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Thedeca,yof a horizontal A.C: <A"cbet,teen the clectrod'l3sof a hom

•
• gapwas studied. With the arc initiated at the smallest gap betweenthe dec-

tl'od.es, buoyancyforce causes the arc columnto rise !ran bottan, accompanied
~\.ij~(If\ -..r~'"(j-.l --

, 'with increase in length. The losses fran arc column,mainly due to conduction-

convection phenomenain air, cause decay and consequentextinction of a re. The

process being inherently sloll, nrc was struck in presence of transverse magne-

tic field of a b~ow-outcoil, energised by arc current. Buoyancyforee, being

ill'\(,- ~~ented by electranagnetic force, subjected the arc colllllll to rapid motion

'through air causing increased rate of heat-loss and a fast thennn1clearance.

Results are given of experimentson arc duration under the action of

buoyancyforee exclusively and also whenan electromaonetic force acts in con-

Junction with buoyancyforce. Magneticfield was found to haw a markedimlu-

"," ~>I:r.c:,'I' ence in causing a fast recovery Cllll.sistently. Theconsistency of results in

•

•

presence of magnetic field was indicated by an appreciable decrease in standard

deviation of arc duration along wi th the significant ilecrease in arc duration

itself. Arc duration has been shownto be inversely proportional to max1l1lllJ1

transverse magnetic flux density at adequatemagneticHeld strength for the

magn-ltudeof current to be interrupted. Anempirical fonnula relating arc

duration to maxlmllJ1transverse magnetic flux density and current to be inter-

rupted has been obtained in terms of blO constants on the basis of experimental

results.
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1.1 INTroDLCTICJl

••

.
The interruption of gaseous conduction or arc dischargE!'.which

CO'-'. e~ues between SJ'Parating contacts in a circuit-interrupter is a Held of con-

siderable investigation. Efficient circuit-breakers of large breakillg-capa-

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

these breakers. which are ei ther of oil-break or gas-blast type have been deve-

lpped more on the basis of sometried and tested practice than on the basis of

Bl\Y theory of gaseous conduction. The complexand varied nature of gaseous

conduction occuring in different types of circuit-breakers has been found to be

extremly difficult to analyse satisfactorily. As far as knownto us. ai~break

circuit-breakers exist in the low and mediumvoltage range only. even though air

is a very good insulator at normal pressure. Certain designs 4f ai~break

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

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

The behaviour of an arc col= as a flexible conductor. which can be

deflected, or even ' blown-out I by a transverse magnetic field has been known

since the last century. This property of an arc columnhas found application

in air-break circuit-breakers as blow-out coils. which stretch the arc columns

so as to aid deionisation. Magnetic control of the movementof arc col= is

utilised in various foms in circuit interrupters. A D.C. arc can be deflec-

ted by the field of a permanentmagnet. But an A.C. arc carrying an alterating
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•

current can only be deflected by an alternating magnetU.cfield. The- magnetic

•
• field is produced by a magnetic circuit, energised by the arc current itself.

Thepresent lIorlt has been directed in evaluating the efficacy of thl.s methodof
•

circuit interruption under conditions of severity of a power circuit. A circuit-

interrupter as a protective device has to be l()()ll:Uficient. The dei0tPsation

of arc colunn, in this worlt,wasmainly in the region awa,yfrom the electrodes

i.e. major part of the recovered dielectric strength was in the positive colunn

of the arc. It tnlS considered desirable to makean attempt to relate the

effectiveness of this methodof clearing an arc, quantitatively in teImS of the

magnitude of the arc current and the magnetic field strength. Since the arc

duration i.e. the arc'clearing time I is not a unique fttnction either of the

current to be interrupted, or of the it!pOsedmagnetic field, due to the nature

of the pl\Ysica1phenomenainvolved in arcing, as well a s certain other parameters

of randomnature, it was also realised that a statistical method of analysis of

b.
results would"of greater value in this investigation.

Greater effort in the direction of extinction of an arc in air may

well open up newtechniques, whichmay in tum lead to the developlllentof ail'-

break circuit-breakers of larger breaking-capacity capable of operating on

circuits of higher voltages.



•

••

I
•

Chapter - 2

mE ARC

• •

•



•

••

,
•

,
2.1. A FEWIUSIURICAL flOTES•

••

The discovery of Volta's pile in 1800 led to three classes of eJ<peri-

ments with electric current. One of the classes dealt. ~ri.thheat producipg effect

of electric current. more particularly with the sparlt obtained on making and

breaking a circult. These eJ<perimentsled to the discovery of arc but it is

difficult to say where and by whomit was first obtained.

Sir HumphreyDavy's laboratory notes for the years 1805 to 1812 show

• a bright sparlt , was obtained in the labol:atory of the Royal Institution Ilhen

the tips of two pieces of charcoal, connected across 200 batteries II each canposed

of 10 double plates arranged in cells of porcelain II were brought within 1/30

01' 1/40 of an inch of each other. Whenthe 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 • follolling Ara9O. Davycame to the conclusion that the arc behaves like a

flexible conductor. both attracting a magnet Endbeing attracted by it. It

was on this occasion that he gave the nameof II arc II to the electric flame.

25
which he had earlier described as an II arch of light ". \I. Petroff of Russia

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

In the nineteenth century n\lllerous investigation on D.C. cariJOnarcs
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were carried out by different IlOrkers. In 1852 an interesting mcpe'rImentwas

perfomed by Oust, whoshowedthat a vertical carbon arc could be blownout by

•
the horizontal lIIlIgI1etlcfield of an electro-magnet. This Is the Oasis of pre-

,sent ~ blov-out coils \Jli)loyedIn alr-break clrcuit-breaks.

•

Toyards the end of the last century Urs. Hertha Jlyrtonmadeextensive

research on the mechanismof ani phenomenaassociated with the electric arc. A

fewof her notable conclusions are 9iven belowl

(1) Curves representing arc voltages against arc currents for various

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

zones, namelysilent arcs, unstable arcs ani hissing arcs ( Fig. 1 ).

(ii) In the silent region the relationship betuoen arc voltage Vaand

arc current 1 for an arc-lmgth 1 is ItCH represented by Ayrton equation-

Va • a + hI +
c + dl

1

whlere, a , h , c and d are constants.

(iii) The curves connecting the arc voltage and arc-length for various

constant currents are straight lines confiming . Idlundl s e tion ( 1867 ) -

R • a + bl , whereR is the apparent arc resistence, I is the arc-length and

a and h are constants for a constll1t current ( Fig. 2 ).

Thewodtof Mrs. Ayrtonand other yorlters before her deals with D.C.
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arcs of short length and small power. But in the present day power llYstem

engineering circuit - breaker designers are faced with control and extinction

"of high powerA.C. arcs associated with three-phase supplies at"very high

voltages.

•

2.2 nUnATIOO OF ARCINGIN CIRCUIT-BREAKER.

The entire cycle of discharge occurlng between separating contacts

in a circuit-breaker is termed as ' arc '" As the last point of contact

been estimated by

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

2.
epian to be given by -

T - v2 -33'S Xf

where v - Voltage between the contacts - Volts

]( - thermal conductivity _ Cal/an2/ oc/aa

I - resistivity of the material - om - m

ForV-l. -5 0jJ - 10 md K" 1.0. a temperature of.3000 Cmaybe

reached at the last point of contact. This temperature is high enough to

cause metal vaporisation. The voltage stress appearing across the vapour

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

dition for gaseous discharge. Alternatively a large numberof electrons can
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be liberated from the atcmic shells either by thel'lllionic emission or by

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

•

erature muchhifher than lOOOoCwhile the latter,
8

10 volts/em. on ordinery smoothmetal surface (

.
a fi eld of the order of

-5
10 emis the finest

roughness that can be sea) there can be li ttle points uhllre the iocal

field DlB\Ybe Dlaterially higher.

2.3 ARC: THE GASEOUSELECTRICAL C(tIDOCTOR.

2.3.1 Discharges in Gas Gap.

In the gas gap between two electrodes there Ifill always be somefree

electrons. With the application of a small D.C. voltage, the free electrons

will flow through t.ha gas, the flow being impededby collisions with the neu-

tral gas atoms. ( .Fig. 3a ). Soon all the electrons am ions produced by

external agency will be involved and the current will stabilise at approxi-

Dlately a constant value, independent of Voltage over a lim! ted range. So

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

If the voltage 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 cornmenseto increase

again. Additionally someelectrons will be produced by positive ions
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banbarding the cathode; this is the region knol-mas Townsanddischarge •

Upto this point the discharge is not self - sustaining as removal of ionising

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

On the other hand, with higher applied voltage between the lilectrodes,

the free electrons will soon attain ionising velocities. These high-energy

electrons will on collision with neutral gas atams, free positive ions and.

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

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

The gas under this condition is comuctive and can easily be main-

tained in a state of stable conduction. Subsequent to a spark discharge if

the current is limited to a low value by the circuit impedancea glow dis-

charge with nearly constant voltage characteristic will be produced. Above

a critical value of current a decreasing ( negative slop(.) voltage-current

characteristic is obtained, and this finally leads to the fOl'llation of an

arc ( Fig. 4 ) • Usually glow discharge occurs in gases in lowo-prcssure

range ( 0.1 - 100 llIIIIof Jig) where in the supply of E:1ectrons is limited. In

high-pressure range it is difficult to distinguish it fl'Clllthe arcs. But glow

regime IIIlIYhave important bearing in understanding post-arc phenomenain A.C

circuit interruption.
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2.3.2 Production of Discharge Regions•

Let us consider again a gas gap bet~reen tllO e1ectrodef;i as a part
•

of a sillij1e 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 self-sustaining dis-

charge, namely a mechanismabl4i1to produce required electron emission fr<n

cathode. cathodic emission can be brought about b'J field stress. tem-

perature or light radiation. Both glow and arc di scharge require the

production of positive ions in a region close to cathode. Because of

sOllIeini tial ionising collision between accelerated free electrons and

neutral gas atoms a posi ti ve 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 ( ,-v 10 amp/em2) and the cathode fall high

( tV 300 volts ), so that positive ion homharmentof cathode surface Is

4 2possible. In an arc the current densl ty is high ( rJ 10 amp/em ),

so that the ions, with low cathode-fall voltage ( rJ 10 volts) can pro-

duce high temperature at the cathode with consequent thermionic emission

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

10w-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 noving roots, fi::ld emission can still play a

major part • But for arcs \lith fixed roots, themal emission 'should be a

•
major factor as for example, copper vapour will be 8O)C ionised at 19000Kand

•
arc temperature rises to about 10,000 ~.

As sbownin FigSb, which illustrates the flow of currents and

not charge concentration, the electrons emerge into a region knownas the

plasma. The plasma is almost electri cally neutral, so that the posi tive-

ion and electron concentration must be equal. The required positive-ions

for neutralisation are produced by cellision in the anode region, where a

negative space croargcand anode voltage drop exists. The discharge thus can-

prise three regions, namely cathode-fall space, plasma and anode-fall space.

The potential distribution in these regions is illustrated in FigSc, which

shows the potential gradient is high at both ends COIIIparedto the main arc

region of plasna"

3
2.3.3 Losses from the Discharge.

In ci rcui t-breaki ng, losses from tOOdi scharge are illlportant, as

successful circuit-interruption requires that the energy losses from the dis-

charge must eJ<Ceedthe energy input into the discharge. Themobility 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 elee-
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tron collisions. (1) As a result of /IIl1IlY ooo-iooising collisfons with

electrons, the gas atoms .gain considerable amount of energy an:'! the telllpera-

ture of plasma in an are di scharge can rl se to 4000 - 10,000 ~,' These

high temperatures produce both radial and axial corductlon losses am give

•rise to convection phenomenaand loss as de;Jicted in Fig.Sci. (2) Atomic

exei tation occur fran electmn collision so that the discharge emit light and

loses, enet'l:JYby radiation. ( 3) Energy los~cs also occur at the electrodes.

( 4 ) Of the other s:;ible 10s8s which aa,y occur, Fig. 5d shows those due,

to ionisation and dissociation within the discharge and their subsequent

lotes
recombination outside. For a stahle discharge iOllisation/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 dU'ferent types of cireui t-breakers indi cat'j/ the intricacy of the are

interruption problem.

