation of magnetic

field in arcespace by simply changing the pair of steel plates with another

pair of different size.

Te3 TEST CIRCUIT

A view of the experimental seteup is shown in Fig.l. The schematic
diagram of the ewperimental set-up is given in Fig,20 in which the test circuit

is indicated by thick line. The supply for the short circuit test was taken

from 400~ velt A.C. Main through a manually operated circuit<breaker on the

switchboard in the Test Laboratory. This is a Westing house De=ion Airebreak

breaker, which has a rating of 100 A at 650 V,

The shortecircuit was made through a Make=break Mechanism ( Fig.20-

21 ) which holds the circuit under short circuit for 4 sec. so as to limit the
disturbance on the mains supply and also to protect the arcecontrol unit from
probable destruction. The mechanism comprises two Westinghouse De=ion Airebreak

breakers mounted side by side on a common board with the ' Ol ' end of one turned
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to the ' OFF ' end of the other, A steel rod with two welded steel ' amms ' is
hinged on the board between the two breakers. Two adjustible metal pieces on
the two amms form two ! grips 1 for the operating handles of the breakers. With
the operation of the steel rod, C.B,1 closed the circuit while 6.B 2 opens the

circuite By adjusting the position of the ' grip ' on C.B. 2 , the latter is
made to open the circult 4 sec. later, during which time the circuit remains
energizeds The operation of the mechanism was tested with the help of a pen

recorder, which showed it maintains a circuit for 25 « 35 cycles,

Sectionalised reactors and resistances, as shoun in Figs. 20, were

provided for regulation of the magnitude and power factor of the test current,

The L40=volts supply cbtained through a variac was used to adjust the
value of impedance for a certain test current, If the ummeter on this circuit
shows a current of 10 A when LO-wolt is applied, then with the application of
LOO=volt, the test current will be 100 A, Cbviocusly, the 4O=wolt supply is dise

connected before the L0D«V test woltage is applieds

Tk MEASURING CIRCUIT.

The major items of equipments employed for measurements were a shunt,,
a voltage divider, a cathode ray oscilloscope, an oscilloscope camera and a search

coil ( Fige20 )e

1) shunt = 100 A, 50 mVe: The test current was passed through it and the voltage
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Fig 21 (a) Make=-break mechanism

Fig 21 (b) Make-break mechanism, voltage devider and shunt

_—d
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drop was applied to the deflector plates of the oscilloscope for obtaining the

current trace.

as
2) Voltage=divider = The voltage-divider circtdt.w/hade of three resistors -

50 kilo=ohm, 50 kilowohm and 5 kiloeohm. These high values were chosen, so that

divider circuit may not distort the arc wvoltage appreciably. The voltage divie

sioneratio is #/( R+ ¢ ), wvhere r = 5 kilo=ghm and R = 100 kilo=ochm. The
voltage applied te the deflector plates for obtaining the woltages trace was

19,1 wolts.

3) Cathode ray oscillescope = The experiment requires the simultaneous recording

of two quantities erc voltage and arc current, for obtaining the duration of
arcinge Also each experiment being of a short durationy flux density in arce
space was calculated from the oscillogram of the induced voltage in a search

coil placed by the side of arcerunners, These were achieved by use of -

Tektronix « Type 545 A Oscilloscepe along with
Type CA Duale Trace Plugin Unit.

L) Recording Camera = The traces on the screem of cathode ray oscilloscope were

recorded on 35 m.n, megative film in -

Oscilloscope Camera
Type = A.Co 2/25
D.Shackman & Sons
London & Chesham,
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5 Search coili= The search coil, which was used for flux measurement had

500 turns of thin copper wire,

Te5 EXPERIMENTAL PROCEDURE.,

The important steps followed in performing the experiments were as

outlined below-

1) The series blow=oul coil was connected in the circuit, when tests

weremade in presence of magnetic field in the arc spaces The coil was dise-
connected at 'a' (Fig.20 ) and the arc-runners were directly connected to the
line with the help of jumper, when tests were made without the application of

magnetic fields, The steel plates on the bloweout coil was turned back when the

coil was not in use,s

2) The impedance of the reacter bank was adjusted with the help of
LO-volt supply to give desired shortechrcuit current when LOO-volt test supply

was applied. Before applying the test woltage, the LO=volt supply was discone

nected,

3) The fixed gap at the bottom of arcerunners was shorted with fuse

wires, which initiated the arc when shortecircuit was made.

L) The teminals from voltage divider circuit was connected to .

channel A ( Fige 20 ) The arc wltage and the arc current being of varying

amplitude a repetitive sweep in the oscilloscope produces a jumbled display of

waveformse The oscilloscope was, therefore, set for SINGLE SWEEP operation for
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the first 10 or 25 cycles depending on the requirement of a particular test.
Oscillographic records of the first 10 or 25 cycles following the application

of test supply were cobtained by proper selection of sweep speed,

5) The oscilloscope camera was forcussed on the screen and tfe lens
was left open. This completed all operations prior to application of shorte
circuit.

6) lext with the operation of makeebresk mechanism the circuit
remained under shortecircuited condition for about 0,7 sec. The appearance of
voltage on channel b, triggerd the time=base into operation and arc voltage and
arc current traces were recorded on film, The film was then advanced by one

frame for the next test, Oscillograms of part I and 2 of the experimental

investigation ( sece 6.5 ) were obtained by repeating the above procedure,

7) For part 3 of the experimental investigation, the flux density

in arc spacewas varied by changing the pair of steel plates on the blow=out

coil with another pair of different size. The steps 1 - 6 were then repeated,

Te6 FLUX MEASUREMENT EXPERIMENT

The flux measurement experiment was performed separately and the
necessary changes in the test cirecuit ( Fig. 20 ) is shown by dashed line =

channel A of the oscilloscope was now connected to search coil, while channel
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e

| S —

Fig 22 (a) Search coil placed in position for
flux measurement

Fig 22 (b) Components of arc control unit and search
coil shewn on extreme right
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B was connected to shunt as before, The search coil was placed close to arce
spacé with an asbestos steel in between it and the arcerunners as shown in

Fig 22a, Tests were then carri ecf::t. different currents with the blow=-out ceil
in the circuit. Oscillographic records of induced voltage in the search coil
and corresponding arc currents were obtained by following steps le6 of Sec.T.5.

