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- SUMMARY

The mechanism of follbw current has been studied'uaing a
synthetic power source in conjunctlon with a Marx lmpulse genarator
circuit, and air gaps of up to 1.8 citte - The performance of the
oircuit haa been eatabliahad analytically and experimeneally. and
tha suitability of aynthetic poner circuita for follow current
studies has baen conrinmed.by ths results of this inveatigation.

A reaistance divider with inherent voltage limiting
characteriat;cs was essentlal for recording the dlscharge voltage
between the electrodes. A mathod.was devised end was shown, both
by analysia end experiment, to have ths :eduired charactoristics
(Appendix I; also reference 17). |

The exparimental technique héving been.eatablished, 8 study
has been carrled out of the effects of variation 1n powar and
impulse ecircult paremeters, and in eloctrode material, chapg,
spacing, end surrace-condition. Thrae types of follow current
have been defined, and their me chani sms havé been explginea. A
close relation has been shqwn.to ex;at in many cases between the
céhditions>under which the éétablishmént of follow curront s just
possible, and those reduiréd’for arc-glow and glow-are transitions
in the test gape 4' | ‘

 Criteria which determine the establiahment of follow current
have been deoriveds A larga number of variablea bhas been shown to
be involved in this problen, and,thgir rqlative importance has been
diacusaad; Recommendations have been made for further studies, as

well LY for fhe control of variables in industrial tests,



1. INTRODUCTION

It is known, as a matter of practical experience, that Mpﬁlae
voltage braakdowns on electrical power aquipnent aometimea, but not
alwayu result in the eatablieMent of a power rrequency axrce The
terms YPower Follow' ‘tPower Follow On' TFollow Current;'. etoe,
are used to deacribe a power arc initiated in this manner.

It is the purposs of this investigation to u?:udy ths mechanism
of follow current and to deteimifxa eritical cgnditions under which
follow current can just be esteblished, The importance of the
phenomena investligated llea in the V:aot ﬁhat in many cases the
initial impulse discharge does not cause damage to equipment, while
follow current may do so, because of the thermal and magnatie
forces involvede In %tho case of transmission systems, follow
current constitutes a short circult, and even if no permanent
damage 13 done, the syatem 1s disturbed whsn the clrcult breakers
- are opensd to clear ths fault.

Conclusions from a study of follow current phenomena would also
find application in the laboratory. In industrial research, follow
current is involved 1n tests on lighining arrestors and in the
impuleo testing of anerglsed transformers. In fundamental
regearches, impulse discharges are sometlmes used to inltlate
heavy current arcs, and the mochanism involved is similar to that

- of follow current.

1.1 Provious Work.
Previcus follow curront expsriments were carried out to

determine or compare the performance of items of equipmont, such as
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insulators or arrestors, under'apeeific operating conditions.
Thers was insufficient variation of circuit and test gap parhmetar,
to provide data on the fundamental mechanism of follow currents in
many tests, no attempt was m#de to determine the critical conditions
under which follow current was just possible, it being sufficlent
that it was, in fact, established = and that the item under teat
cleared 1t after a certain number ot>ha1f-cyclqs. | %“hen oscilloe
grams were taken, the sweep was usually sufficlently slow to aceommoe
date a full half eycle of the power voltage: 1little information
was therefore avallable regarding events oceurring during and
1mmediate1y after ths end or the impulse. |

EeRoA (1936-40)1'2 reports the results of follow current tests
on insulators and surge arrestors. | The significant information
provided by those tests was that follow current was independent of
the impulse and powar voltage polarities in the case of insulators,
and ocdurrad more readlly when tha impulse an& powsr voltages wers
of opposite polarity in the case of surge arrostors. Provdost
(1952)5 argues that in the éase of fullewave impulse testé on
energlsed transformers, follow current 1is more llkely‘whsn the
impulse and power voltégea are of the same polarity. The apparent
contradiction between‘thaaa conclusions, is due to the fact that
the relative polarity of the impulsze and power voltages affects the
establiahmont of follow current in a complax‘way, as will be shown
.1n aection 14. -
. Similar work has been carried cut by Jones &nd Garrard (1950)5

on surge diverters; by Ackermann (1951)4 on expulsion type lightning
arrsstOfs; and by Baumann (1954)€ on copper electrodes in air, and
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separated by solid insulation,; the electrode arrengement being of
the type used on 250 Volt and 380 Volt distribution ayatems in
Switzerland, These papers contain little data relevant to the
fundemsntal mschanism of follow current, though they describe éz.-
perimental techniques sultable for follow current tests.