, 4 $,6
•• BURilIllG VOLTAGE. '

The re1atiollship betlleen the are burning Vt:>ltageand are current

should be of the form -

v •a
Il

IT
( 1 )

since the arc has a decreasing vol t-<Illpere charact~ristic ( Fig. i ).
The arc coll1lll'lcomprises 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 are length and so the expression for are ~ltage should be l!t

•

modified to •

A + B-
•

( 2 )
•

Actually, the relationship at atmospheric pressure has been fotnd by lJottingham

to be.

• A + ())

A.,B • constant.s dependent on electrode material and are length

1 • current in llllIPcre
-4tl • 2.62 x 10 T. constant which is approximately a linear

function of anodematerial absolute bolling
temperature ( T), and is approximately 1 for
c:arl>on,1.3 for tungsten om 0.6S for CuO,.

Aboveatmospheric pressure, the burning voltage is increased, the relationship

being of the t,ype

Va • !II log p + N ( 4 )

Where M,Nare constants. p is the gas pressure and arc current and

length are assumedas being constant. Arc in pure ~rogen do not follow

this law above 100 atmospheres pressure being tnstab1e probably due to the

turbulent convection of the gas.



•
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Cal nat a,' Z"'t;
CJ...o. y~a.ct('~fi.~ii~

(b) P05i!,'vC
eha Y"4-cl..£ r'IGiic-,
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2S AOC CHARACTERISITCS. 7.4

The fom of are voltage drop, as the current passes 1:.hroughits

sinusoidal f011ll,depends on the type of breaker J but in general, the shape

one
takes 4w/ or other of the foms shewnin Fig.7. •

Aplot of instanteneous wlues of are voltage against correspon-

ding values of current, gives the arc characteristics, but more accurately
)\

are characteristic does not depend on the current but on the rate of chafge

of current; that is static and dynamic characteristics must be distinguished.

However,during most of the half-eycle the quantity di/dtji is small and a

plot of Va against. i 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. Near current zero when

~vi becomeslarge, this will no longer be true. Consequently the arc

gap has a Mgher breakdownvoltage near a current zero decaying with increa-

siI!g current tc. Elither fOul a or c • In general arc has a negative volt-

ampere characteristic ( Fig.8 ) as is given by equation ( 1 ) and ( .3 ).

With a confined arc, it is evident fran IN'Ultion (4) the arc voltage mlV

be increasing instead of decreasing due to pressure build up wit.hin the are

chamberconsequent on t.he high t.emperature.
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In A.C. circuit the current varies ~clicll1ly going. through

• zero twice in every ~cle • The anodeof first-ha1f ~le becdIes the

cathode of n~1;.ha1f ~cle and the phenomenais repeated riodica1~ with

the arc in! ting a!1;er every current zero. At a current zero the energy

input into the arc mast be zero am so it wouldappear, the arc resistance

ll1aIIentarilyjtJllpsto in.finity foming an insulating gap. Actually due to

thermal inertia of arc column,the gas gap remains in an ionised state at

current zero giving arc a finite value of resistance" uhich leads to

reignition • Reignition is of two types, whichare described as themal

reignition and spark reignition. The therr.al we is examplified by dis-

charges uith themionically emitting materill1s like carbon. The anodeof

the carllonarc is caintaincd at a lIIuchhigher tenperature than the cathod.

so t hat whenit becomesthe cathode of the following half~cle, it is ready

to emit a copions supply of electrons to carry the current, aM no appreciable

rise of volta,geis r ired to initiate the arc in reverse direction. With

discharge in l\Ydrogenbetweencopper electrodes, on the other hand, corDitions

are quite different. Thecurrent l'Cr.'.ainszero for a period of the order

of 100- 200 ,usee. <lllda relatively insulating gap is formed,wl1.ichcan only

be brokendownby a high reignition voltage in the £01'111 of a spark discharge.

In air and nitrogen" comitions seemsto be varied and a transition fl'aJ1spark
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brsakdoWl to t.herma1breakdownma.Yoccur. In general spaIk type of re-Ignltlon

are 1R8l'k8d with higher breakdownvoltage than that of thermaJ)l:.ype•

•

•



•
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Chapter - 3

ARC EXTINCTIaI

•
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3.1 D1TRCDucneri

•
The extinction of an A.C. arc in a circuit breaker is fundamentally

•different fran the extinction of a D.C. arc. AD.C. arc Is to be lengthened
•

or the arc space is to be so deionlsed that the arc burning voltage necessary

to support the current rises to a vulue 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. circui t. current reduces to zero value twice in every

cycle. There is no energy input into the arc at such a Zero pause and arc

extingui shes at or near such a moment.

The interruption of a fault current is one of the [;laJorduties of a

circuit-breakel'. As system faults are mainly inductive. current lags the

o
system voltage by 90 approximately .i.e. at a current zero the arc gap will

have to support the peak of the .ircuit voltage. Thisis a more onerous

duty thtn Imen the power factor of a circuit is unity i.e. current and voltage

paases through zero at the samemoment.

3.2 DJrERRUPTIONOF'ASUIPLE A.C. CIRCUIT

In order to study arc extinction phenomena. it is convenient to consl-

del' interruption of a sinple A.C. circuit with a generator. an inductance L. a
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condencer C, representing say the line capaci tance and the circuit-breaker 5,
••

as shownin Fig. 9(a). Ini tially the breaker is closed when the .fault has

•

occured. Let the generator voltage be

e9 •• E sin wt

•

•

then the .fault current

E sin wt--=--,,;;. ••
~lL L9r:P

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

betweBllcontact gap burning with a low voltage va' which is in phase with

current. Arc voltage va being very small, current ulll still lng the genera-

ted voltage eg by nearly 900• Assu"lingnowan ideal condition, in which in a

small time embracing current zero arc gap manentarily changes .froma comparatively

good condu::tor to a llOmparatively good insulator, a transient voltage o.f reverse

polari ty wi11 appear across the gap having a value

- cos )

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

transient. The first term ( es ) represents the fundamental frequency voltage,

called the recovery voltage. This voltage appears across the gap after fi nal

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

oscillates about the voltage level of es with a .frequency

1
£ • -----

27\ ILC
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ani! has a peak value equal to that of lls • The total vol tage swing i 5 the~

I fore 2 Es from zero i.e. 2 fi Vs whenVs is the r.m.s voltage •

•
The arc space will have to stand the high transient voltage, till

. recovery voltage is established across the electrodes of the breaker. Evi-
•

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 circuit vary s~ fran 5 to 100Kc/s. The period of the latter

wave is only 10 microseconds. It m~ thus be generalised that the time

availab e for the transition from conducting to an insulating gas space vary

.from2.5 microseconds,ta. the time required to reach the !'1rst 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 THEOIUESOF ARCEXTINCTlal

Most of the theories of arc extinction have originated fran investl-

gations into the c!rcuit-breaker perfomance, 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 50 far proposed, We arc very widely knownand

refterred to in analysing the behaviour of a circuIt-.brcaker. The fi rst one

is due to J. Slepian of United States ( Kesting house) who in the period 1926-30,
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proposed a t.'Jeory which is knownas the Dielectric Recovery Theory. He

analysed the problem of are extinctions as dependent on two factors, the rate

of recovery of the dielectric strength of the arc space and the rate of rise ot•

•restrifking voltage of the external circuit. In 1939, A.M.Cassie of Electrical

Research Association, Britain proposed another theory frlllll consideratiofl of the

energy content of the arc space and is knownas Energy Balance Theory. These

tuo theories seems to have madeconsiderable impact on the problem and will be

outlined here.

3.3.1 Dielectric Recovery Theoryl

8,9
Slepian visualised the arc extinction phenomenaas a rapid transi-

tion fran an highly conducting to a cOl1lparttively non-conducting arc space embra.-

cing a current zero. The transition depends on the reaction betWeentwo

opposing forces uhich are called into play. TIle first is the rate at which

the arc space recovers its dielectric strength due to disappearance of ions and

the other is the rate of change of circuit voltage, which tends to reignite the

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

space recovers afcertain dielectric strength. which can be represented bY a

Wlique curve such as curve ( a ) in fig. 10. If the restricking voltage is

given bY curve ( b ) , which alWlll1slies below the dielectric recovery curve(a),





then the arc will be extingui shed.
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If hol/ever the restripking voltage is

, given by curve ( c ), reignition will occur at voltage V and time bt after
or

current Zl~ro. In the words of Slepian, " the extinction/reignition of an A.C
•

arc following a current zero depencJkJ:~nthe outcomeof a kind of race between

contending factors", - the dielectric recovery of arc space and the se~tri~ing

voltage transient.

Aprerequisite for the application of this theory is the detemination

of a critical dielectric recovery curve for the arc space under investigation.

The theoretical determination of such curves for different types of circuit-breakers

with varied arc concHtions j: COnSiderabl~~t:i~ in .tMl~is. Slepian's

ownattempt at assessing the dielectric strength of an ionised gas between

closely spaced electrodes in the open gave the value as

9 273 5
V • 1.9 x 10 x ( T + 273) x t

where T is the absolute temperature and t is time in seconds. With brass

o
electrodes, if its boiling temperature, 1200 C is taken as the te:aperature in

the cathode region, thEn-

6
.!!Y • 0.4 x 10 volts/ sec.
dt

If the melting point 0(940 °c is taken, the

6
.!!y. 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 Wlue of 25 x 106 volts/sec.

•
The fomulntIon of this theory is based on the assumption that

• dielectric recovery of arc gap and restri~king voltage are two independ.ent time-

varying quantities. Actually the dielectric recovery is not an independent

process as at every Instant it can be modified by the existing cIrcuit uoltage.

HoweverSlepian1s contribution is considerable as he really first dIstinguished

between the recovery and restricking forces.
I

With experimental values of the

recovery of gas gap in a particular type of circuit-breaker, this simple d:J:

criterion of arc extInction can stIll be of great value.

3.3.2 Enerw-Balance TheOry r

The exIstance of post-arc conductivIty in circuit-breakers excludes

the Idea of sImple dIelectric recovery curve. Gas-blast breakers wi th high

post-arc currents are follld to clear a circuit successfully. Also high rate

of rise of restrIfdng voltage does not have marked bearing on the perfonnance

1011of these breakers. These considerations led A.f4. Cassie' to propose a

theory of arc extinction phena:leNlllintems of energy exchange in gas gap during

the interrupting period.
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A sudden cmnge In arc current is not accanpanied with a colTes;Jonding

change In voltage given by static v~ characteristic of an arc •

is traced In the I heat content ' of the 9ape •Arc is a colUJlllof heated.

"dissociated ionised gas. Becauseof the thel'lllal lag or , tvsteresis' of
•

arc col=, Its resistance or colductlvity does not depart. f1'Clll Its previous

value with the llIaIlentatycrunge in current. TIlebehaviour of arc can thus be

better understood In terms of a tlllle-depement equation In R •

Asstning a constant tlll:1peraturethrough the pasi tlve colunn of arc,

which ex;ltrles the electrode phenomantrvaryIng area of arc cross-section, l¥\d

main losses beIng due to forced convectIon, CassIe fomulat~on equation in R

So!! •
dt

e2
kR ( 1 - eo2) ( 1 )

where Co. const.
In tel'lllSof Instontoneous current, t!XlequatIon reduces tol

.\!!!.kR
dt

( 2 )

This Is an cner -balance equatIon as the first te on right represents the

rate of heat loss and th second tCl'lll,the heat input.

12.13n about 1943, P1ayr also deduced a silllilar equatIon In R.

assming losses Jue to thennal comuction oi\(y". • The equation lSI

( 3 )
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where in again the first and second tern on right represent heat loss and gain.

lIo is the rate of heat loss from arc columnper unit 1mgth and 00 is a constant •

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

reduces tol
•

£!8- const. R • 1 R•-
dt 9

tie ( 4 )or R • Rae

i.e. resistance of are co1= increases exponentially with a time constant •

Reignition after a current zero can occur in either of two alternative

-4process. If the post-arc current is less than s3¥ 10 A, i.e. all conductivity

has prao::t.lcally r;eased, then only spark or corona br-ew{downcan take place

governed by something like Paschen's law i.e. breakdownstrength C( j f dx.

This maybe referred to as hard zero.

In the other process there is post-arc comucti vi ty, and the mechaniSIll

becOlllesone of energy balance, in which rate of energy input exceeds the loss.