Induced voltage traces were then enlarged for graphical amalysis. The fluxe

density in the arcespace was then evaluated in sec.B.4 of the next chapter from

enlarged wave=forms shown in Fig. 31 - 33.



Chapter « 8
EXPERIMENTAL RESULTS
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8.1 INTRODUCTION

All experimental observations were recorded by high speed oscilloe
graphy since the duration of arcing lasts only a few cycles in many of the
following experiments. Test data have been , therefore, collected from :
oscillographic records. The circuit conditions were kept constant, as far as
practicable, but the duration of arcing depends on a number of factors, some
of which are not easily controlable ( See discussion ). Consequently time
taken by the arcecontrol unit to clear an arc were reproducable within a cepe
tain range of variation. A series of experiments were therefore performed at

each stage to evaluate the overall behaviour by statistical study .

Be2 LIST OF OSCILLOGRAMS

a) The first set of experiments was performed in the absence of
magnetic field. Each of the following oscillograms has a first 25-cycle
representation. Abbreviation N/F indicates MNo Field i.e, blow=out coil Was

not used . Three typical oscillograms from this set is shown in Fig. 23.

Set I =
10 Oscillograms « 30 Amp  N/F
10 * - 50 Amp  N/F
10 - 76 Amp  N/F

b) The second set of experiments was performed in presence of

magnetic field, East of the following oscillograms has a first 10 cycle
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representation, Abbreviation W/F indicates With Field iz Blow-out coil with
4" plates was used. Three typical oscillograms from this set is shown in Fig.2k.
Set II - _
10 Oscillograms « 30 Amp W/F coil & L" plate used
10 L « 50 Amp W/F "
10 " - 76 Amp W/F "

¢) The performance at 100 Amp was investigated in some details,
Without the application of magnetic field, 15 oscilloyrams were taken and ano-
ther 15 oscillograms were taken with the application of magnetic field. Two

typical oscillograms from set III are shown in Fig. 25.

Set IIl =

15 Oscillograms(25 cycle representation) « 100 Amp - N/F

15 n (10 cycle " ) = 10 Amp = W/F
i.e.coil with 4" plate
used,

To study the effect of variation of magnetic field on the duration of arcing

of an 100A arc a further set of oscillograms Was taken =

Set IV -

10 Oscillogramns(10 cycle representation)= 100A =W/F, coil
with 2" plate used

0 " (25 cycle representation) - 100A =W/F,only
coil used.

List of oscillograms of induced voltage traces in seach coil for #

flux measurement is given in Sec. 8.k.
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Fig 23. Typical oscillograms from Set I showing arc duration
in absence of magnetic field- 25 cycle representations

rc voltage V. = recovery voltage 7 = arc current




Fig 2ii. Typical oscillograms from Set II showing arc duration
in presence of magnetic field = 10 cycle representations
v, = arc voltage v, = recovery voltage = arc current
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(a) In absence of magnetic field = 25 cycle representation .

(b) In pfesence of applied magnetic field-10 cycle representation i

Fig 25. Oscillograms from Set III showing arc durations

Vv, = arc voltage V. = recovery veltage 1 = arc current



8.3 EVALUATION OF OSCILLOGRAMS

The straight line portion of the woltage trace represent the time

taken by fuse to blow out before arcing is initiated, The period of arcing till
the appearance of normal circuit voltages i.e. arc duration were counted from

each oscillogram and the values were tabulated, In many of the experiments

without the application of magnetic field, arc was not interrupted within the
recorded period of first 25 cycles. These values of the recorded perieds of
arcing are given in Tables and each of these data is marked with an asterisk.

Arc durations at 30A, 50A and 76A in the absence of magnetic field
were obtained from oscillograms of set I. The results are given in Table - I,
along with calculated values of mean arc duraticns and standard deviations

from mean, These data are plotted in Histogram 1, ( Fig. 26 ).

The changes in arc durations at 30A, S0A and 76A with the applica=
tion of magnetic field are shown in Table 2 and Histogram 2 ( Fig. 27 ), which
were obtained from oscillograms of set II. The maximum flux densities in arc

space given in Table 2, were taken from magnetisation curve ( Fig. 30 ).

The change in arc duration with variation of magnetic field was

studied in more detail at 100A. The results, which were obtained from
oscillograms of sets III and IV are given in Tables 3 and 4 MHistograms 3 & Lt
(Fige 28 and 29 ) correspond to these tables. The va ues of maximum flux

densities are taken from Sec. 8.4.1 (b).
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TABLE - 1

8e3e1 Arc Duration in Absence of Magnetic Field.

Circuit Voltage: 40O - V ; Phase le = 87 Fixed Gap = 1/8"
' {

Arc current [ 304 50 A 7 A
-
Arc Duration ( cycles )
X
X
1 14,00 # 22,5 12,0
2 % 16.5 # 22,5 10.0
3 # 17.0 12,5 10.0
L ) 1.5 13.0 10.0
Number of 5 16.0 10,0 10.0
observa~ 6 !* 22.5 # 12,5 11.5
tionse.
o 7 13-5 12.5 20.5
8 20,0 # 20,0 10.5
9 1he5 11.0 11.5
10 13.5 10,5 # 25,0
Mean Are I 16.20 cycies 13.70 cycles 13,05 cycles
Duration = 32 milli = 27h milli = 263 milli
sec, SecCe sec.,
) Standard Devia- 3 cycles 5405 cycles 5.38 cycles
tion from = 60 milli = 105 milli = 107 milli

Mean
& SeCae sec, SeC,

1 See Appendix I for method of calculation.
# See paragraph one of Sec. 8.3
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Histogram 1 : Frequency Distribution of Arc Duration
in absence of Magnetic Field
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Fig.26 Histogram for data of Table 1
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TABLE = 2