- Edels (1951)7 carried cut an cnalytical investigation of &
circuit suitable for the initiation of 8 descs arce The clrcult
differed from fig. 1, in that L and C formed & filter protecting
the d.6¢ Bource (not ahown in fige 1), the high voltagé\terminal of
vhich was connected to C through a resistor. No experimental dats
was given, other than a sot of valuga of cirenit parameters with
which satisfactory impulse initiation was obtained. Certain
agsumptions had therefore to be made regarding the characteristics
of the test gap't these assumptions were satlsfactory for the
stated ocbject of the investigation, namely for showling qualitatively
the effeot of variation of circult parameters (and the permissible
1imits of their values) on the probability of arc initiation, on
the protection of the power source, eand on the flashover of the test
gape TNow, in order to determine the fundamental mechanlsm of
follow current 1t 1s necessary to inveatigate the test gap charactere
istics and to set the clrcult and teat gap parameters so that follow
cnrrbnx i1s only just possible, ‘In this condition, the test gamp
characteristics cannot be predicted without considerable experi-
mental worky furthermore, thsir importance 1s much greater in this
limiting case, than when conditions are more favourable for follow

current. For these reasons, the paper’ throws little light on
fundamental follow current phenomena, though the following pointe
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are worth:r'o'f note:

(1) Effeet of polarity., It 1s stated’ that the impulse and are

source voltages should bs of the same polarity for successful
initiation of the arcs : This 1s true if the current éircui'ai:ed (by
the impulse in the L.V. clrcult (l.e+ in L) bafors the test gap
flashes over (see section 249, current I;) 1s neglipgible. It will
be seen in section 143 that 1f that curront is taken into account,
arc initiation will be more likely when the impulsse and arcs sourée -
voltages are of the same or of opposite polarities, dapsnding on ths
parameters of the circult and test gaps

(2) Prediction of Current Vaveforme A prediction of the waveform
of ths curront flowing in L 1s give'n"; This waveform was similay
to that obtained in the present inveatigation under corresponding
conditions (£1ga0(b), I waveshaps) except that ths initial current
I, was ignored in the papex”a

(3) Arceglow Transitions. It is stated’ that, as the impulse
discharged, the test gap current would aventuallf-dacay to a value,
I, at vhich an arc-glow transition would ococur: the impulas dize
charge would then cease, and the d.ce arc source would be Just able
to maintaln the dlscharges Tests carrled out by tho bmaenﬁ author,
and reviewed in this thesis, confirmed that arc-glow transitions. do,
in fact, occur undeyr certain limiting conditioné but 1t 13 probable
that they are caused by the cessation of the impulse (which termie
nates whoen the output gap of the impulse generator ceases i:o pass
current) rather than that the ceasation of the impulse 1s brought

about by arceglow transitions. Be that &s 1t may, one of the
conelusions (maximum value of L) derived 1n the paper7 from these
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considerations, is Aifficult to follow, Application of Kirchhorg!s
current lew to fig. 1, glves , |

(Tent Gap Current) = (Current in L) 4 (Current in Rgl,
the potential Aivider current being negligible, . 'I'he‘.‘ currert in IL
is the:current flowing from the dsce arc source, and the current
in B‘F 15 the impulss currente If the test gap current and the
impulse current each equael I (as 1s implied by the appropriate
equation glven in the paper") at the instant at which the impulse
discharge ceases, the current in L must equsl zeros Howaver, it
18 gtated in the paber" that the current 4n L must egqual I
immediately after the end of the impulee, and the equation alrsady
mentionedv impllies that that current 1increazses gradually from zero
as the dlscharge proceedss Hence the current in L must be very
nearly equal to I when the impulse discharge cecasese It i3
aifficult to see how these two contradictory requiremonts may be
reconcllede