14
Slepian , faced with this situation gave a newdefinition for the electric

strength of the gap - the voltage, applied at any instant, which is Just suffi-

cient to keep the specific conductivity or specific resistance, of the plasma

constant. This voltage maybe used for assessing balance , for which an iOOi-

cation of arc resistance at current zero is also necessary. If the current

linearly falls to zero, then it can be shmm that arc resistance at current zero
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isl

R •o

• where eo' the voltage gradient in the arc i 1 peak value of current and
•

Ie • angular frequency.

The arc collJlll1will be contracting in dirnneter because of axial £10\1

FiS 11(1))
of gas but this will not cause arc temperature to drC>p-" The arc colunn will of

course be loosing heat by thennal conduction, ~lhich can beallied diffusion loss

causing the axial temperature to drop. TIle specific electrical conductivity

does depend on temperature. I,owto I:lllkethe diffusion loss am to hold the

temperature constant, a voltage ll\:I. be applied to the colunn, the diffusion loss

watts ( 6 )

Hence Vd •• const JR , since Wis roughly constant.

Therefore a change in Vd increases as the square root of change is resistance due

to deformation only.

defined by Slepian.

This voltage Vd is the dielectric strength of the gap as

The voltage appearing across the gap is no longer the simple restri~

ing wltage transient but one which has been rn.odifledby the conductivity of the

circuit. Nov the problem is one of balance between ene••g.;v24 entering the

residual coltIlln fraa the circuit and the energy W. bei~ lost due to diffusion.

If ~R exceeds Ii after current zero. an'energy breakdown I of the gap occur.



32

• In the rewrse process, R increases exponentially and the restricking wltage

rises. The energy input v2~ increases to a mmdun and then falloff again,
•

this maximun being les$ than W. Thevariat! n of 1~after current zero

fol" a typical circuit is shownin Fig. 11.(a) •



•

•

Chapter - 4

CIRCUIT CXllIDITIDllS IN RELATICII TO CIRCu[T INTEllRUPTICII

•



•
4.1 CXlNDITIONS OF SEVERITY'

Thedut,yimposedon a ci rcui t-breaker dependson a nUlllMlrof factors

whichhave been temed comitions of severit,y•. Theyinclude circuit power

factor. current asynmetry. earthing conditions. recovery voltage and restri,c!king

voltage. B.s. 116defines' recovery voltage' as t the normalfrequency EmS.

voltage that reappearsbetweenthe poles of a circuit-breaker after final arc

extinction> and ' restri~ing voltage '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 OIIIplitudeand its rate-of-rise ( expressed
,

in ViAS) at the time of final arc extinction. But in AmericantemillOlogy

'recovery voltage I covers the complete \Oltage phenomenaat circuit interruption.

4.2 TERRUPTIO J OF I.AR3E I DUCTIVE CURREIJT

The easiest dut,yis the interruption of load current whenbesides the

small value of current the powerfactor is high e9- 0.6. But in a short

circuit the impedllIlCeis almost inductive but lowgiving a lowpowerfactor

( .15 or less ). This is a moresevere condition as besides the large current

to be interrupted the arc gap has to support nearly the peak of generated voltage

at a current zero ( Flg.9b). whenthe arc current is interrupted. the voltage

at the breaker contact changesraoidly to nearly twice the circuit voltage.

The frequencyof this oscillatory voltage kx in the simplest case is -



•
f • 1-27\

3,
-3

x 10 KC/S.

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 amplituie of recovery voltage about uhich oscillation occur

modifies RRRV propationately. A ,3-phase fault that is insulated f1'Oll~.

either at neutral or fault. produces recovery voltage in the first phase to

clear ( i.e. IS En ) uhich are more severe than those produced by single phase

or 3 phase earth/aults on systems with earthed neutrals. where the recovery

Voltage is . • A further modification in the recovery Voltage is introduced

by asyr.:metryin the fault current. Dependi~ on the position of fault in a

system and the values of system parameters, multiple-frequency restrlcking voltages

transients maybe produced.

4.3 INTEffiUPTI01J OF SMALL1DUCTlW CURRErIT

Wheninterrupting magnetlsing current of a transfomer ( secondary

open-circuited ) or very small ( reactive) fault current, a powerful arc-

control device lllll¥ force out the current Before a normal current zero. The

system energy at the instant of interruption i' then transferred to parallel

such that

t C ( e")2 • t L i ,2
o
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io • current at cut.-otf.
•

.tllth a high cut-ott current and low system capacitance ( Fig. 12 ) en can be

The amplitude of oscillation is nowE + el + en. •This pheno-

tldna is knownas n current chopping" which is usually accanpanied ,lith high

over voltage producing sometimesmultiple restricks loIitha halt-eycle.

IS4.4 INTERRUPTICX~ OF CAPACITIVE CURREllT

The disconnection or open-endedline or C:lble imposedon a breakJilrthe

duty of interruption of clnrg i~ current, which leads the source voltage by
a

approximately 90 • If the arc goes 011:. at a currenwero ( time x in Fig.13)

whenthe voltage is at its peak wlue. the line 8fId b remains fully cMrg...nat

the positive potential + e. Thereafter generator voltage changes sinusoidally

to -e ( end a ) at the next. peak. while the other end has a potential + e. so

that there is twice peak to neutral voltage 2e ( I f2 En ) across the break con-

tacts a transient voltage of this magl12tule( 2e ) will be oscillating at natural

frequency of Lande about the negative maxilllu:apeak giving the maximUllvoltage

to earth as - 3e ( -3 J2 En). If the arc gap is able to stand this high

voltage. the voltage doubling process m~ be repeated at the next. peak givi~

4e ( 4 f2 En ) betwen contacts and Sa ( S J2 En ) fran line to earth.

The voltage doubling process is limited by lcaltagc losses:: or a breakdownof



•
system insulation • The probability of the voltage reaching 4e is only

•

•4.5 EIl'FECT OF RESTRItKING VOLTAGEat, AIa-BREAK CIRCUlT-BREAltER PERR:lR'(ANCE
i

The rest.ance of a breaker has a dampingeffect on the restricking
•

voltage. the main cf'iect being reduction of R.R.R.V.

16
resistance is-

The critical damping

He ••

If the post-zero breaker resistance(R) is eP:rual to er less than He • the voltage

change between breaker contacts after current zero follows an exponential form

i.e. e.f.fective daIlIpinghas taken place. I.f R» He » an oscillating voltage

appears i.e. restricking voltage has not been erfective~ damped.

In air-.brealt circui t-breakers, the process of arc interruption.-involves. the lengtt~ng and cooling of arc thereby increasing arc resistance

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

at
that the voltage/current zero is lOll and restric!.dng voltage tends to be corra-

pondingly small. Moreover, the post-zero resistance of these breakers is very

low due to the pj!resence of ionised gas in arc-space so that arv restrlcking

vol tage is rapidly damped.

break circui t-breakers.

Restricking voltage has thus little ef'fect on a.r.-
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~1. Wi-ttr oU~reak~ m air-blast circuit-breakers the post-serv

resistance is considerably high and consequentlythese bnakers haw litU •
•

dampingeffect on restri~t~ng voltage.

•
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AIR-BREAK CIRCUIT-BRE.I\KERS

•

•



• Illm:JOOGnON

•
111eair-.brenk circuit-breaker has all' i1lll'ilet'sOOoontacts and arc is

initiated all:! extinguished in air mediUIII. Arc is drsun to muchgrcatell lEl'lgths

in air-break circult-breakers than the short arcs assocfatoo with oU-break and

air-blast circult:.-breallers. The legQthening of arc raises the arc-resistance

to a high value and thus helps to extinguish the arc. The air-break circul t:.-

breaker is essentially a high resistance brealter while the two other main types

of breakers, the oil..break type and air-balst type, can be groupOOtogether as

• loy resistance' breaker because of shorter arcs associated with them.

5.2 FUlICTIOllS OF ARC-CHl!l'E17

Modemalr-break circuit-breakers incorporates an arc-eontrol device

or arc-chute, which are made to perform three inter-re1atoo functions -

(1) to confine the arc within a restricted space, (2) to provide magnetic control

oJ
. of arc mov=ent and (3) lastly to provide rapid coo1ing"arc gases. 111earc-

control mit is momtOOjust above the arcing contacts. The arc is drivEl'lby

various magnetic means, into the chute, where in contact with arc-splitters or

cooling baffles or such other devices it is lengthene:.i and cooled mtil it is

ext! nguishoo.



•
5.3 TYPES OF J\lR-BREJIK CIRCUIT-BREAKER •

Arc-ehute breakers can be devided into two types depending lIIainly•

on the lIathed of construction of are-eontrol unit. In the eeld-eathode type,

the chute is madeup fran a stack of thin metal plates and in the refractory

type, the chute contains a stack of refractory plates, each of which usually

contains a magnetic insert.

The colcl-ca.tllodetype operates basically on the s=e principles as an

18
air -illllllersedde-ion breaker, which is an Americ;;:ninvention. Nomally the

cathode anode drop of a pair of hot electrodes is about 20 volts but if the

electrodes can be kept cool, the cathode-anod.edrop rises near a current zero

to approximately )00- 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 cireui ts ( Fig. 14 ). The electro-magnetic forces generated thereby

drives the arc 001= into the steck of plates. This breaks up a long arc

into a series of short arcs. The rapid motion of arc thIIlugh the de-ion

structure holds doun the arc temperature. Each of the soort arcs recovers a

strength of sevaral hundred volts. Thus ~ using a large numberplates, a

breaker maybe constructed which can interrupt a circu! t. of considerable voltage.

In the ref'ractory type, arc is mainlYelongated and to provide large

elongation, chute plat.es are so designed that are has to movein a zig-zag path
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through thel'l••
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19In one typical arrangement , the plates contain slots wtich are

inclined alternatively left and right ( Fig. 1$ ). Initially the arc is trans-

•
ferred (by convectionair-current ) fromarcing contacts to diverging arcing

horns or a.rc- runners. Thearc current loop so forned energizes the iron
•

plates, embededin the chute plates of insulation. Themagnetic field estab-

lished thereby'sucks' the arc collD1\into the chute plates. As the a rc root

travels vertically over the runners, the length of the zig-eag path though the

plates increases. Thelarge elongation increases the arc-resistance and the

voltage droppedin the arc path reaches a value at whicharc becomesunstable

and is extinguished at the next current zero.
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Chapter _ 6
ARC Q)NTJ{)L IN AIR

•

•



•

The principles am methods followed in certain types ot 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 eva1ute

their effica,}' is given at the end.

6.2 PRINCIPLESOF AJC-O:lNTRJL

The principles usually. employedto cool and deionise the hot gases

of an arc co1UD1lin air md to produce instability of the arc are 1_

1) Arc Cooling.

2) Arc Lengtheni~.

1) Arc Cooling 1 Arc looses heat by conduction phenanena in air. Air has a

high thennal conductivity at arc tenperature ( 4000 °c _ 6000 °c ) and conse-

quent1y conduction loss to surrouming ~m11of' cold gas is high. This condue-

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 ma,ydessociate into



•

41

atomic state by absorbing energy fl'Olllarc. Thus for air, the process _

•

0# as suggested by 'f. '-~:.Je.t".'"l1'!Steenhack the process _

•

m:q occur in equilibriw. The diffusion of the ions into cold gas boundary and

their recombination out.side results in liberation of tJle energy.

TOOdeionlsation process contracts tJle arc-core, and.arc-resistance

which is inversely proportional to d2 ( where d • diameter of arc-eore ) builds

up to a considerable magnitude Just before' a current zero. For successful

circuit interruption, the arc-resistance soould increase to a value at which

circuit voltage can not cause any current flow thro~h it.

2) Arc Lengt.1leningI Whenan arc column is stretched, tJle arc lengtJl is consi-

derably greater t.1lanthe distance between fully opened contacts. An increase in

arc length is accClllpanledwith contract.ion in diameter of are-core. These t\lO

changes act cUlllulatively to build up the resistance of the arc-path. The current

decreases and voltage gradient of positive col= Increases recording to the

formula "'L" 'nB • The voltage gradient of the colUllll is the rat.io 6.V/l::, x
i ,

~rnere t>.V is the change in voltage associated lJith a change in arc length A x •

With increase in coltJllll gradient and. in arc-length, the positive colunn drop

continuous to build up until total are-drop reaches the circuit voltage. liith



the total circuit voltage droppedin the ar~ath. the arc becomesunstable and

dies out.

•

6.3 UETlW50F ARC - COllTroL USED. •

In viewot the principles outlined in the last section. the two

methodsot arc control employedin the experiments, reported in this workwere_

1) Thearc -runner
and

2) Themagneticblow-out coil.