83.2 Arc Duration in Presence of Magnetic Field
(Blow -out coil with 4* plates is used)

Circuit Voltage = LOO V ; Phase Angle = 87.5° 3 Fixed Gap = 1/8%

Arc Current 30 A ! 50 A 76 A
Maxn.Flux Density in | 1,87x1072 | 2,35 :a0~2 |  2.80 x1072
Arc space { weber,/m? i weber /n? jl weber,/m?
! Arc Duratien ( cycles )
1 3.0 245 3.5
2 ! 240 2.0 2.5
3 I 2.0 10 2.0
k l L5 10,0 2,0
5 li 740 3.0 2.5
6 3.0 3.0 2.5
7 2.5 2,5 1.5
8 } 1.8 5.5 LeS
9 3.5 3.5 3.5
10 3.0 3.5 L.0
3.2 cycles 2,95 cycles 2,85 cycles
Mean Arc Durati
i L = 6 milli = 59 milli = 57 milli
BeCe SECe SecCe
Standard Deviation 1,58 cycles  2.55 cycles 0.975 cycles
From Nann = 30,6 milli = 51 milli = 19.5 milli
l SecC. 8€Ce SecCe
en

1 « Taken from Magnetisation Curve Fig. 30



(a)

(b)

(e)

Freguency of occurance

Frequency of occurance

Frequency of occurance

Histogram 2 : Frequency Distribution of Arc Duration
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in Presence of Magnetic Field
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TABLE = 3

8433 Arc Duration with Variation of Magnetic Field(l)

Circuit Veltage= 40O V3 Arc Current= 100A jPhase Angle = 87.5%; Fixed Gap=1/8%

Condition of the | Bloweout ceil is | Blow=out ceil will
Magnetic circull } di sconnected, )| L" plates is used,
Maxmimum flux Density = 3,17 x 102
1 in Arc Space. i nil ! o weber/a2

Arc Duration ( Cycles )
1 % 22,5 2.0
2 §] = 22,5 2.0
Obs tiens Ll #* 23-5 3.5
i 5 17.0 Le5
é 8.5 2.5
7 # 22,5 2.5
8 # 22,5 2.0
9 9.0 2.0
10 |} 10,0 3.0
11 #t 25.0 205
12 # 15,0 3.0
5| 15.0 .0
S E 22,5 2,0
15 l lJJ..S 305
i
¥
Mean Arc Duration [ 17.16 cycles 2.7 cycles
! - 31‘302 milli 8€C, - 51‘ milli sec.
Standard Deviation l 645 cycles 0.82 cycles
from Mean i = 130 milli sec. = 16,4 milli sec,

1 = From Magnetisation Curve, Fig. 30

# See paragraph one of Sec, 8,3
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Histogram 3 : Frequency Distributien of Arc
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TABLE « 4

Arc Duration with Variation of Magnetic Field !22

Circuit Veltage = L00 V3 Arc Current= 160A; Phase Angle =87.5 ; Fixed Gap=1/6"

Condition of the Blouw=out=coil with ; Only Blow=-out coil
Magnetic circuit 2" plates is used. i is used.
lnaJdm:m Flux Density By = 1.71 x 10~2 % B, = 1.01 #x10=2
in Arc space. weber/m i weber/me
i Arc Duration ( cycles )
|
- 3.5 1h.5
1
2 i 3.0 7.0
3 6.0 7«0
Number of L LS 7.5
Observations 5 2.0 1.5
6 L0 1.5
7 Te5 3.0
8 1| 13.5 #* 16,0
9 1.0 6.5
10 i 6.0 # 16,5
;
Meun Afs Daietlen ; Or5.10 cycles 1°'§f. cycles
7 102.0 mi111 sec. 213.0 milll sec,
Standard Deviation 3.56 cycles 4.87 cycles
from Mean or of
71.2 milli sec. 86,k wiiTl sus.

1 = From Sec. 8.’4.1 (b)
# See paragraph ene of Sec, 8.3

B e o
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Histogram L : Frequency Distributiem ef Arc Duratiem with
Variation of Magnetic Field (2)

Frequency of eccurance

Frequency ef eccurance

19, 8

Arc duration, cycles

Fig.29 Histegram fer data of Table L
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¥ IN THE ARC SPACE

arc space was calculated from
xch coile Oscillograms at the follow=

coil with 4" plates =

30A, 23A, and 17A.

at 100A, of which one was taken using blow=out
coil ier, using blow=out coil only. The enlarged

wave=forms of .. ;s are shown in Fig. 31 = 33 ,

Because of non=sinuscidal wave=forms of induced woltages, due to
saturation in the magnetie circuit, the waves were analysed by step by step
calculation.( See Appendix II ), Using finite interval of time of ¢ = 0,001
Sec., ma.xi;num flux densities were calculated(in Tables 5 ~8 ), using the
following formulee =

ey At

Change in Flux A4g = weber

Where e, = Average value of the induced voltage
within the finite interval of time

N = Numbers of turns in the search coil
T
= A
> Ag
2 A

Maximum Flux density B = weber/m?

where A = Average of the outer and inner area
of the coil = (meter)2

T = Period of one cycle.
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The search @il was drawn to scale on a graph paper the area of
each small squares of which was 0,01 sq. in. The area was calculated hy
counting the number of small squares within the area. Parts of small squares,
less than half of a full square within the area were neglectedy while these

greater than half were considered as full squares, The area of the search

coil draun to scale is shown in Fig. 33(b).

Outer area = },72 1n.2

2
Inner area = 1,86 in.

Average area = 3,29 in.2
ot 2

= 214 x 1 m

_The calculated values of the maximum flux densities in swmerised
form is given in Sec. 8.l.i(a) & (b). From values of Sec. 8.4.1(3) the magne=
tisation curve ( B, =I ) was plotted, The magnetisation curve ( Fig. 30 ) nay
be referred to for obtaining the flux densities at different currents when

blow-out coil with 4" plates was used. Other necessary values of flux densities

will be formed in the summery ( Sec. 8.44) ‘or the Tables 5 = 8.