Experiments carried out by the pressnt suthor under similer
conditions show firstly, that the current in L does, in faot increage
graduslly and, secondly, that bafors the impulse ends, that current
elso contributes to the test gap current, L.0s, the statement of
Kirchhoff's current law given sbove was verified by experiment,

In view of the relatively scant information avallable from
rfollow current investigations, attentlon was turned to experiments
in which the delonisation of & test gap vas studled by applying
probing voltage pulses some time aftor tle pgap had been subjected

to an lonising current dlachargea'm. Ths essontial difference
betwoen the delionisation and follow current expsriments was that 4n
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the former the test gap was'almnat~alwaya allowed & finite time in’
which 1t cculd delonlse: I1n the latter cese, the test gap 1s given
an opportunity to delonise only i1f the Iimpulse and power voltages
era of oppesite polerity (section 14.8). |

The present author carried out in 1953, e survey of tests on
the deicnisation of airgapsllg So far &8 the present thesis isg
concerned, the most significant information evalleble at thet date
was cbntained in a paper by”McGann-and Clark (1943)8, who showsd
that the rate of dslionisation of impulee,arca varies 1little witﬁ‘
Impulse magnitude ard duration (this is discussed by the present
euthor eleewharall)\whilst later work (date by licCann, Conner and
E111s (1950)% and w11d1 (1951)10 analysed by the present suthor
(1954)1) showed that impulse arcs delonised much more rapidly than
pover arcse lMoCann and Clark (1943)B'a1ao discussed the prodbability
of lightning strokes producing follow current, taking the special

cass of tho impulse flashover occurring when the system voltage 1s

"near 1its zero valves The scope of the dlacussion 13 too limited .

to sluclidate the fundamental follow current phenoﬁenac

Kelham (1954)12 carried out a comprehonsive study of the de-
ionisetion of test gaps similar to those used.in the present work.
Two important results emorge from his work:
(1) Vhen there is resicual 1ohisetlon in the test gap and it is
fleghed over by the probing voltage, & glow 1s established immedie
etely after flashover: this 1s maintained for a little while before
degenerating to an arcs Consequently, the sare would not be
established if the mnergy assoclated with ths probing pulse were
insufflicicnt for the transition (alternatively, & glow condition
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would not have bean recorded if the probing eircult had cilrculatsd |
too high a current at flashover), These ccnditions‘are“similér to
those covered by thaaprasantlinvesﬁigahion'in’that a follow current
are was praceded by a glow under ceortain limiting conditions, as
will be geen in the following ssctions. |
(2) Tho voltages reQuiradvﬁa flash over ths test gap shortly after
the and of the lonislng dlachargs were of the sam2 order {(botween
100 and 1,000 Volts) as the voltages requirod to establish follow
current in similar gaps. - o

Finally, raoference will be made in section 183.3 to a paper by
Gambling andAEdela,(1954)15 daeling with arc and glow discharges at

atmospheric prossures.

l.2 Statement of the Problem.

L

Fundamsntally, the problem or'fbllow current resolves itself
to the following factorss | -

When an impulse flashover ogccurs on &n electrical power systenm,
@ discharge is maintainad.ror a“shorﬁ tims, ti, by the energy |
assoclated with the ilmpulses During t,, power-frequency e;rrent
may flow thraugh the ionised path‘pnoviaed by the impulae. After
ty» the impulse energy is dissipated andvioniaation can only be
ﬁaintainad 1f the power fed by tha system 1s iurficiant to overcome
the losses assoclated with the diaﬁhargp. 1 ionisation is main-
taihad fbr & gufficlent timas, alpowér arc will be eatablishad, 1.0;
powsy follow will occur.