1) Thearc-rwlllerl

The arc-runners or the arcing-horns are the electrodes over which

21
arc-colunn is madeto travel by the buoyant torces acting on the co1ullu.

Owingto high temperature of are-co1unnrelative to sUlTOundingmedii•• the

colunn is subjected to strong convection currents in air. These convection

currents causes the arc to rise fI'all bottomthrough successive positions such

as 2 to $ ( Fig. 16). The colunn. as it lengthens. Il10veSrapidly through cool

surroundinggas. whichaild surtace deionisaticn and :further increases the arc

voltages. Theanode and cathode spots tends to lag behircl the maincolunn

because of cooling action ot metal electrodes and the temency ot cathode root

to cling to the point ot high electron emission. The action of arc-runners is
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inherently slow and high current arc unaided by mw 1!Iagenticdri ve will te:nd to
•

bum low md arc will not be extinguished. The angle of spacing of electrodes

Is important as with too wide an angle the arc will not rise up. The arc is

:(o1'cooup the electrodes by thermal effects in air and this type of elearence
•

is called thermal clearence.

2) The Magnetic Blow-out coil.

If an extra drive is provided by the application of transverse magne-

tic field on aro-spa.ce, the aro-co11Jlll'lis subjected to rapid motion through coil

air. Deionisation of aro-space is muchfaster because of increased conduction-

convection losses to gas boWldary. The arc-core cont.racts as arc-coltJlll1 lengthes

and arc resistance builds up at a !aster rate. The arc voltage increases rapidly

to circuit voltage and current d;es out.

The magnetic blcw-out coils ftnctlon 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 period. 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 ell, carrying a current 1 and subjected to a magnetic 1'ield

of flux density B, is given by _

dF" Bi dl sin e I-B

where e i - B is the angle between 1 and B.
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The force results in the direction of the Ildwnceof a right-handed screw if
•

i i ured i th ..•.• field If e i -B • 90°,the current s P ct as rotated nto e magn",wc •
•

then -
•

dF • •

Since the maanetic field is producedby the current to be interropted~ we have

for small currents -

Force on tOOarc llux densit x current.

At higher current if tOOmagnetic circuit is saturated~ the force on t.he arc

will be morenearly proportional to the first powerof current.

1'be actio.'1of blow-out coil is illustrated in Fig. 17. If the current

is in x - direction and the magnetic fie1d, in z - direction~ then the force

acts in y - direction perpendicular to the plane of 1 and B. Reversal of current

coincides with the reversal of transverse magnetic field so that the motion is

still upwards, and operation is effective vith alternating currents. But the

direction ofwin4ing is importlllt ; the direction should be such as to produce

an upwardmagnetic ;force alwa,ys.

The rate and direcUon of arc movementis also dependenton another

parameter i.e. the gas pressure. The direction of arc lXlvelllentoutlined above
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is that. 9iven by J\IlIpCre'slall. The Amperian or forward mUon of arc occurs

at atl:1osphericpressure, but at low pressure the arc moves in oppesit.e or
22

retrograde direction. As the experiment was carried out at atmospheric pre-
•

ssure , the are was not subjected to a.rv retrograde forces •

•
•

6.4 TIlliOREnCALCXXISIDERATIOl:ISml EXTTIlCTI<11OFAll A.C.ARCTIlAIR

11lepositive colwn of an arc he:: in most cases, a well defined boun-

dary with a high temperature arc core. The surrounding gas only a fev milli-

meters frca the core is practically at ambient temperature. Because of high

temperature gradient of the order of several thousand degrees per millimeter

in the region illll:lediatclysurrounding the arc core, energy dissipation frca

t.his part of t.he are can be initiated so as to cause instability am COllSe-

quent. extinction of arc.

The heat loss fran the high t.emperature arc core of a horizontal arc

at. atmospheric pressure ( Fig. 18 ) to cold gas bowldar,yis oainly due to

cor\1uction - convection23 phenomenain air. Losses 24 dw to radiation !J'ld

diffusion of ions fom a very small percent.age of total loss. If at time

t • 0 the are coltllll has a length x, then after a short interval of time dt,

the length increases to x +AX while the colU1l'1rises through a vert.ical dis-

tancelV'. The rate of heat nou into a laminar.- boundary l~er of radius r

and thickness dr in the interval dt.. is _

(v) (x + ~ )
2

where v •• average convection veloci ty from y to y + Y
Cp •• specific heat at const.ant pressure

!:J..T•• temperature at. r above ambient t.emperature
f" gas density
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The electrical power input into the arc during the interval is

•

where va • instant~us arc voltage

1 • instanter~us arc current,

•

•If va is QSSUlIedto be sensibily constant during the interval then the rate

of heat input is -

1 X-4.18
,,2
a- , 1-4.18 X

where ro • instante~us arc rd,sistance

6' • instante.~bus electrical conductivity

.•....rL - ---
~\ \

I 7' 1
\ I

Fig. 18 SkeLchof elementary arc column
shoving laminar boW\darylayer

The heat storage rate in the arc coltl'lIl dlr ing the intrerval is -

( . Ie ) (



were T. (lveragetemperature of arc core

fc • gas density in tlla arc core
a • L • constant deparviingon the angle

x/2 given to arc runners•
•

The energy balance equation in the positive coltllll1for the sma11

interval of time.

Rate of EnergyInput - Rate of energy loss =- Rate of Energy stored
•"'input

1 Va2b7\?-_. ----
4.18 (X+AX)

]'

•
'hoss

•
"stored

With a large T, the product t is constant md heat loss docs not dc-parvion

temperature. A contraction in dilllleter of arc core will cause large chungas

in the first and third tem than in the secord te:m. Thcrfore the significant

variable in the second term is the length x and convection velocity v. The

velocity v is not an irviepero.entvariable but 1:1caused by a buoyancyforce of

g' (/ - fc ) per unit volumein free convection in air. A large increase in

velocity leading to increased rate of heat loss results uhen an e1ectl'allagnetic

force of 'B 'per unit length acts in conjuction with buoyancyforce.

The third tam ~ stored accounts for the fDct that ::I.1"C resistance

can not s:1Ql:1cntnrilyrise to infinit.y at a current""'lero, ~Jh:mthere is no energy

•input into arc. Instead 1stored gives arc a finite val

whichonintailUl flow of current

of resistance r ,o
lith the appearance of voltage after a current

zero.



55
The energy input to the arc is markedby zero-pause phellOlllenawhile

energy loss fran arc is a continuous precess. If the loss-rate has increased

substantially at a current.4ero then illllJlediatelyafter the current zero when

•input watts is considerably loss, the excees heat loss uil1 C(JIlefran heat

'Stored in arc colU1lll. Theprocess will continue during every ha1f-eycle until

the stored eoorgy is exhausted. At this stage arc resistance uill havebuilt-

up sufficiently to force out the current at the next eurrent-eero.

The rate of heat loss will therefore, deter:m.inethe duration of JI£I:-

arcing and from the aboveconsideration wehave that the loss-rate mainly

dependson average velocity and increase in length. Therefore

dW-dt = Kv dx ~

where Ii. heat loss fran arc 001\l1li\

K a constant mainly dependenton gas density and
temperature.

V a average convection velocity

dx • increase in length dependenton the angle
given to arc-runners.

6.5 EXPERD1illTAL IlVESTIGATICll

It wasproposedto perfom the following experiments-,
1) To record the tine of recovery of hom-gap at different currents

with the arc initiated. at the smallest gap betweenthe electrodes of the hom-

gap.
2) To initiate the arc in presence of transverse magnetic field of B

blow-out coil, energised by arc current an:! to record the nell val\leS of arc



•

durations at the abovecurrents•

•
3) Tovary the flux-density in the nrc-space IIith the circui t

adjusted for a fixed short-circuit circuit-current and to record 'arC dura-

tion at eachvalue of nux density•

•
Arc durations lrer:e to be ev-uluatedfromoscillographic records of

arc voltage and current:. Thepowerfactor of the circuit was to be fixed at

a lowvalue and short-circuit lias to be madeat full circuit voltage of 400-

volts. In viewof the possibility of scatter of data, a large numberof

axperimentswereprcposedto be performedat each stage for statistical study.

\



Chapter - 7

EXPERIHENTAL m::noos AND APPJlHAnJS

•

•



7.1 D/TIl)DOCTICiI

This section deals with the ellPerimental set.-up made fflr perfonning

t.he proposed experiments. The apparatus and the •methods , used are also des-

•cribed.

7.2 THE Ale - cn.TROL mJIT

The .function of the unit as the nme suggests.is to control and

extinguish an arc, The Wlit comprises the arc-runners and the blOll-out coil

( 'Fig. 19). Arc-rWloors were madefns polished copper sheets. Copper being

a good heat-conaucting material facilitates ra~id movementof arc-roots. Runners

were of i" x~" in cross-section and thc:y together fomed 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 bottca was i". lmich increased to 1" at the

top. The are-rwtners were mountedon a bakeli te plate covered with asbestos

sheet.

The blov-out coil had 110 turns of paper iMulated flat copper wire,

woWldon a baltelite tube, with a s01't iron ClOre( 1" in diazneter ) inside it.

The coil wasmounted on the le1't-band side of the runners and the winding

direction being anticlock wise fran the front. Whenmagnetic 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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applied in the are-space, the coil was connected in series \lith the arc-runners.

To increase the flux density in the arc-space. the reluctance of the magnetic

circuit was decreased 1:lYfixing two 1/16" mild steel plates ( 4" X' 2" ) at the

two ends of the core. TI>lsarrangEllll8lltalso facilitates variation of magnetic

•.field in arc-space by simply changing the pair o.f stee! plates \lith another

pair o.f di.fferent size.

7.3 TEST CIRCUIT

A view o.f the elq)erimental set-tp is shoon in Fig.!. The schematic

diagram o.f the elIperimental set-up is giwn in Fig.20 in \lhich the test circuit

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

trem !IOO- volt A.C. Kain through. IIlIIWa1lyoperated cireuit-breaker on the

suitchboard in the Test Laboratory. This is a Westing house De-ion Air-break

brealter. which hns a rating of 100 A at 650 v.

The short-circuit was made through a ~lal{e-breakHechanism ( Fig.20-

21 ) \lhich holds the circuit under short circuit for t sec. so as to limit the

disturbance on the mains supply and also to protect the arc-control unit fran

probable destruction. The IllCchanismcomprIses two Westinghouse De-ion Air-break

breakers mounted sIde by sIde on a co=n board \lith the ' ON, end o.f one turned
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to the ' OFFI end of the other. A steel rod with t.wowlded st.eel I ams I is

hinged on the board betweenthe t.wobreakers. TwoadJustlb1e metal pieces on

the two arms fora two I grips I for the operat.ing handles of the breakers. With

the operation of e steel rod, C.B.1 closed the circuit while 8.B 2 opens the

•circuit. By ndJU3ti~ the position of the I grip I on C.B. 2 , the latter is

l118deto open the circuit i sec. later, during which time the circuit. remains

energized. The operation of the mechanismwas tested 11i th the help of a pen

recorder, whichshowedit r..aintains a circuit. for 25 - 35 cycles.

SCctionalised reactors and resistances, as shownin Fig. 20, were

provided for regulation of the magnitude and wet' factor of the test current.

The40-vo1ts supply obtained through a variac was used to adjust the

value of impedancefor a certain test current. If the lIIlIllleteron this circuit

showsa current of 10 Awhen4o-1I01tis appllw, then with the appllcation of

400-1I01t,the test. current will be 100A. Obviously, the 40-1I01tsupply is dis-

connectedbefore the 400-v test voltage is applied.

The Jor items of e:rulpmentsemployedfor Illeasurallentswere a shunt.,

a voltage divider, a cathode ray oscilloscope, an oscilloscope cameraand a search

coil ( Fig.20 ).

1) Shunt - 100A. SO mV.1The test current waspassed through it and the voltage
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Fig 21 (a) Make-break mechanism

•

Fig 21 (b) Mahe-break Mechanism, voltage devider and shunt
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drop was applied to the deflector plates of the oscilloscope for obtaining the

current trace.

2) Voltage-d1vidcr-
was

The voltage-divider circu1tjmade of three resistors -

50 kilo-ohm. 50 kilo-ohn and 5 kilo-ohm. These high values were chosen, so that
•

divider circuit maynot distort the arc voltage appreciably. The voltage divi-

sion-ratio is r/< R + r ). uhere r • 5 kilo-ohm and R •• 100 kilo-ohm. The

voltage applied to the deflector plates for obtaining the voltages trace was

19.1 volts.