It should be mentioned that the maximum flux densities correspond to
symmetrical values of shortecircuit currents. Induced woltage waves COrrespone

ding to high asymmetrical values or low values of arc currents were not used for

evhluation of the flux densities.
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8.hel Sumnery of Maximum Flux Densities.

a) The magnetisation curve was plotted from the following values of
maximun flux densities obtained from Tables 5e7. Blow=out coil with 4" plates

was used for each of the fellowing measurementss

From Table Current Maximum Flux Density
5 100A 3.30 x 1072 utc.».ber/m2
5 80A 2.88 x 1072w
6 53A 2.41 x 1072w
6 30 A 1.80 x 1072
7 23A 1,69 x 1072w
7 17 A 1.40 x 2072w

b) The following values of maximum flux densities obtained from
Tabels 5 & 8§ correspond to investigation ( Tables 3 & L ) on arc duration
with variation of magnetic field,

From Table Change in Magnetiec Current Maxm,Flux Density

cirecuit
5 Blow=out coil with 100A 3.17 x 10™2 yebes/a®
L" plates used
8 Blow=out coil with -2
2" plates uded 1004 1,71 x 10 "
8 Blow-out coil with 1008 1,01 x 1072
coil used

¢) The following values of maximum flux densities in arc space were
taken from magnetisation curve(Fig.30) for lnvestigation on arc duration in
presence of magnetic field ( Table 2 ).
| 30A = B = 1.87 x 10" weber/n?

50A = B =2.,35x10™
7A - B =280 x10=2 "
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TABLE =

I Cal. of Maximm flux Density s 100A - Arc s Fig.31 (a)

e sacgnds volts gea ol =A¢ "e%cit ; = ; By ® %44) o
I wits I weber I wever I 2A
! i | weber/m2
J $ i

1 o0 0 0 0 0 N=500 turns
2 001 2 1.0 2x10™0 7 2107 A= 21.Lx10"%¢ sq.m
3 W002 5.2 3.6 7.2x10° 9.20x107°, 140.66x100
L 003 7.3 6.25 12.5x10 21,.70x10~° Bp T 10"'"
5 00k 16 10.95 21.90x10° 13,6010
6 005 15,0 14,53 20.06x107  72,66x107°  =3.28x10"2yener/n?
7 006 14,0 14.50 29.00x10°  101.66x107
3 007  6al 10,20 20.140x10™  122.06x107°
9 008 Lol 5.25 10.50x10%  132.56x1070
10 009 2,0 3405 6.10x10%  138.66x10%
1 Ol 0.0 1.00 2.00x10%  140.66x10~°

II Caleof Maximum Flux Density s 80A Are s Fig. 31(b)
1 0 0 0 0 0
2 008 B8 0.75 1.5x107 1.5x10™°
3 o0z 32 235 he70x10%  6,20x10"
L 003 66 L0 9.80x10~0 16.00x10:2 05kt
5 .M‘ 9.9 8.25 16.503!10-6 32.50x10 Bp® ﬁ
6 005  12.k4 10.56 21.12x10°  53,62x10 221l
7 006 122 12,30 246010  78,22x1070  =2,88x10~2yeber/R
8 007 b 10,80 21.60x10%  99.82:a0%
9 008 L 7.00 14.00x10%  113.82x1078
10 000 26 5.7 7.12¢10%  120.9Ux10"6
B o %0 40 2.60x10%  123,8Ux10%
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TABLE = 6
i
III Cal. of Maximum Flux Density s 53A Arc 3 Fig. 32(a)
Period | ORI TR T AR o Ca% A A
{ seconds| wolts] 2 """’z Ap = b‘P ._ia_d.ip_
: : Falne "e i weber/n
1 0 0 0 0 0
2 001 1.7 0.85 1.70:20 1.70x10~0  U=500 turns
3 002 3.0 2.35 Le70x1070 6.40x10~0  A=21.hxio™dsq.m
L +003 R 3.90 7.80x10~0 11.20520™0
5 .00k Tol 5.95 11.90x10"0 26.10x10"° . . 102,80x10™
6 «005 95 8.30 16.60x10'6 )42,70,;10"6 2x21.hx10"h
7 006 9e2 9435 18.70:200 63.40x106  _ 2102
8 «007 Be3 8475 17.50::10'6 8.90x10=6 i weber/m2
9 008 LB 6.55 13.1000°  94.00x10™
10 009 2,0 3.0 6.80x10%% 100.80x10™2
1 .010 0.0 2.00 2,00x10"0 102.80x10°
IV Cal, of Maximum Flux Density : 30A Arc: Fig. 32(b)
1 0 0 0 0 0
2 001 2.1 1.05 2.10x10™° 2.10x10~0
3 .002 3.5 2.80 L1.90x1078 7.00x10™0
L .003 643 14490 9.80x10 16.80x10~0 £
5 <00l 745 6.95 13905100 30,70x10~8  7680x1
7 0,006 5.8  6.60 13.20x10 59,00x200 2
8 0,007 3.2 L.50 9,00x10"0 68,00x10"° ~ 1.8010" , /mz
9 008 2.0 2,60 5.20x1070 73.20x1070
10 009 0.8 1.0 2.80x10"0 76.400x10™0
1 .010 0.0 0,140 0.80x10~0 76.80x10~0 s
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TABLE = 7

V Cal, of Maximum Flux Density ® 23A Arc s Fig. 32 (c)

- - e.te i~

o { secgmls : vo:ts . -QE% A8 =§'§“'—A—t'l = A‘P % Bm- EZ-;“P

{ i_ i bt ‘ weber % s : weber/m?
1 0 0 0 0 0
2 001 1.5 0475 1.50x10%°  1.50x10™% N = 500 turns
3 002 2,8 2.15 Lo30x10%  S.80x10° A= 21.hx10“hsq’m
L 003 L7 3,758 75000  13.30x10%
5 W00k 6.8 575 11.50x10%°  2li,80x206
6 . 008 647 678 13.5040% 38,3005 g _ 72.80x20™°
7 006 6,0 635 12,7000  50.00x10% M oo
8 007 L7 5435 10.70x10°6  60,70x10™0
9 008 B0 3.8% 7.70:007  68,40x10%°  =1.69x1072 ;002
10 009 0.7 1.85 3.70x10-5  T72.10x10°
1 010 0,0 0,35 0.70x10%  72.80x107°