'In addition ﬁo thb pouernrrequanaj current, relatively high
frequency carrents (up to some 10 ke/s) may be circulatéa 1nltha
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path of an impulse flashover by the discharge of the stray capaci-
tances asaociated.withwtba'syatemo Thus the;impulse ray initiate
two main types of follow current: powarafrequépay follow current,
and high-frequancy follow current« In order tszanalyse the two
types of follow current, it ls nacessary to.traaé them separately,
that 1s to say, it 1s necessary to study the-effq;t of lmpulse
fleshovers on single-frequency'électrical syatemsi st frequencies
of 50 c¢/8 to 10 ko/s. |

The bulk of the present work was devoted to the study of the
power=-frequency follow current mechanlsme The case of highe
frequency follow current le of secondary importance, as shown in

soction 103 it was, therefore, the subject of & limited study only.



‘8. THE TEST CIRCUIT

2.1 The ILow Voltage Cireult.
The clreult used in this investigation is shown in fig. 1.

The single-frequency electrical network,; which will be referred to
es the 'Low Voltage Circult!, conslsted esaantinll& of the capacitor
C and the inductor L. It was energised by charging C to & voltage
Vo before applying the'impulse.

It will be shown in section 2.9 that a current was ciroculeted
by the impulse in the L.Ve circult, between the time at which the
impulse was applied and that at which the test gap flashsd over;
that current was sufficlently small to bs ignored at present.
Flashover therefore occurred when ths voltage on C was fo. it
-follow current became establlished, the voltage on C oscillated after
flashover; the value of its first peak beiﬁg Vso Hencs, with the
method adopted in this investigatlon, flashover always occcurred at
the pesk of the voltage wavee The c¢ircult could be adapted for
!point=onewava? teéta by the mathod suggested in section 16.2,

Three main advantages ensue from the use of a synthetic L.V.

circuit. Firstly, variables are easily controlleds & single

=)

frequency output 1is readily“qbtained and tha»frequancy (£ = >
and the output impedance (2 = Ji75) can be varied independently of
each other by varying L and C simultaneously. Secondly, a largs
impedance can bs presented to the impulse voltage even though tho

euiput impedance, Z, is relatively low. Thirdly, the only part of

the LeVs circuit which need withstand the H.V. impulse, is the

inductor L, se¢ that insulation problems are raestricted to its dagign.
The inhsrent limitation of synthetic circults is that no emsrgy
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is gomsrated in them and, consequently, the current and voltage
pulses avallable are of relativeiy short duration. This has little
effect on the prosent investigation, since the critiocal events which
datermine the establlskment of follow current willAbe seon to occur
during the first half period of the L.V. clrcuit.(iue. within a time
of not more than 10 milliseconds),

2.2 Values of L.V. Circuit Parameters.

The avallable values of L.V. circult frequency (f) and output
impadance (Z), and the correaponding values of L and C, are glven in
Table 1. Maximaon use was made of available equipmsnt by selecting

those values in geometric progression, as shown by the Table.

TABIE

Available values of £ and Z, and
corresponding values of L and Ce

ZS? 40 1 126 | 400 1260 | 4000 | 12600
2R NE B : R
| 7opF | 26 pF

" yBp | 04040 B [ 0.126H - | 0,40 H'
T | =8 pF TeOpF. | 245pF B
500 | 0+0126H | 04040H | 0,126H | 0,40 H -
0 ] teopr | 2.50F (079 pE | 025 |

| 1580 | 0s0040E | 0s01R6H ' | 0,040 H. | 0+126H | 0,40 B |

| TTET ] 245 pF | OJ79pP | 0425 pF | 0.07SpF | 0.025pF -
| sooo | 0500126 | 0:004 H | 0,0226H - | 0.040H - | 0,126 | 0,40H
0s79 pF | 0425 pF | 0.079pF | 0.025pF | 0.0079pF | 0.002ExF
lissoe | | 0o.c0126m | 0.004r | 0.0126m | 0.040m | 0.1R6H
e - | 0.079nF | 0.025pF | 0.0079pF| 0.0025pF | 0,00079pF |

o
——




The resistances of the Inductor L, of the shunis R. and
R g (fige 1) and of the conmecting leads, inevitably introduced an
ohmic resistance, R, in the L.V, eircults R dld not exceed one
sixteenth of the critical damplng “eaistanc'a‘ of ths 'L.V. clrcuit
and waa uaually lass than 14 Ormm. Tts arfect on the establish-.
ment of follow current could tharefore be 1gnored within the
accuraey of these tosts.