3) Cathode ray oscilloscope - The experillent requires the simultaneous recording

of two quantities arc voltage and arc current. for obtaining the duration of

arcing. Also each experiment being of a short duration. flux densitqr in arc-

space was calculated fran the oscillogram of the induced voltage in a search

coil placed b'J the side of arc-runners. These \rere achieved by use of -

Tektronix - TYPe545 AOscilloscope along with

TYPeCADual- Trace Plug-in Unit.

4) Recording Camera- The traces on the screen of cathode J:a¥ oscilloscope were

recorded on 35 l!l • Jlegatiw film in -

Oscilloscope Camera

T"ype - A,C, 2/25

D.Shackman& Sons

London& Chesham.
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5. search co11l- The search coil, llhich was used for .flux measurementhad

SOO't.urnsof t.hin coppe wi reo

EXPERDlErlTAL PROCEll • •

The important.steps followed in performing the e>q>eriQent.swere as

out.lined belo\{-

1) The series blow-out coil was connect.edin the circuit., whent.est.s

weremadein presence of magnetic field in the arc space. The coil wasdis-

connected at 'a' (Fig.2O ) and the arc-runners were directly connected to the

line with the help of Jl.v:lper,whentests weremadewithout. the applicat.ion of

magnetic field. The steel plates on the blow-out.coil was t.urnedback whenthe

coil wasnot in use.

2) The i::pedanceof the reactor bnnkwas adjusted with the help of

4o-volt. supply to give desired short.-cflrcuit current when400-volt t.est. supply

was applied. Before applying the test volt.age, the 40-volt supply was discon-

nect.ed.

3) The fixed gap at. the bott.oa of arc-runners was shorted with fuse

wires, which initiated the arc whenshort-circuit. was cade.

4) The terminals fraIl volt.age divider circuit. W"dS connected to,

channelA ( Fig. 20). TIlearc voltage arxi the arc current. being of varying

lIIlIplit.udea repetitive sweepin t.he oscilloscope produces a Junbled displa¥ of

wavefoI1llS.Theoscilloscope was, therefore, set for SINGLE SlEEP 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 qyc1es following the application

of test supply uere obtained by proper selection of mreep speed.,

S) The oscilloscope call1erawas foreusflCd on the screen and trle lens

was 1e.f't.open. This completed all operations prior to application of short-

circuit.

6) Next with the operation of make-brealtmechanisa the circuit

remained under short-circuited condition for about 0.7 sec. The appearance of

voltage on charUle1It. triggerd the time-base into operation and are voltage and

arc current traces were recorded on film. The film ~<lSthen advanced by one

frame for the next test. Osci110gramsof part I and 2 of the experimental

investigation ( sec. 60S ) were obtained by repealing the above procedure.

7) For part 3 of the experimental investigation. the flux densit,y

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 llere then repeated.,

7.6 l'1.UX MEAStJlWtENT EXPERDlENT

The flux J:IllasurementeJqleriment W'llS performed separately and the

necessar,y changes in the test circuit ( Fig. 20 ) is shownby dashed line _

channel A of the oscilloscope was nowconnected to search coil. \Ohile channel
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rig 22 (a) Search coil placed in position for
flux neasurement

rig 22 (b) Components of arc ~ontrol unit and search
co11 sho\olf1on extreme right

•
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B vas connected to shunt as before. The search coil was placed close to arc-

space with an asbestos steel in between it and the are-runners as shown in

out
l"ig22a. Tests were then card ed"at different currents with the blow-out coil

in the circuit. Oscillographic records of induced voltage in the search coil

and corresponding arc currents were obtained by following steps 1-6 of s'ec.7S.

Induced voltage traces were then enlarged for graphical analysis. The flux-

density in the arc-space was then evaluated in sec.8.4 of the next chapter f~

enlarged wave-forms shownin Fig. 31 - 33.



\

Chapter - 8
EXPEImlEtITAL RE..~rLTS
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8.1 DITRODUCTIaJ

All experimental observations lrere recorded by high speed osc.ulo-

grapl\Ysince the duration at arcing lasts only 11 few cycles in manyof the
•

following experiments. Test data have been • therefore, collected fI'Olll

oscillographic records. The circuit conditions wre kept constant, as far as

practicable, but the duration of arcing dependson a ntmlberof factors, SOlIle

of uhich are not easily contrclable ( see discussion). Consequentlytime

taken by the arc-contrcl unit to clear an arc were reprcducable within a cer-

tain 1'lIlIgeof variaticn. A series of experimentswere therefore perfomed at

each stage to evaluate the overall behaviour by statistical study •

8.2 US! OFO&::IUOOIWlS

a) Thefirst set of experiIaentswasperformedin the absence of

magnetic field. Eachof the following oscUlogromshas a first 25-eycle

representation. Abbreviationti/F indicates IJoField i.e. blow-out coil \Ja.$

not used. Three typical oscillogrdllls fra:! this set is shownin Fig. 23.

setI-
10Oscillograms• )0 Amp N/F

10" - SOAmp N/F

10" - 76 Amp [~/F

b) The secondset of experiments\laSperfonned in presence of

magnetic field. East of the following osclllograms has a first 10 cycle
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representation. Abbreviation WIF indicates With Field i£ Blow-out coil with

4" plates IJ8.S used. Three typical oscillograms frOlllthi s set is shown in Fig.24.

Set II -

10 Oscillograms - 30 Amp WIF coil & 4" plate used

10 • - .50Amp VIF •
•10 • - 16 Amp WIF "

e) The performance at 100 Amp was investigated in sooe details.

Without the application of magnetic field, 1.5oscillo~rams were taken and ano-

ther 1.5oscillograms were taken with the application of magnetic field. Two

typical oscillograms from set III are shOllflin Fig. 2.5.

Set III -

1.5Oscillograms(2S cycle representation) - 100 Aap - N/F.

1.5 • (10 cycle • ) - 10 Amp - WIF
i.e.coil with 4" plate
used.

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

of an lOOA arc a further set of oscil1ogra~1S 11M taken -

Set IV -

10 Oscillograms(lO cycle representation)- lOOA -VIF, coil
with 2" plate used

10 • (25 cycle representation) - lOOA -VIF,only
coil used.

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

flux measurement is given in Sec. 8.4.



Fig 23. Typical oscillogrBms from Set I showing arc duration
in absence of magnetic field- 25 cycle representations

Va D arc voltage Vr D recovery voltage "D arc current
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Fig 211. Typical oscillograrls frOlllSet II showing arc duration
in pres~lce of magnetic field - 10 cycle representations

Va = arc voUnge vr = recovery voltage -t ~ ;LI'C current
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(a) In absence of magnetic field - 25 cycle representation

(b) In presence of applied magnetic field-lO cycle r~presentation

Fig 25. Oscillograms from Set III showing arc durations

Va • arc voltage Vr - recovery voltaue t. arc current
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8.3 EVALUATIO!1 OF OSCILLOOHJlNS

The straight line portion of the voltage trace represent the time

taken by fuse to blowout before arcing is initiated. The period of arcing till

the appearance of noma! circuit voltages i.e. arc duration were counted frail

each oscillogram and the values were tabulated. In man,}'of the experiments

without the application of magnetic field, arc was not interrupted ..,i thin the

recorded period of first 25 cycles. These values of the recorded periods of

arcing are given in Tables an:i each of these data is markedwith an asterisk.

Arc durations at 3011, 5011 am 76A in the absence of magnetic field

were obtained fIUII osc!.l1ograms of s et I. The result.s are given in Table - I,

along with calculated values of meanarc durations an:i standard deviations

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

The changes in arc durations at 3011, 50Aand 7611 \lith the applica-

tion of nagnetic .field are shownin Table 2 ani Histogran 2 ( Fig. 27 ). which

were obtained from oscillograms of set II. The maxiI:lunflux 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 10011. The results, which were obtained from

oscil1ograms of sets III and IV are given in Tables 3 and 4. Histograms 3 & 4
(Fig. 28 and 29 ) correspond to these tables. The val tieS of maximumflux

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

8.3.1 Arc Duration in Absenceof Magnetic Field.

Circuit Voltage: 400 - V j Phase Angle a 87.aoi Fixed Gap • 1/8"

I
Arc current I 30A 50 A 76 A

I
1 Arc Duration ( cycles)I
I

1 I 14.00 * 22.5 12.0

2 I 16.5 It 22.5 10.01
3 1* 17.0 12.5 10.0I
4 I 14.5 13.0 10.0

Numberof 5
I

16.0I 10.0 10.0
observn- 6 1* 22.5 * 12.5 11.5
tions.

7 1 13.$ 12.5 20.51
8 I 20.0 * 20.0 10.5

9 I 14.5 11.0 11.5

10 , 13.5 10.5 * 25.0

I
I

MeanArc I 16.20 cycles 13.70 cycles 13.05 cyclesIDuration 1 .324 m1111 •• 274m1111 •• 263 mUll
1 sec. sec. sec.
I
I

1Stamard Devia- I 3 cycles 5.05 cycles 5.38 cycles
tlon frail I • 60 mi11i • 105 mUll .107 nUllMean• 1

I sec. sec. sec.

1 See AppendixI for methodof calculation.

* See paragrapg one of Sec. 8.3
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Histogram 1 Frequency nI~trIhuU on of Arc Dura t.! oft
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TABLE- 2

8.3.2 Arc Duration in Presence of Magnetic Field

(Blow -out coil with 4" plates is used)

Clrcui t yoltage •• 400 V ; Phase Angle •• 87.r;? J Fixed Gap" 1/8"

2.0

.lS
2.5
2.0

2.85 cycles
a 51 mill!
sec.

2.5
205

1.5
405
305
4.0

0.975 cycles
•• 19.5 milll
sec.

76 A
2.80 xl0-2

weber/m2

I

2.5
2.0
4.0
10.0

3.0
3.0
2.5
5.5
3.5
3.5

2.95 cycles
•• 59 mUll
sec.

2.55 cycles
•• 51 mill!
sec.

I 50 A

2.35 xl0-2 I
I lleber/m2 I
I -J

Arc Duration ( cycles )

30 A
1.87xlO-2
weber/m2

I

1
2

.3
4
5
6

1
B
9

I
I
I

II 3.0
2.0
I

I
2.0

4.5
I 7.0
I

I
' 3.0

205

I 105

I 305
10 I 3.0

I
, 3.2 cycles

•• 64 mill!I Gec.

p 1058 cycles
I ..30.6 milll
I sec.

t

_.

Arc Current

Mean Arc Duration

.laxm. F1we Dens I tqr in
1 Arc space

Standard Deviation
frail Mean

1 - Taken frail Magnetisat.ion Curve Fig. 30
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Frequency Distribution of Arc Durd~i0n
in Pres~\ce of Magnetic Field
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TABI.E • 3

8.303 Arc Duration with Variation of Magnetic Field(l), -
Circuit Voltage" 400 VJArc Current•• lOOAJPhase Angle. 87.SO; Fixed Gap"1/8.

Condition of the I Blow-out coil is I Blow-out coll will
Magnetic circuit I ell sconnected. I 4'1plates is used.
Maxmimumflux Dcn5ity I I 8m•• 3.17 x 10.2
1 in Arc Space. i nil

I I weber/1I2

Arc Duration ( Cycles )

1 22.5 2.0I
2 I * 22.5 2.0

Numberof 3 I 7.5 2.5
4 I * 23.5 3.5Observations
5 I 17.0 4.5
6 I 8.5 2.5
'7 I * 22.5 2.5I8 I * 22.5 2.0
9 I 9.0 2.0

10 ! 10.0 3.0
11 I * 25.0 2.5
12 * 15.0 3.0
13 I 15.0 4.0I
14 I 22.5 2.01, I 14.5 3.5I

I
MeanArc Duration I 17.16 cycles 2.7 cycles

I • 343.2 mUll ec. • 54 mUll sec.I
Standard Deviation I 6.5 cycles 0.82 cycles
fromMean I •• 1)0 mill! sec. • 16.4 milli sec.