VI Cal, of Maximum Flux Densitys 17A Arc 3 Fig. 32(d)

1 0 0 0 0 0
2 001 1.1 0.55 11000  lea0x10™
3 002 2.8 1,95 3.90x20%  5.00x107
L 008 5.0  3.80 7.60x00%  12,60x10° 59,80x106
5 «00k 646 5.80 11.60x00®°  2),20x10°8 'Mm
6 005 6.5 6455 13.10x100  36.30x20-8
7 006 5.8 6415 12.30x10°0  39.60x10-6 ° l'mﬁw x:
8 007 L0 190 9.80x10°°  L9.Loxr0"d
9 008 2.5 3425 6.50x10%°  5g,90x10~0
10 009 0,7  1.60 3,200  59.10x20™ >
1 010 0.0  0.35 0.70x10=6  59.80x100
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TABLE - 8

VII Cal. of Maximum Flux Density s 100A Arc s Fig. 33(a)

] . A
Period t e e, = ot | Afm=e x atl =4
} seconds ! volts | 2 ; ; "a'ﬂ""""'g =49 Eamu —-;"-E-ﬁ_
i L] ™ wmer o wmer | g
1 .0 0 0 0 0
2 002 1.2 0.60 1.20x1070 1.20x100 N = 500 turas
3 002 1.7 1.45 2.90x1070 4.10x1070 A= ax.hadof;fa
! 003 keSS  3.10 64202200 10,3008 o
g . 00k 61 5308 10.60x10~6 20.90x10~8 221 L O™
6 +003 646 6435 12,70x10% 33.60x10~6
+006 549 6425 12,%0x10%5 16.10x1070 = 1.71x10"2
weber/m®
8. 007 5ol 5.50 11,00x10~6 57.10x10~0
9 .008 346 he35 84705105 65.80x20~0
10 09 1.9 275 5.50%20~ 71.30x10~6
11 .010 0.0 0.95 1.90x100 734205100
VIII Cal, of Maximum Flux Density s 100A Arc. Fig. 33(b)
1 0 0 0 0 0
5 001 140 0,70 1402076 1.40x10"8
3 4002 240  1.90 3.80x10™ 5,20x10"%
b 003 310  2.75 54501200 10,7006 ) o a0
5 «004 3el 3¢25 5-50)(10-6 17.201(10-6 B O.h
% 2%21.lix1
6 005 342 3.30 660100 23.80x10
= 1,01x10°2
7 0.% 2.7 2.95 5090-7:10-5 29'70x104 '/mz
8 .007 242 2,45 11.90520"8 34,60x196
9 008 1.9 2,05 4.10x10~0 38.70x1070
10 . .009 1,50 1.7 3.0:20~0 142,10:10.5
11 .010 0.0 0.75 1.50x10™6 13.60x10~°
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8.5  INTEGRATED PHOTOGRAPHS OF ARC MOVEMENTS 2

The photographs obtained on a still cemera gives only the integrated °
mo;ranmt of the arc-column., But the use of a ' soot filter ' ( glass plate
very faintly gassed from the top of a candle flame ) brought out many details

viz, sibe; of high electron emission, gas cloud etec, which will not be

apparent to anjumided observer,

The photographs relate to 100A arcs initiated at the bottom of are
runnersby fusing a wire. Fige3i(a) show are movement in absence of any
applied magnetic drive while Fig. 3u(b) show the movements aided by applied
magnetic drive, The photographs indicate: that movement occurs by a steppe
ing process of individual sites of electron emission old sites dying out while
current transfer take place to new site or sites, In the first case, are
movement being only due to convection current in air the arc-column never
rises to the top of arc runner, The arc velocity is considerably low,

allowing the arc to burn at each site for a considerable period thus raising
the arc temperature to several thousand degree centegrade., In théd second

case, arc column aided by magnetic drive rises quickly to the top of arce

runner. The arc velocity is high with the are burning at a larger number of
sites up the runnersresulting in faster deionisation of arcecore. Hot gases
bearing the arc space form the gaseous cloud, which dissipate their heat into

atmosphere. .



Integrated ' photographs of arc movements of 100A
arcs in absence of applied magnetic field showing
colunn never rises to the top

z - = 1TV

arcs in presence of applied magretic field
pr PI (

Fig 34 (b) ' Integrated ' photographs of arc movements of 1004
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DISCUSSIONS OF RESULTS
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9.1 REPEATABILITY OF RESULTS.

i /
The circuit conditions viz. the voltage current, power factor and

interelectiode spacing were kept constant for each series of experiments but it
was observed that arc durations are only geproducible within a certain range of
variation. Circuit impedance only fixes the symmetrical value of short circuit
clfrrer.\t. while the asymmetrical value depends on the point of the wave at which

the circuit is closed as will be seen from oscillograms under sec. 8.2, The

varying asymmetrical values contributed in some degree to the variations,

. Two other factors which are not easily controlable but which influence
the arc velocity considerably are (1) the surface roughness of electrodes and
(2) the thi;:'..ness of oxide layer on t.hemz(.) The electrodes were made of polished
copper plates but in the process of experiments surface roughness increases as
the electrodes were cleaned. A uniform increase in surface roughness gives an
initial increase in arc velocity, which settles down to an uniform value after=

wards. Local asperity on surface tend to form site of high field emision due

to local enhancement of electric fleld, In air copper oxidises, the bulk of
layer is made up of. cuprous oxide ( Cu20) with a swiace film of cupric oxide ,

( e0)e An equilibrium thickness of cupriec oxide is considered to give a
coustant arc velocity. But in air the thickness of C0 film continuously changes

(2Cu20 + 00, L CO ) resulting in wariation of arc velocity and conse=
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quently variation in arc duration .

The formation of'hot spot ! ;n cathode = site of high dischafées af '

4 .
from which current transfer to less conditioned site or sites does nbt easily
take place was the reason for many sustained breakdown of gas gape. Surface
asperities and thickness of oxide layer are considered to influence the formation
of such localised emission., Oscillogram of one such case in which a 100 A are
. was burning with a very low voltage drop across it is shown in Fig. 35(a).