The LeVe circult uaed :ln any experiment can be apeciﬂed
mxy withoud referanc.e to the diacharge rasistanca. 'l‘he valuo of
that resistance is not a function of the L.V ctrcuit alons; 1t
:ls, 1n fact, one of the dlscharge charactsriatica wh:lch ara studied
experimentally in this work. COnaiderat:lons of diacharga

reslstance were thorsefors not included in this section.

2.3 Tests on L.V Circuit Elements.

The following seta of measuremsnts were taken to determine
the frequency, £, the output impedance, 2, and the resistance of
tho inductors, Rit |
(1) The impedance preaented by the inductors to a 50 c¢/s sine

wave was measured by the eammeterevoltmeter methed.

(2)' The resistance RI of tho inductors was measured on & d.ce
bridgoe.

(5) The frequency of the L.V. clrcult was measured by recording
oscillographically the voltage across C when it was
discharged through L (and the small, but inovitable winding
resistance R,, assoclated with L)e |

The value of frequency, £, was directly available from test (3).
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The inductance L was calchlated from the results of tests (1) and
(2): £ and L being:known, the output impedanca Z eould be
calculatad. It was found thet £ and 3 were within 1% of their
nominal velues (Teble 1) when f = 50 ¢/s (nominal), end within 3%
at othor frequencles., | | |

The valua of RI was obtainsd frnm ths decrement of the voltage
ecross c (racorded in test (5)) and was within 109 of the value
obtalned in test {(2), .

The ability of the inductors to withstand the voltage output
of the impulse generator, both chopped and full wave, was verified

in a further serles of tests. Results ware satisfactory.

204 LeVe Charging Sourcey Effect on Cireult during Tests.

The ezpacitor C was charged from an slectronic power pack,
glving a maximum value for Va of 900 Volts (fige 2)e A 100 Henry
{nominal) iron corsd resctor was inserted between C and the power-
pack to separate the latter frem the rest of the cireult during
the time that the test gap was conducting.

The complote follow current test circuit (fige 2) was used in
a series of tests éarriad out to ensure that the current flowing
from the power source charging C was nogligible while the test gap |
was condueting, whether follow current occurred or not. Reauits
showed thats
(1) During the critical period which determinsd whether o:r not

follow currsnt would occur, the current from the LeV.

charging source {(i.e. the current in RsDc' fige 2) aid not

exceed about 2% of the current in Rye
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- {2) 1In the event of follow current being established, the value

of the L.Vs clrcult froquency, £, was not affected by the

charging source. -

2.8 The High Voltags Clrcult.

o A 53'k# pbak voltage pulge was obtalined from a three atageA
Marx 1mpuiao gpneratofﬁha&ing én cutput dapnéitance‘df 0¢O$§
microfaraéa, Wavefront control was by means of series resistance
onlye. The atrny‘chbnoitanco essccleted with the test gap was of
the order of Eo‘micro-microtﬁrada- A ﬁaparﬁte wave tai; roaiat#nco
vas provided only in tests 15 - 17 (section 8.4)§ In all other
teafa, the teil resistance consisted of the charging resistors of
the ilmpulse gsnerastor, and had a value of 73 kilohms. Tho voltage
and current waveforms of the generator are discussed in sectlons
2.6 end 2.7,

Flge 3 shows the eircult used for tripping ths impulse
generator and assoclated oscillographs A conventional three
slectrode gap was connected across the firast stage of the impulse
generators Ths central electrode consisted, in fact, of two
separate sphores, so that the two halves of thas three slectrods gap
irradiated one snother, A 50 megohm: 50 megohm potential divider
waé used to energise ths central electrode, Rl and the 550 micro=
microfarad capacitor formed a delay eirculty the 1 kilolm resistor
was inserted to damp out a high frequency osecillation introduced
by the delay circult in the current output wave of the generatore.
A pulse from the capacitance divider was applied to the t'trigger!
terminal of the osclllograph when the switch S was closed and the
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time base bagan to sweep. ~ After a time determined by the delay
elrcult and the sotting of the three electrode gap, the high
véltage hal? of the three olectrods gap flashed overy - the other
half flashsad over irmedlately afterwards and the impulse gensrator
fired. |