1 - FromMagnetisati on Curve, Fig. 30

* See paragraph one of Sec. 8.)
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Histogram 3 I Frequency Distribution of Arc duration ~ith

Variation of Magnetic F'ield(l)
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fAIlLE - 4

8.3.3 Arc Duration with Variation of Magnetic Field (2)

Circuit Voltage" 400 v; Arc Current- l60A} Phase JlJlgle -B7.5 ; Fixed Gap"1/8"

•
Blow_ut-coll with II Only 1J10WooQutcoil
2" plates is used. I is used.

'\i - 1.71 x 10-2 18m- 1.01 xlO-2
weber/m2 I we er/m2

Arc Duration ( cycles )

2.0

1.0

14.5

16.0

3.0

7.5
14.5

14.5

6.5
16.5

10.65 cycles
or

213.0 mill! sec.

4.87 cycles
r

89.4 mUll sec.

*

*13.5

4.0

6.0

6.0

I
I
I
I
I
I
I
I

I
f
I
I
I
I
I

I
I
I
II 5.10 cycles
lor
I 102.0 mUll sec.

I 3.56 cycles
or

I 71.2 milli sec.

2

3

4

5

1

7

8

9

6

10

Numberof
Observations

Condition of the
Magnetic circuit

MaximumFlux Density
1 in Arc space.

Standard Deviation
from !'lean

Mean Arc Duration

1 - rrom sec. 8.4.1 (b)

* See paragraph one of Sec. B.3
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Histogram 4 I Frequency Distribution of Arc Duration with

Variation of Magnetic Field (2)
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wave-foms of "_.

'{ ill 11iE ARC SPACE

are space was calculated frail

.reb coil. Oscillograms at the follow-

coil with 4" plates -

30A~23A~lIId l1A.

at lOOA,of which one was taken using blow-out

,er, using blow-out coil only. The enlarged

JS are shown in Fig. 31 - 33 •

Because of non-sinusoidal wave-foms of induced 1/tlltages. due to

saturation in the magnetic circuit, the waves were analysed by step by step

calculation. ( See Appendix II ).Using finite interval of time of t. 0.001

Sec., IlIIlXimumflux densi ti es were calculated(in Tables S -a ). using the

following fomulee -

Change in Flux 4~. en 4t
N

weber

Where ea. Average value of the induced voltage
within the finite interval of time

N •• Numbersof turns in the search coil

.laxilllUIIIF1ux densi ty B. weber/.2

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 CD il wasdrawnto scale on a graph paper the area of

each small squares of whichwas0.01 sq. in. Thearea was calculated by

counting the numberof small squares within the area. .arts of small squares.

less than half of a full square within the area were neglected, while these•
greater than half were considered as full squares. The area of the search

coil drawnto scale is shownin Fig. 33(b).

outer area. 4.72 in.2

2
Irmer area • 1.86 in.

Averagearea • 3.29 in.2

• 21.4 x 10-4 m2

The calculated values of the maxim\ITIflux densities in sl.IlI/lIerised

form is given in Sec. 8.4.1(a) & (b). Fromvalues of Sec. 8.4.1(a) the magna-

tisation curve ( 8m-I ) was plotted. Themagnetisation curve ( Fig. 30 ) may

be referred to for obtaining the flux densities at different currents when

bloWooOutcoil with 4" plates was used. other necessary values of flux densities

wll1 be fonned in the sunmery( Sec. 8.4.t) (or the Tables 5 _ 8.

It should be mentionedthat the maxlmlll1flux dansities correspond to

symmetricalvalues of short-circuit currents. Induced voltage wavescorrespon-

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

eviluation of the flux densities.
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SlmIer;y oi llaximumflux Densities.

a) The magnetisation curve was plotted fran the following values ot

~mun flux densities obtained from Tables 5-7. Blow-out coil wIth 4" plates

was used ior each of the following measure::nentsl
•
Fran Table

5
5
6
6
7
7

Current llaximumflux Densi ty

lOOA 3.30 x 10-2 weber/m2

80A 2.86 x 10-2 "
53A 2.41 x 10-2 "
)0 A 1.80 x 10~ "
23A 1.69 x 10-2 II

•
17 A 1.40 x 10-2 "

b) 11'02 following values of maxlmtn flux densi tIes obtained fran

Tabels 5 & 8 correspond to investigation ( Tables ) & 4 ) on arc duration

with variation of magnetic fi ald.

FromTable

8

8

Change in Magnetic
circuit

Blow-out coil with
4" plates used

Blow-out coil with
2" plates uded

B10w-out coil with
coil used

Current

100A

100A

lOOA

Maxm.l'1uxDensity

-2
1.71 x 10 "

1.01 x 10-2

c) The follOl1ing values of maxil:lunflux densities in arc space were

talten fran nagootisatIon curve(Fig.30) ior investigation on arc duration in

presence of magnetic field ( Table 2 ).

3011.- B • 1.87 x 10-2 weber/m2

50A. B • 2.35 x 10.2 "
76A. B. 2.80 x 10-2 It
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I Cal. o! MaximUIIflux Densit.y I 100A- Arc I Fig.31 (a)

Period I t. I e I ..eo+ et. IA~ aealt <I t. 12491 I It 4~ •
I seconds vol t.s 'fa - 2 I lr I 8m" 0 --I I volts I weber I ueber I 2A
I I \ I I I weber/1lI2
J I I • I

1 .0 0 0 0 0 N-500 t.urns
2 .001 2 1.0 2xl~ -6 2xl0-6 A" 21.4xl0-4 sq.m
3 .002 5.2 3.6 7.2xlO ,.6 9.20xlO-: B" 140.66xlO-6
4 .003 7.3 6.25 12.5xlO 21.70xlO III 2x21.4x 10-4

5 .004 14.6 10.95 21.9OxlO-6 43.60xlO-6
6 .005 15.0 14.53 2&.06xlO,.6 72.66xlO-6 -3. 28xlO-2weber/m2

7 .006 14.0 14.50 29.00xl0-6 101.66xlO-6
08 .007 6.4 10.20 20.40xl0-6 122.06xlO-6
9 .008 4.1 5.25 1O.50xlO-6 132.56xlO-6
10 .009 2.0 3.05 6.10xl0-6 138.66xlO-6
11 .01 0.0 1.00 2.00xlO-6 140.66xlO-6

.II Cal.o! MaxilllUIIIFlux Density I 80AArc I Fig. 31(b)

1 0 0 0 0 0
2 .001 1.5 0.75 1.5xlO-6 1.5xlO-6
3 .002 3.2 2.]5 4.70xl0-6 6.20xl0-6
4 .003 6.6 4.90 9.80xl~ 16.00xl0-6 123.54xl0-6
5 .004 9.9 8.26 16.50xl0-6 32.50xl0-6 Bm-
6 .005 12.4 10.56 2l.12xl~ 53.62xl0-6 2x21.4xlD=4

7 .006 12.2 12.30 24.60xl0-6 78. 22xl0-6 .2.88xlo-2weoor~
8 .007 9.4 10.80 21.60xl0-6 99.82xlO-6
9 .008 4.6 7.00 14.00xlO-6 1l3.82xl0-6
10 .009 2.6 5.57 7. 12xl0"6 120.94xl0-6
11 .01 0.0 1.30 2.6oxl0-6 123.54xl0-6

•
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TJUU.E - 6

ill Cal. of IlaximumFlux Density • 53AArc • Fig. 32(a)
•.

Pcriod I t I I co+et I 4~ cax .6.1 .,2.61 ~ .• l7zoe feSfI scconds I volts I ea" 2 I u
I I I volts I wcber I weber I 2A 2
I I I I I I wcber/m

•1 .0 0 0 0 0
2 .001 1.7 0.85 1.70xl0-6 1.70xl0-6 11••500 turns

3 .002 3.0 2.35 4.70xlO-6 6.40xlO-6 A-21.4xl0-4sq.t:l

4 .003 4.8 3.90 7.80xlO-6 14.20xl0-6

5 .004 7.1 5.95 1l.9OxlO-6 26.lOxlO-6 lO2.80xlO-6Elm'"
6 .005 9.5 8.30 16.'0xl0-6 42.70xlO-6 2x21.4xl0-4
•

7 .006 9.2 9.35 18.70xla-6 63.4oxl0-6 -2
8 8.3 8.75 17oS0~aO-6 8.90xl0-6

•• 2.41xlO
.007 weber/m2

9 .008 4.8 6oS5 13.10xl0-6 94.ooxlO-6

10 .009 2.0 3.40 6.80xlo-'> lOO.80xl0-6

11 .010 0.0 2.00 2.00xl0-6 102.80xl0-6.

IV Cal. of MaximumFlux Density. 30AArc. Fig. 32(b)

1 0 0 0 0 0
2 .001 2.1 1.05 2.10xl0-6 2.10xlO-6
3 .002 3.5 2.80 4.90xlO-6 7.ooxlO-6
4 .003 6.3 4.90 9.80xl0-6 16.80xlO-6

Elm76.80xl0-67.5 13.90xlO-6
,

5 .004 6.95 JO.70xlO-O
6 .005 7.4 7.50 15.10ldO-6 45.80xl0-6 2x21.4xl0-4
7 O.OO~ 5.6 6.60 13.20xl0-6 59.00xlO-6

• 1.60xl0.2 26 0.007 3.2 4.50 9.00xl0-6 68.ooxlO-6
2.60 5.20xl0-6 7J.20xl0-6

ueber/m
9 .008 2.0
10 .009 0.6 1.40 2.80xl0-6 76.OOxlO-6

0.40 0.60xl0-6 76.60xlO-6 •11 .010 0.0
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TABLE - 7

v Cal. oS: rlaximUI:lFlux Density t 23AArc t Fig. 32 (c)
_ .•

cp+e!j
1)1£

PerIod I t I e Iea~ ea <\ t I 24f I .2. Af
I seca. s t volts 2 I 40= I f\n- 0

I I I volts I N
weber I weber I 2A

weber/m2I I I I I
•

1 0 0 0 0 0

2 .001 1.5 0.75 1.50xla-6 1.50xl0-6 N - 500 turns

3 .002 2.8 2.15 4.30xl0-6 5.80xl0-6 Aa 2l.4xl0-4sq.m

4 .003 4.7 3•.,5 7.5000-6 13.3000-6

5 .004 6.B 5.75 11-5000-6 24.8000-6

6 .005 6.'( 6.75 13.50xl0-6 38.3000-6
Bm-

72.8000-5
•

.006 6.0 6.35 12.70xl0-6 50.00xl0-6 2x21.8xlo-47
8 .007 4.7 5.35 10.70xl0-6 60.7000-6

9 .008 8.0 3.85 7."OxlO-6 68.40xlO-6 -1.69xlO-2weber/m2
10 .009 0.7 1.85 3.70xlo-6 72.1000-5

11 .010 0.0 0.35 0.70xlO..o 12.80xlO-6

---------- --
VI Cal. of PtaxiilllJlJlFlux Densityl 17AArc I Fig. 32(d)_I_-

I 0 0 0 0 0

2 .001 1.1 0.55 1.10xlO-6 1.10xl0-6

3 .002 2.8 1.95 3.90xl0-6 5.00xlO-6

4 .OOB 5.0 3.80 1.60xl0-6 12.60xlO-6 59.8000-6

5 .004 6.6 5.80 11.6000-6 24.20xl0-6
11m-

2x21.4xl0-4
6 .005 6.5 6.55 13.1000-6 36.3000-6

.006 5.8 6.15 12.3000-6 39.6000-6 - 1.4xl0-2
7 weber/! 2
8 .007 4.0 4.90 9.8000-6 49.4000-6
9 .008 2.5 3.25 6.5000-6 55.9Ox10-6
10 1.60 3.2000-6 59.lOxlO-6 •.009 0.1
11 .010 0.0 0.35 0.70xl0-6 59.8000-6

.------ -------- --
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TABLE- 8

VII Cal. of MaximUlllFlux Density I 100AArc I Fig. 33(a)
•1i-------------------------:--------------------------------------~----

Period I tie ea a eo et I A~ a ea X A tI .24~ I a 2..41
I secooos 0volts I 2 I N I 8m 0

I J I volts I 0 0 2 AI I I I weber I vcber I weber/m2

•
1 .0 0 0 0 0
2 .001 1.2 0.60 l.20xl0-6 1.20xl0-6 N a 500 turns

3 .002 1.7 1.45 2.9Ox1a-6 4.10xl0-6 A- 21.4x10-4

6.20xl0-6 10.30xl0-6
sq.m

4 .003 4.5 3.10
I\a • 73.20Jda-6

1O.60xla-6 20.90xl0-65 •• 004 6.1 5.3OH 2x21.4xl0-4
6 • .005 6.6 6.35 12.70xla..6 33.60xl0-6