Aspther oscillogram ( Fig. 35(b) shows that arc voltage is building up fast
initially, after which a ' restrike ' from another spot gives rise to long
period of arcing. These factors influence the repeatability of results.

9.2 ARC DURATION UNDER THE INFLUENCE OF CONVECTION
CURRENT IN AIR.

Thé experimental results of Table = 1 ( p 76 ) along with Histogram -1
*(Figs 26 ) and Table =3. Col.l ( p 80 ) along with Histouram 3(a) ( Fig.28)
show the influence of convection current in the neighbourhood of arc column on
duration of arcinge In the absence of an applied magnetic field, the convec-
tign current is induced by gravity, The mean arc durations ( m ) at 30 A,
.50 A, 7-6 A and 100 A were 16.2, 13.70 , 13.05 and 17.16 cycles resp ctively
with standard deviations (s) of 3,5.05, 5,38 and 6.5 cycles respectively,

Considering the deviations on either sides of the means, the intervals (m + S ),
" which accomodates sbout two-third of data at each current (see Appendix I(b) )

overlap over a wide range as can be seen on the Histograms. The arc duration

Emp—
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for this born gap is therefore nearly same in this current range. This is in
agreement with the fact that buoyancy force being equal to §(fair - feore ) .
per unit volume Yaries with the diameter of the arc core. With increase in
current the diameter of arc core increases and buoyancy force on arccolumn

proportionally increased giving rise to a constant convection velocity.

The results were plotted to give time = current curve ( Fig.36 ).
The gr dip in the curve #as not considered significant and was assigned to factors
mft_'.lir.xe.d in Sece 9.2. An arithmatic average of the arc durations was 15.2 cycles,
This is a fair estimate of the arc duration for this hornegap in this current

range.

9«3 ARC DURATION 1IN PRESENCE OF APPLIED MAGNLTIC FIELD.

The immediate effect of magnetic field on arc column appears in a

change in arc velocitye An increase in arc velocity causes the arc column to
rise quickly through cool surrounding air giving rise to increased rate of heat
loss by conduction « convection and consequently a shorter arc duration. A
reference to data in Table 2 ( p 78 ) and Table 3 cole2 ( p 80 ) will bear this
: .
out. The mean arc durations at 30A, 50A, 76A and 100A in presence of magnetic
field were 3.2, 2,95, 2.85 and 2.7 cycles with standard deviations of 1.58,
2.55, 0.975 and 0.82 cycles respectively. The large wmlues.of standard

- deviations of 1.58 and 2,55 cycles at 30A and 50A respectively were due to two
extreme data of arc durations of 7 and 10 cycles in thé two cases. Making

allowance for these extreme cases, in view of the complexities of arc phenomena,
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the res lts were very consistent and there was no unsuccessful intermpti'cn.

A comparison between the Histograms 1 and 2 ( Fige. 26 & 27 ) will

show that there is a large shift to left in the latter while a similar shift
can be seea in Histogram 3(b) ( Fig.28) when compared with Histogram 3(a).
The shift indicates a significant decrease in arc durations as will be seen on

the time-current curve ( Fig. 36 ), which shows a minimum decreased of 10

cycles. This is the contribution of the applied magnetic field.

The large scatter of data in the Histograms of arc durations in the
absence of applied magnetic field brings out that convection loss induced exclue

sively by buoyancy force on arc column is not very effective in extinguishing

an arc. Nevertheless this shows the effectiveness of providing magnetic drive,
which rapidly displaces the arc column from its initial pesition thus preventing
& localised emission or a restrickg which can cause imsuccessful interrution,.

*The degree of the effectiveness of magnetic field in bringing about faster gap

recovery depends , obvicusly, on the strength of the magnetic field. The

values of flux densities in the arc space at which consistent results were

A |

obfained are given in Tables 2 & 3,

Q.4  ASC DURATION WITH VARIATION OF MAGNETIC FIELD

The buoyancy force on arc column, when augmented by an electromagnes

tic force of ' Bi' per unit length ( see sec. 6.l ). a decrease in arc duration

results because of increased arc velocity. If the current is kept fixed and
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flux density in arc space is varied, variation in are velocity and in duration
of arcing will be exclusively due to magpetic field, Arc velocity being .

dir.ecuy proportional the fluxe.density, arc duration should vary inversely with

the flux densitys

On the basis of above consideration, experiment was performed on a
100 A arc with variation of magnetic field in horn gap. The mean garc durations
. ( m ) were 2.7 ( 0.82 ), 5.10(3.56 ), 10465 ( Le87 ) for values of maximum
flux dat;sity in arc space of 3.17 x 10~% s leTix 10.2 and 1,01 x 10™2 welmr/m2
respectively. The data in parenthesis are the values of standard deviations
(s). The (m 2 s ) =intemals are shown by vertical lines on arc duration/maxi=
mm flux density plot ( Fig. 37 ). The arc duration/maximm flux density curve
approaches the dashed straight line at higher values of maximm flux densitics,
A reference to Tables 3 & L ( sec.843 ) and Histogrems 3 & 4 ( Fig. 28 & 29 )
31:11 show that scatter of data increases as the maximum flux density is decreased,

The arc duration of 2,7 cycles at 3.17 x 10‘2

while that of 5,10 cycle at 1,71 x 10'2 weber/m? is reasonably consistent except

weber/n® is the most consistent

for two extreme data of observation 8 & 9 in Table 3, If the dashed line,which
nedrly coincides #ith arc duration/maximm flux density curve between 2.7 and
= .

5.10 cycles! point.s, is extended it gives an arc duration of 6.10 cycles at

1.01 x 10"'2 ueber/nz instead of the mean value of 10,65 cycles. It is seen

of
frop Table 4ecols2 that half the data give a mean of 6.2 cycles at 1,01 x 102

- weber/m? . These considerations leads to the conclusion that at higher values

of :ﬁa:dmm flux density in the arc space dependent on the magnetude of curremt



Arc Duration, Cycles

16

15

1L

13

12

11

10

105

100A Arc

10'65~

S0

1.0

1.5

2.0

2.5

Maximum flux density (x 1:’)"2) 3 weber/m2

Fig. 37 Arc duratiom/ Maximum flux density curve

Ll

3.0

345



106

to be interrupted, arc durations vary inversely with the maximum flux densities;

while at lower flux densities, when the effect of magnetic field is less pronoune

ce.d, a departure from this inverse relationship is likely to occur.