.6 Voltage output of‘ Impulse Generator Circuit,_
The voltage output of ths impulse generator cireuit: (1.9. the

voltage at the test gap) was viewed oscillographicauy, no L,V.
circult being uaad, and the est ap ba:!.ng set so aa not to flash
over (f£ig. 4(&)); The wave 'rontmaiatanca wag 400 Ohm.a (voven
wire)s thei-a was no separate wave tall resistanco and a convens
tional 9605 Ohm ¢ 62,6 Olm potential divider was used for recording«
Re.cords showed that the voltage at tha oécillograph reachesd
its peak in 0,2 mlcrosacohds and that there was & violent oscilla-
tion on the wave front. Vith such a rapidly rising wavefront,
spoclal tosts wonld have beon necessary to ensure that the osclllo=-
graph voltage was & falthful reproduction of the test gap voltage.
Now, 1t will be soen from the following sections that the voltage
output of the impulse gonoerator affects the esitablishment of follow
current only in so far as 1t circulates a current in the LeVe.
circult before ﬂdshover,-and it causes the flashovere. Under the
conditions of this investigation, tho current circulated by the
impulss in the L.V. circult was usually negligible « when it was
not, its value was available from oscillograms of It (fige 1)«
Furthermore, the test gap spacings used were sufficlently small
for flashover %o occur on every application of the impulsss An
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accurate reproduction of the voltage wavefront was thersfors
considorod unnscessary,
 No eimilar A1 fflculty oecurred in rocording ths wave tall end
rigs 4(b) shows typleal oselllozram traeingss Thelr shapos can

be explained quantitatively by conaidering that c dischargos

IG
through the potential dividar end its own charbing reslstors in the

case cr curve (i), and that GIG and c in aerﬂ.u oacillate with L

in the cage of curvea (1.1) and (111). B

2.7 Current Qutput of Immlse Gcnamtor Circult.

The circulﬁ of fire 6(a) was used to msasure the current oute
put of the impulse genorators Two types of shunt '(Rag) were used
in theses tests, carbon resistors and short lengths of resilstance
wire, The current records obtained for az given experimental conw
dition were ldentical, so thet Lt was assumed that the inductance
of the wire and the temperature and resistance coefficionts of the
ﬁarbona were all negligibles

Cyq ¥as moasured at 50 ¢/a and Ry and B, Wers messured on &
low voltasge Vhemtstone bridges The nominal time constants of
geveral impulse current waveforms {figs 8(b)) wers then calculated
from T & GIGRFRT/(RF*RQ)" end the ectual time constants were
obtainsd by noting the time taken for the current wave to decay to
0,368 of its initiel valuss Rerults are compared in Table 2
(page 17)3 sagroement 15 geen to be very good when P‘F and'n,rr both
consist of woven vire resgistors (curve (11)) gnd sleo when EF
consiets of woven wire resistors and RT consiasts of carbon

resistors but epproximates to en open circult (i.es Rq3 Ry,
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curves (i) and (411)). A considerable discrepancy exists vvhon
Ry and RT both consist of carbon units {(curve (iv))} = dus, probably,
to the temparature coafficients of the carbons. -
Obzervations made using the Mp;.ete test ocircult (fig. 1)
ahowed'thét the impulse current waveforms were determined almost
entirely by the H.V. circuit, and were substantially independent

of the L.Ve. circult and test gap. -

TABIE 2,

Comparison of the actual and nominal time constants
of the impulse current waveforms of fig. 5(b).

Curve No. Nominal time Actual time cbnstant »
(see £ig.6(b)) constant, T obtainaed from oscillo=-
grams,
- Microseconds. | Microaeconda..
i 35 35
11 35 : 32
111 | 70 - 72
iv 35 | 23

2.8 Conventions reparding the test circult. »

Throughout thils work, It" IIGt and Igt will be taken as

positive when flowing in the direstion indicated in fig. 1, and

the polarities of Vo and VI will be taken as their polarities

Go
to earth. V, &and vIGo were positive in all experiments covered

by this work, except for some of the experiments reviewed in
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section l1l4,where polarity effects are discusaed.