7. .006 5.9 6.25 12.~xl0-6 46.10xlO-6 • 1.llxlO.2
weber/m2

8. .007 5.1 5.50 11.00xl0-6 57.10xla-6

9 .008 3.6 4.35 8.70xlo-S 65.80xl0-6

10 .qJ9 1.9 2.75 5.50xl0-6 71.30xl0-6

11 .010 0.0 0.95 1.90xl0-6 73.2Ox10-6

---------- ---------
VIU Cal. of MaximumFlux Density t l00A Arc. Fig. 33(b)

• ----
I 0 0 0 0 0
2 .001 1.40 0.70 1.40xl0-6 1.40xlO-6

3 .002 2.40 1.90 3.BOxlO-6 5.20xl0-6
4 .cXl3 3.10 2.75 5.50xlO-6 10.70xl0-6

Bat- 43.60xl0-6
5 .004 3.4 3.25 6.60xl0-6 17.20xlO-6

2¥21.4xl0-4
6 .005 3.2 3.30 6.60xl0-6 23.80xlO-6
7 0.006 2.7 2.95 5.90xl0-6 29.70xl0-6 - 1.01xlcr2

weberJm2
8 .007 2.2 2.45 4.90xl0-6 34.60xl~
9 .008 1.9 2.05 4.10xla-6 JB.70xl0-6

10 .009 1.50 1.7 3.40xl0-6 42. 1Oxl0-6

11 .010 0.0 0.75 1.50xlO-6 43.60xl0-6

--------------------- .. '--- ---------
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8.5 DITEGRATED POOTOORJ\PHS OF ARC HOve-tENTS

Thephotographsobtained on a still cameragives only the integrated
.

lJIOve:mentof the arc-eolUllfl. But the use of a , soot filter I ( glass plate

very faintly gassed fran the top of a candle flame ) brought out IIIalVdetails
•viz. sites of high electron emission, gas cloud etc, whichwill not be

apparent to anfumidedobserver.

Thephotographs relate to l00Aarcs initiated at the bottomof arc

rurl~by fusing a \lire. Fig.)4(a) showarc lJIOvementin absence of a1r:t
•
applied magnetic drive while Fig. 34(b) showthe lJIOve:mentsaided by applied

magnetic drive. Thephotographs indicate. that lJIOve:mentoccurs by a stepp-

ing process of individual sites of electron emission,old sites dying out while

current t:ansfer take place to newsite or sites. In the first case, are

IllOvanentbeing only due to convection current ill air the arc-eolumnnever

rises to t.hIltop of arc l'\.UUl/ilIlOThe arc velocity is considerably low,

allowing the arc to burn at each site for a considerable period thus raising

the arc temperature to several thousam degree centegrade. In thd second

case, arc Columnaided by magnetic drive rises quickly to the top of arc-

l'\1lUler. The arc veloci ty is high IIith the arc burning at a larger n\llllberof

sites up the l'\1nnersresulting in faster deionisation of arc-eore. Hot gases

bearing the arc space form the gaseous cloud, whichdissipate their heat into

•

- ..

atlJlOsphere. •
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I

Fig 34(0.) 1 Intzgrated ' phoUogra:>h:;of arc movements of lOOA
arcs In abs~lce of applied magn,tic field showing

column never rises to the top

- -

L:
Fig 34 (b) 1 Integrated 1 pLoto"raphs of arc r:lOvementsof lOOA

o.rc~ i I, presence of applied magrct.i c field

•
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Chapter - 9

DISCUSSIONS OF RESULTS

\

•

•
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9.1 REPEATABIUTY' OF' RESULTS.

\

J
The circuit coooitions viz. the voltage current, power factor am

•

--

•

intere1ect~e spacing were kept constant for each series of elq>erimentsbut it

was observed that arc durations are only aeproducible within a certain range of

variation. Circuit impedanceonly fixes the symmetrical value of short circuit

current while the BS;yIll!!1etricalvalue depends on the. point of the waveat which. .
the circuit is closed as will be seen from oscillograms under sec. 8.2. The

varying asynmetrical values contributed in somedegree to the variations •

• Twoother factors which are not easily controlable but which influence

the arc velocity considerably are (1) the surface roughness of electrodes and

. 20
(2) the thickness of oxide layer on them. The electrodes were madeof polished

copper plates but in the process of experiments surface roughness increases as

the electrodes were cleaned. A unifom increase in surface roughness gives an

initial increase in arc velocity, which settles downto an uniform value after-

wards. Local asperity on surface tend to form site of high field emis'ion due•

to local enhanccmcntof electric field. In air copper oxidises, the bulk of

layer is madeup of cuprous oxide ( Cu20) lIith a !>-urfacefi1r.l of cupric oxide.

(cuO). Anequilibrium thickness of cupric oxide is considered to give a

cotlStant arc velocity. But in air the thickness of r;p film continuously changes

( I Cu20+ 02;:;;:=::' 4 CuD) resulting in wriation of arc velocity and conse-
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•

•

•

Fig 35(a) (~cillogram showing the effect of local.~ed
emission on arc volta;e

--~----~
Fig 35(b) Oscillogram of a I restri~ke! •

•

-
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quently variation in arc duration •

.
the formation of'hot spot I on cathode - site of high discharges cr:f

-I

•

-

•

from which current transfer to less conditioned site or sites does nbt easily _

take placa was the reason for many sustained breakdownof gas gap. Surface

asperities and thickness of oxide layer are considered to influence the fomation

of such localised emission. Oscillogram of one such case in which a 100 A arc

was burning with a very low voltage drop across it is shownin Fig. 35(a) •
•

Aaother oscillogram ( Fig. 35(b) shows that arc voltage is building up fast

initially, after which a I restrike I frca anotiler spot gives rise to long

period. of arcing. These factors influence the repeatability of results.

9.2 ARC DlRATION UNDERmE nm..UErICE OF OOlJVECTION
CURREllT IN IUR.

The experimental results of Table - 1 (p 76 ) along with Histogram -1

.(Fig. 26 ) and Table -3. Col.l ( p 80 ) along with Histogram 3(a) ( Fig.28)

showthe influence of convection current in the neighbourhood of arc column on

duration of arcing. In the absence of an applied magnetic field. the convec-

tipn current is induced by gravity. The mean arc durations (~ ) at 30 'A.
• •
50 A. 76 A and 100 Awere 16.2,13.70,13.05 and 17.16 cycles respectively

with standard deviations (s) of 3,5.05, 5.38 and 6.5 cycles respectively.
•

CoI\sidering the deviations on either sides of the means. the intervals (m :!: S ).

which accOlllodatesabout 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
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tor this bom gap is therefore nearly same in this current range. This is in

agreement with the tact that buoyancy tocce being equal to 1<f?air - fco.re ) •
•

per Wlit volume~ies wi th th" diameter of the arc core. With increase in

current the diameter of a rc core increases and buoyancy torce on arccolumn
•

proportionally increased giving rise to a constant convection velocity.

The results were plott.ed to give time - current curve < l"ig.)6 ).

The IlKdip in the curve Wasnot considered signi1'lcant and was assigned to factors
•

outlined in Sec. 9.2. An arithmatic average of the arc durations was 15.2 cycles... .
This is a fair estimate of the arc duration tor this horn-gap in this current

-

,

•

ran;)e.

'.3 ARC DURAnON IN PRESEICE OF APPLIED MA:}IIEnC FIELD.

The immediate effect of magnetic field on arc col\Jlll1appears in a
•
change in arc velocity. An increase in arc velocity causes the arc col\Jlll1to

rise quickly through cool surrounding air giving rise to increased rl\te of heat

loss by con:luction - convection and consequently a shorter arc duration. A

re€erence to data in Table 2 ( p 18 ) and Table 3 col.2 ( P 80 ) will bear this
• •
out. The meanarc durations at 30A, 50A, 16Aand lOOAin presence 01' magnetic

field were 3.2, 2.95, 2.85 and 2.1 cycles with standard deviations of 1.58,
•

2.S5, 0.915 and 0.82 cycles respectively. The large wlues.of standard

deviations 01' 1.58 ond 2.55 cycles at 30Aand SOArespectively were due to two

mreme data of arc durations of 1 and 10 cycles in the two cases. Makino

allouance for these extreme cases, in view of the complexities of arc phenomena,.
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• Current Interrupted,aw;;erc)

Fig.)6(a) Arc duration/Current int.errupted curve :;t:-o"lng •
• the effect of buoyancy force on. arc colur.U1••

• (b) ArCduration/Current interrupted curve ~"ouing

• the decrease in arc duration due to :lil1!icat.lon
of oagnetic field.
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the resJlts were very consistent and there was no unsuccessful interruption.

•
A"comparison between the Histograms 1 and 2 ( Fig. 26 & 27 ) will

•
showthat there is a large shift to left in the latter while a similar shift

can be seeR in Histogram 3(b) ( Fig.28) whencomparedwith Histogram 3(a).

The shift indicates a significant dec~ase in arc durations as will be seen on

the time-eurrent curve ( Fig. 36 ). which shows a r.tinir.lUmdecreasel! of 10

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

•
The large scatter of data in the Histograms of arc durations in the

absence of applied magnetic field brings out that oonvection loss induced exclu-

si vely by buoyancy force on arc col tIIIll is not very effect! ve in extinguishing

an arc. ~evertheless this shows the effecti veness of providing magnetic drive,

which rapidly displaces the arc column fran its initial position thus preventing

~ localised'~ission or a restri~ which can cause insuccessful interruption.

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

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

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

obi-ained are given in Tables 2 & 3.,
• •

9.4 A.".CDURATION WIlli VAlUATION OF MAGNETIC FlElJ)
•

•
The buoyancy force on arc oolumn, Ilhen augmentedby an electromagne-

tic force of , Bi' per unit length ( see sec. 6.4 ). a decrease in arc duration•

results because of increased arc velocIty. If the current is kept fiXlld and

•

-
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flux densi ty in are space is varied. variation in are velocity and in duration

of arcing 11111be exclusively due to lllagQ.etlcfield. Arc velocity being. •

-
•

.
directly proportional the flux.density, arc duration should vary inversely with

the flux density •

•

On the basis of above consideration, IDlperimentwas perfomed on a

100 A are with variation of magnetic field in horn gap. The meanpare durations

( m ) were 2.7 ( 0.82 ). 5.10(3.56 ). 10.65 ( 4.87 ) for values of maxim~

• -2 -2 2 2
fl~ Wmsity in are space of 3.17 x 10 • 1.7ix 10 and 1.01 x 10- weber/m

respectively. The data in parenthesis are the values of standard deviations

.-

• (s). The (m :!: S ) ••i"h ••lIA!s. are shown,I>yvertical lines on are duration/maxi_

mtDllflux density plot ( Fig. 37). The are duration/maxim\lll flux density curve

approaches' the dashed straight line at higher values of maximl8llflux densities.