9.5 Al EMPIRICAL FORMULA OF ARC DURATION

Arc duration i.e. the time from initiation of arc to its extinction
depends on the period of inteaction between the ! reignition forces ' and
' recovery forces '. Reignition of arc depends on the watts input to the arc
after a currentegero, Since a fall in arc woltage is always accompanied with a
r;se in current or vicewversa, the magnitude of either volf.age or current may be
indicative of reignition possibilities. The gap recovery is due to watts lost
as heat from arc column, Losses are caused by the action of buoyancy forces and
magnetic field on arc column. As has been shown buoyancy force gives a cons'ant
arc duration, Arc duration has been shown to be inversely proportional to maxie
mum flux density in presence of strong manetic field 3 while at lower values of
flux=density arc duration tend to rise exponentially to the value given by

*buoyancy force exclusively,

On the basis of this analysis and the experimental results obtained
an empirical formula of arc duration is proposede The formula holds for a
- ho;'izoma A.C, arc between copper electrodes in air in presence of transverse
magnetic field, The electrodes i.e., the arcerunners fomm a horn gap. Although
voltage does not appear in the empirical equation but the gap between th:

electrodes will be determined by the woltage as alse by the ‘current,
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The formula which is nonedimensional has the form =

'c &l -
i 'y ° ‘35
I
t=Ke (2)
where t = arc duration - cycles

K = constant arc duration given by bucyancy force
B, = maximm flux density = weber/m?

I = symmetrical R.M.S. value of current to be
interrupted Amp,

¢ = constant depending on the size of arc funners
and the angle given to them.

The constant e must be negative for successful arc control. A
positive ¢ will have o posite effect. With negative ¢, an increase in flux dene=
sity ( B, ) will give shorter arc duration while an increase in current (I) will
gi:ve longer aré duration.

The constants K and ¢ can be determined from at least two sets of

data of t, Bﬂ1 and I but a larger number of sets of widely placed data will give
more accurate values of K and c. The formula helps to calculate the necessary

value of B, at a certain value of I to give a desired value of t i.e. from a few

I;noun sets of data, other sets of data may be calculated,

The values of t, B, and I from Tables 2,3 co. 2 and i ( experiment

. performed in presence cof magnetic field ) gives = .
s # K = 15,7 cycles
: c= -.28 X 103

This value of K agrees well with the arithmatic average of the experimental value
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of arc durations at different currents in the absence of magnetic field which

is 15.2 cycles ( see sece 9.2 ). When K and c were calculated from half-of
a.vaila,ble se;. of data of t, Bm.and I, a slight variation in both K and ¢ occured,
Since either a decrease or increase occured in both, values of t, B, and I of
the remaining sets were cbtained with fair de ree of accuracy, when calculated
with the changed values of K and ¢

The # values K = 15,7 and ¢ = = .28 x 10° are more accurate detere
mination of the constants for the hornegap used, With these values of the
cq::lst.qn;:., arc durations at another current and flux density from the tables were
calculated with a variation of only % 10% . It can be calculated that at
a current of 150A , with a maximm flux density of 2.35 x 10.2 ueber/nz the are
duration will be 5.1 i.e. 5 cycles 3 while at the same flux density a S0A arc

' clears ' in 2,85 i.e. 3 cycles ( Table = 2) ., The fractional values of arc
duration in cycles should be corrected to include the period upto the nearest

current=zero i.es 3.2 cycles should be t aken as 3 cycles and 3.4 cycles, as

,3.5 C‘YC].GSO

3 # See Appendix III for calculation,
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1001 CONCLUSION

The extinction of am A.C. arc in air in presence of transverse magne-
tic field is caused by the action of buoyancy force and magnetic field on arc
column. A¥c duration i.e. the time from initiation ofare to its final extince
tion has a con-stant. value within a certain range of current; when the arc
column 'is acted on by buoyancy force alone. This range of current depends on
the size of hornegap and the angle given to arce-runners. Magnetic field has a
marked Influence in causing faster gap recovery by subjecting the arc column
t,o. ra;;id motion through air. Arc duration is inversely proportional to maximum
transverse magnetic flux density in presence of strong magnetic field depen-
dent on the magn#tude of the current to be interrupted § while at lower values
of the flux density, when the action of magnetic field becomes less pronounced,
a depapture from inverse relationship is 1ikely to occur with the arc duration

tending to rise exponentially to the value given by buoyancy force exclusively.

! An empirical fommula relating arc duration(t) to applied maximum
flux density (B,) and current(I) to be interrupted in terms of two constants
(K & ¢ ) is obtained on the basis of expérimental results. The formula holds
for A.C. arc between copper dectrodes in air, the transverse magnetic field
being produced by a coil, energised by the current to be interrupted., The

'fomula is non=dimensional and has the form -

¢ By
—ye35
i t=Ke @

The contributing factors to the constants K and ¢ need investigation.
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While the constant K has been separated as reflecting mainly the effect of

buoyancy force on arc column, the constafdt ¢ is expected to be mainly dependent
on ;:lectmmagnattc force oh are column, The surface roughness of electrodes,
the electrode material and the angle given to arcerunners are expected to
influence Both the constants. Witha change in tle shape of flux wave the value
of constant ¢ u{ill changes
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APPEIIDIX = I

fa) CALCULATION OF STANDARD DEVIATION .

If a sample is small ( number of variates equal to 30 or less) ,

be

it.s standard -deviation s, can not/used as a fair estimate of the standard deviae

tion of the population ¢ .

Since in general a population will contain more

extreme data than a sample, it is to be expected that 6 will be somewhat larger

then S., In most cases, however, for a small sample of n variates Xj, Xp, e.

x,.'l- » the best estimate of the standard deviation of the population® is given

by-

n =1

fzcx-m

A sample calculation of standard deviation for data given in

Cal. 1 of Table 1 ( See 8.3 ) is shown below =

P

1 111.0 2.2 182
2 1645 0.3 0.09 3 ..
3 17’0 0.8 0.6h

b | WS | W7 2.89 .

5 L} 5 J 16.0 0-2 ota‘

6 22,5 63 39469
7 13.5 2.7 7430 .
8 20:0 3.8 1}40'40 L]
9 1h.5 1.7 2,89 .
10 13,5 2,7 7+30

* x=162,0 (x=x )2 = 80,06
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$ = x = 20 _ 455 cpcles=n (mean)
n 10
. . S(x-%) = 80.06 ° -
. Y- 80406
P R (x=x)" = - = 3 cycles.
! A 10 « 1

Y b)
* At - distribution is applicable when the number of variates is
small ,° With increase in number of degrees of freedom a tedistribution approach

: a normal distribution., The number of degrees of freedom for data in Tables

1 « U4 ( Secs Be3 ) being equal to 9 or more, the statement ( sec. 9.2 ) that
(m s ) intervals at each current will accomodate about 2/3 of data of mean

arc durations is hased on a fair approximation,

# From chap, 10 of " Introduction to Probability and Statistics",

Alder H.L., Roeseber EoB., ’
Foreman, Sanfransisco & Lon., 1960,
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APPENDIX - II

FORMULAE FOR STEP=-BY=-STEP CALCULATION OF MAXIMUM FLUX DENSITY

[ ]
The maximum flux density is calculated from oscillograms of induced

vo.lta.ge in a search coil placed close to arc space.

The induced voltag; @ =N %tﬂ - (1)
or ?
Change in flux dﬂ"%edt e jiasy
from which
. . fluxdensity B= -z_- ﬁli/edt oee (3)
where N = number of turns in search coil

A = mean of the inner and outer area of search coil sq. m.

/ edt =.area under the voltage trace volt-sec,

Because of saturation in the magnetic circuit, the induced woltage has a none
$inusoidal iaveform and the integral temm f edt does not lend itself to cone

* venfient analytical evaluation.

The method of finite differences is, therefore, applied to overcome

the difficulty with variable permeability. The step-by-step calculation is !

) .ba!sed upon the assumption that permeability remains ser:sibly constant over a
small finite interval of time, If finite differences in @ and t are employed,

equation (2) takes the form =

Change in Flux Ag = ©at (L) ;
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a
where e, = average vliue of the induced woltage
within the finite interval of time.

If step=by-step integration is employed to calculate the positive
loop area of the induced woltage i.e. from t = 0 to t = T/2, the corresponding

flux variatién is from + @ to - ff, , @, being the maximum value of flux.

Therefore equation (3) should be modified to

3
] . e, At
Maximm flux density B, = 2 5]'_ m:,/na
y 2A
B - A ﬂ oo (5)
2 A
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4
“ ! (a) Determination of Constants - K and ¢.

Taking logarithm on both side of the empirical equation

[+
g 5“.35
. t= Ke (I) e ( 1 )
PR We have log t=logﬂ+cgﬂ. log e
: =35
(1)
-a+0-h325'1-350 ®e (2)
(1)°

vhich is the equation of a straight line with constants log K = a and c.
The necessary tems of this equation are evaluated in Table - I from data of t,

Bn and I obtained from Tables 2 = L ( Sec. 8.3 ).

HLE =
No. of From table I By t i "
set (sec.8.3) (Amp) wcber/me cycles i 32 .(_.1-)"35 i
1 L 100 1.01x21072 = 10,65 1,025 0.86x10~3 1
2. N 100 1,71x10=2 5,10 0.707 1.47x10~3
"3 B 30  1,87x1072 3,20 0,505 2.18x10=3
' 2,237 L.Bixio-3
I 2 50 2,35x102 2,358 0.1469 " 2.57x10™3
5 2 76 2,80x102 2,85 0.1s5% 2,66x10"3 .
. 6. 3 100 3.17x102 2,70 Oul31 - 2.7ux1073

1.354 7.97x10-3 T
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To determine the constants, the first three points are taken in one
group and the last three in the other. The sums of each group are substituted

in ‘the transformed equation ( 2 ) giving =

2237 = 3a + h.81 x 10-3 [+ ese eon ( 3 )

1,384 = 3a+ 7.97 x 1073 ¢ SHREREg oot el § %
0,883 = 0 = 3,16 x 10™3 ¢

0.883
. . - 100 = <0,
c 3.16 b3 «0.28 x 103

L ]

From equation (3)
2023? * boal X 0.28
3

= 1,195

Now .K = Antilog a

.= 15-70

*Thus.the empirical equation ( 1 ) for arc duration becomes

0,28 2.__ . )
(1)035 * =
t= 15,70 e eae (5) : »
(b) Testin Validity of the Empirical tion

To test the validity of the empirical equation, let K and ¢ be
* caleulated from fewer sets of data of Table I, so that the experimental values
* of arc durations, in the remaining Sets may be treated as ' unknowns ', Thiis iy
if data of Sets 1 & 2 are taken in one group while that of Sets 3 & 5 in the
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other , then proceeding as before the following value of constants are obtained =

K = 15,38

¢ = =275 % 10° : : <
With these valuez of K and ¢, let us calculate the arc durations for currents and
naximum flux densities in the rma.ining Sets. Thus for Set L, where in I = 50 Amp =
and' B, = 2.85 x 1072 weber/n® , the calculated arc duration is =

: -e275x10° By

35

. t=- 15038 e (I)

(=e275x20%) ( 2,38 x1072)
(50).35

- 15.38 e
= 15438

5622
= 2,94 cycles.

Similarly for Set 6, where in I = 100 Amp and By = 3.17 x10" 2 weber/n2 the
’ calculated arc duration is 2,67 cycles. A reference to Table I will show that

these calculated values of arc durations agree with the experimental values,

L ]

The values of K and ¢ should be evaluated from as nany wide:'ljr placed
data as are available and so the values of K = 15,70 and ¢ = ..28}:103 obtained

*in the lest sections are more accurate values fof the constants, Since the vdies

of K = 15.38 and ¢ = =4275 x 1072 obtained in this section show small variations,

the calculated values of arc durations are obtained fairly accurately, i
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