A reference to Tables 3 & 4 ( sec.8.3 ) and Histogrsms 3 & 4 ( Fig. 2B& 29 ).
will showthat scatter of data increases as the maximtmlflux density is decreased •
• . 2
The arc duration of 2.7 cycles at 3.17 x 10. weber/m2 is the most consistent;

while that of 5.10 cycle at 1.71 x 10-2 webertm2is reasonably consis~ent except

for two extreme data of observation 8 & 9 in Table 3. If the dashed line.which.
nell'r1ycoincides *ith are duration/maximumflux densif¥ curve between 2.7 and

• • •
• 5.10 cycles' ponts, is extended it gives an arc duration of 6.10 cycles at,

1.01 x 10-
2

weber/m2 instead of the meanvalue of 10.65 cycles. It is seen
oj

froWTable 4.co1.2 that half,the data give a meanof 6.2 cycles at 1.01 x 10-2

• weber/m2• These considerations leads to the conclusion that at hIgher values

•
of maximumflux densif¥ in the a'C space dependent on the magnetudeof curreDl;

•
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to be interrupted, arc durations vary inversely with the maximumflux donsi ties;

while at lower flux densi ties, when the effect of magnetic field is less pronoun-

-

•
~~, a departure from this inverse relationship is likely to occur•

•

9.5 AN~lPIRICALro~IULA0/' ARCDlJRATlOO
•

Arc duration i.e. the time from initiation of arc to its extinction

depends on the period of inteaction between the I reignition forces t and

, recovery forces t. Reignition of arc depends on the watts input to the arc

after Ii current-zero. Since a fall in arc voltage is alwys accompaniedwith a
•

•

•

•

• rise in current or vice-versa, the magnitude of ei ther voltage or current maybe

indicative oj reignition possibilities. The gap recovery is due to watts lost

as heat from arc co1unn. Losses are caused by the action of buoyancy forces and

magnetic field on arc co1unn. As has been shownbuoyancy force gives a constant

arc duration. Arc duration has been shownto be inversely proportional to maxi-

mumflux density in presence of strong magnetic field J ~lhile at lower values of

fiux-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 proposed. The .,formulaholds for a

. JJorizontal A.C. arc between copper electrodes in alr in presence of transverse

magnetic field. The electrodes i.e. the are-runners form a hom gap. Although

voltage does not appear in the empirical eqqation but the gap between the

electrodes \1111 be determined by the voltage as also by the 'current.
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The fomula whlch is non-dimensional has the fom _

•

•
t .•K 8

'c &II

(1) .35

•

•

•

•
.. •

where t •• arc duration - cycles

K • constant arc duration given by buoyancy force

8m • maximunflu."{density - weber/m2

I ••symmetrical R.I'I.S. value of current to be
interrupted Amp•

C •• constant dapending on the size of arc runners
and the angle given to them•

•

The constant c must be negative for success1'ul arc control. A

positive c.wil1 have 0)) site effect. With negative c, nn increase in flux den-

sity ( 8m ) will give shorter arc duration while an increase in current (1) will

give longer ~ duration •

• The constmts K and c can he determined from at least two sets of

data of t, Bmand I but a larger number of sets of widely placed data .will give

rIOre accurate values of K and c. The fomula helps to calculate the necessaty

val~e of 11m at a certain value of 1 to gi ve a desired value of t i.e. from a fell
• • •
knownsets of daton, other sets of data maybe calculated •

The values of t, 8mand I frCll1lTables 2,3 co.

per~ormed in presence of nagnetic field ) gives _

* K • 15.7 cycles

c •• -.28 x 103

2 and 4 (experiment
•

This value of K agrees well with the arithmatic average of thP. experimental valu~
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of arc durations at different currents in the absence of magnetic field wl.lch

is 15.2 cycles ( see sec. 9.2). WhenK and c \.rere calculated from half of•
available set of data of t, Elmand I, a slight variation in both K and c occured.

• •
Since either a decrease or increase occured in both, values of t, 13m and I of

the remaining sets were obtained with fair dedree of accuracy, \then calculated

with the changed values of K and c •

The * values K •• 15.7 and c •• - .28 x 103 are more accurate deter-.
mination of the constants for the hom-gap used. With these values of the

•
COl)stl¥lt, arc durations at another current an:! flux density from the t.ables were•
calculated with a variation of only ;I; 10 %. It can be calculated that at

a current of l50A , with a maximumflux density of 2.35 x 10-2 weber/m2the are

duration will be 5.1 i.e. 5 cycles; while at the sameflu.'Cdensity a 50Aarc

, clears' in 2.85 i.e. 3 cycles ( Table - 2). The fractional values of are

duration in cycles should be corrected to include the period upto the nearest

c~rent-ze~ i.e. 3.2 cycles should be t.aken as 3 cycles and 3.4 cycles, as

,3.5 cycles.

•

•
•

• • •

•

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

•

•

• * see AppendixIII for calculation.
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COUCLUSlOllS

•

•

•

•
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10.1 CONCLusrQrJ s

,

The extinction of ail 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

coll1l1n. Ah: duration i.e. the time from initiation ofarc to its final extinc-

tlon has a constant value within a certain range of current, whenthe arc.
colunn""is acted on by buoyancy force alone. This, range of current depends on

the siz~ of hom-gap and the angle given to arc-runners. Magnetic field has a

marked Influence in causing faster gap recovery by subjecting the arc co1unn
,"

•

•

, to rapid motion through air. Arc duration is inversely proportional to maximlll1

transverse magn"Uc nux density in presence of strong magnetic field depen-

dent on the magnitude of the current to be interrupted J whUe at lower values

of the flux density,. "hen the action of magnetic .field becomes less pronounced,

a deparlture fZ'Ol1linverse relationship is likely to occur ,dth the arc duration

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

• An empirical foanula relating arc duration(t) to applied maximlll1

flux. density (Elm) and current(l) to be interrupted in terms of two constants

(K & c ) is obtained on the basis of experimental results. The formuJ.<iholds

for A.C. nrc between copper ltectrodes 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 fom -

t"Ke
•

• The contributinu factors to the constants K a~d c need investigation •
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While the constant K has been separated as reflecting mainly the ef'fect of

~yanc;y forqe on arc collJlll1,t.he const~t c is expected to be mainly depeooent

on electromagnettocforce m ~ column. The surface roughnessof electrodes,

the electrode material am the angle given to arc-runners are expected to

influence ~th the constants. liH,h It. c:w..JI.~ in tl..a sh:lpeof fl UlC wavethe value

of constant c will change.
•

"

•

•
•

•

•
• • •

•

•

•

•

•

-
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JlPPENDIX - I

~) CALOJUTIOfI OF STA'lDARD DE11;!:ATION it •

•
If a =ple is small ( numberof variates equa1 to 30 or less) ,
• be

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

•

tion of the population ({. Since in general a population will contiiin more
."

• extreme data than a sample, it is to be expected that 6 will be somewhatlarger
•

than s•• In most cases, however, for a small sample of n variates Xl' x2, ••

•
." .

>en, the best estimate of the standard deviation of the population" is given

by-
S r-n-
~1-;-::;: "s .)2. ( X _ x )2

n-1

A sample ca1culation of standard deviation for data given in

Col. 1 of T~ble 1 ( See 8.3 ) is sho~mbelow -

•

•

- ( X - x)2.X X-X

1 14.0 2.2 4.82
16.5 .

2 0.3 0.09 ..
3 17.0 0.8 0.64
4 14.5 1.7 2.89 •.
5 • 16.0 0.2 O.~
6 22.5 6.3 39.69
7 13.5 2.7 7.30
8 20.0 3.8 14.40
.9 14.5 1.7 2.89 •

10 13.5 2.7 7.30--- ---------- ---- -- -----

•

•

•

* x. 162.0 (x-x )2 • 80.06



•

•

•

• A t _ distribution is applicable I1henthe nll1lberof variates is

small .' With increase in mmlberof degrees of freedoma t-distributlon approllCh.0
a noma! distribution. TIle numberof degrees of freedomfor data in Tables

1 - 4 ( sec. 8.3 ) being equal to 9 or more, the statement ( sec. 9.2 ) that

( m ~ S ) intervals at ellChcurrent will accomodateabout 2/3 of data of mean
•

arc durations is based on a fair approxboation••

•

..

•

• •

•

-------,------------,---------
* Fromchap. 10 of " Introduction to Probability and statistics",

•
Alder H.L., Roeseber E.B.,
foreman, sanfransisco [, Lon., 1560•

•

•

•

•

-

•
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APPElIDIX - II

FOfU>IUlAEFOR STEP-BY-sTEP CALCULI\TlOlI OF IAXnlltl FlUX DENSITY•
•

The maximtr.lflux densitu is calculated fran oscillograms of induced

voltage in a search coil placed close to arc space.
• •

•

•

. . .a1The induced voltage e -N
dt ••

or •
Change in fl ux d~ •• I• - e dt ••

• rl
from which

• S:i I j edtflux densit:¥ Boo -- iA •••• A
•

( 1 )

, 2 )

(3 )

volt-sec •

where

•

N •• nunber of turns in search coil

A ••mean of the inner and outer area of search coil sq. M.

Jedt •••area under the voltage trace

Because of saturation in the magnetic circuit, the induced voltage has a non-

sinusoidal i1a~form and the integra! term Iedt does not lend itself to con-

• ventient analytical evaluation.

The method of finite differences is, therefore. applied to .oyercome

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

based upon the assumption that permeability remains sensibly constant over a• •
• small finite interval of time. If finite differences in S:i and t are employed,

-

equation (2) takes the fom -
•

Change in F1ux

•

(4)



,
I•• '.
116,

~lhere
a

average vlue of the induced voltage•
within the fini te interval of time.

• •

If step-by-step intagration is employed to calculate the positive

loop area of the induced voltage i.e. frt1ll t • 0 to t • T/2, the corresponding
• •

flux variaticin is frt1ll + ~ to _ 11m, ~ being the maximuuvalue of flux.

•

Ther~Qre equation (3)

•

•

•

•
Maximumflux dens! lq'

•
.0

•
•

•

•
• •

should be modified to

~ ea At
8m • 9 11

2A
or
B • ••

•

(5)

..

•

•
•

•
•
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APPENDIX- III

•Determination ot Constants - K and c• •

•
•

Taking 10garitl1n on both side ot the empirical equation
•

•

•
c .!h.35."

•
• t • K e

(I)
( 1 )••

0

0 Ve have log t a log K + C Em 35 log e
• (I) •

13m
( 2 )•• 11 + 0.432 - 35 c ••(I) •

•
which is the equation of a straight line with constants log K •• n ond c.

The necessary terms ot this equation are evaluated in Table - I trom data ot t.

Em and I obtained trom Tables 2 - 4 ( sec. 8.3 )•

•

50 2.35x10-2 2.95
76 2.80x10-2 2.85
100 3.11x1o-2 2.70

TARLE - I
8m

log t .432 (i).35

0.86x1o-3 "1.~
0.707 1.47x1o-3
0.505 2.48x1o-3
2.237 4.81xlo-J
0.469' 2.57x1o-3
0.454 2.66x1o-3 •
0.431 2. 74x1o-3

1.354 7.97x1o-3

t
cycles

8m
weber/m2

1.01x10-2
1.71x10-2
1.87x10-2

2
2

3

Fromtable I
(sec.8.3) (Amp)

4 100
II 100
2 30•

No. ot
set

4
5
6 .

1
2 •

.3
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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 SIJllS of each group are substituted

in 'the transform~ equation ( 2 ) giving -•
•

,

•

"

•

•

2.237 D 3a + 4.61 x 10-3 c
1.354 D 3a + 7.97 x 10-3 c
0.683 a 0 _ 3.16 x 10-3 c

•••

•••

•••

•••

( 3 )
(4 )

,
.'

•

• c • - 0.683 103 • -0.28 x w3
3.16 X

Fromequatlre (3)

a a

,

2.237 + 4.61 X 0.26
3

Now • K • Antilog a

• Antilog 1.195

.• 15.70

'Thus,the empirical equation ( 1 ) for arc duration beccmes

•

•
,

•

t D 15.70 e
,
•••

• ..
( 5 )

•

,

(b) Testing the Validity of the Empirical Equation

To test the VlJ1 idit.y of the empirical equation. let Kame be

calculated from fewer sets of data of: Table I. so that the ll'<perimentalva~ues

of arc durations. in the reD'.ainingSets m~ be treated as I unknownsI. Thiis

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 vulue of constants are obtained •

.
With these vulueg of K md c, 1£t us calculate the arc durations for currents and

•
maximl.lllflux densi ties in the remaining Sets. Thus for set 4, where in 1 •• 50 Amp•

and' Bm•• 2o"35.x10-2 Weber/m2., the calculated arc duratioo is _

K •• 15.38

c •• -.275 x 103 • -

•

•
.'

.'
•

•

•

t •.15.38 e

•• 15.38 e

-.275x103 %
--:35
(1)

(-.275l"J.03) ( 2.35 xl0-2)

(50).35

•

•• 15.38
5.22

co 2.94 cycles.

-
•

, 2
Similarly fo: ~et 6, where in I •• 100 Ampll1ld am •• 3.17 xlO. weber/m2 the

c~culated arc duration is 2.67 cycles. A reference to TobIe 1 uil! show that
•
these. calculated values of arc durations agree uith the eJ<perimental values •

•
The vulues of K ll1ld c should be evaluated f1'fJll1as marv wideiY placed

data as are available and so the values of K •• 15.70 and c •••••28xla3 obtainea
••

'J,n the Inst sections are more accurate valuesIDf the constants. Since the valeS

of K •• ~5.38 and c • -.275 x 10-2 obtained in this section show sm~ll variations,

the calculated values of arc durations are obtained fairly accurately.

• •

•

•
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•
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