The current flowing in the potential dlvider iz usually so
small that 1t plays no significant part in the operation of the
elrcuity 4t will therefore be ignored throughout this thesis,

except where otherwise stated,

2.9 The L.V. olrcult current at Flashover (I ).

Then the 1mpu159.1s applied - 1,8, whan JGOG flashes over =
an impulse voltage appears across the test gap and L.V. circuit.
I; will, under these conditions, equal the current circulated by
the impulse in the L.V. eircult; 4if the conventions of f£ig. 1 are
adopted, It = e IIGt" "At the instant of rlaghcver, It has the
value I, and unless otherwis: stated, I  was sufficlently small |
to be ignoreds The growth of I, after flashover will be digcusSed
in later sectlions.

If vIGo

after the impulse 1s applied, Initially, It wlll increase in

is positive, therefore, I, will be nogative immediately

magnitude at a rate determined by the complete test ecirocuit (in the
pregsent lnvestigation, the rate of growth of It before the teat gap
flashed over, was determined primarily by cIG' L and RF). If the
test circult 1s overdamped, It cannot reverse before the test gap
t;aahaa over, 8o that_I° will be negative., If, however, the test
circuit is underdemped, It may reversa before flashover occurs.
Provided the frequency of It before flashover 1s less than some

10 ko/s (as it was throughout this work), flashover is unlikely
after It has reversed, because much of the energy assoclated with

the iﬁpulee will have dissipated by then, and successive voltage
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peaks at the test gai'will be of decreasing magnitude., Consequently,
if the test gap falils to flash over at or near the first peek, it 1is
not likely to flash over at all. . The possibllity of flashover
occurring after It roversed will therefore be ignored. Consequently,

ir V is positive, I is negative at flashover - 1.0+ I, is

vnegative. : Praciaely :ha saqe reasoning will show that I is posi-
tive 1if vIG} 18 negative. 'With'the'ccnventions"adopted. therefore,
I is of opposite polarity to the 1mpulae voltage, vIGo'

Experiment showed thnt not only dia Ic not reverse before
flashover, but at the instant or flaahover, It was increasing in
magnitudes This was to be expected, since flashover occurs at or
near a voltage peaks consequently,|;£§ could not reverse polarlty
by the time flashover occurred. Heég; the magnitude of I,

1ncreaaps.w1th'tha time~to«flashover of the test gap.

2+,10 Effect of Impulse circuit on L.V. Cilrcult after flashover.
After the test gap flashes over, the L,V. circult current is,

of course, affected by the diacharge voltage: 1t is not, however,
directly affected by the impulse circuit, unless & current zero
occurs in the test gap while IGOG (fige 1) 1s still conducting.
Such a current zero occurrsd only under the obnditions discussed in
section 14.3: that uas-tho-oﬁiy case in which the LeVe circuit was
direotly affected by the 1mpu1=é circuit affar flashover,

IGOG deionises at the end of the impulses with the exception
of test 17 (aectioh 8e4) the;re were no restrikes of IGOG, so that
the impulse circult was effectively disconnected from the test gap
and L.V, circult after the end of the impulse.




2,11 Impulse Duration. |

The impulse duration, t;, is defined in section 5.6 as
the Quration of flow of impulse current. It could be measured.
very é.ccurafaly by applying the voltage across Ratg (tig; 1)
to the osoillograph through an ampli:ﬁer (section 4.4).

In most éxperimenta covered by this investigation, the
impulse duration was determined primarily by the impulse
circuit, the L.V. circuit and test gap having a secondary
effect., In all tests in which a value is guoted for tl' and
also in all experiments involving the Standard Circuit (sootion
5.9), the scatter in the value of tl (due to changes in the

L.V. circuit and test gap, end to random conditions) did not
cxceed 35%, except for tests 16 and 17 (seotion 8.4) 4in whioh
1t 414 not exceed 10%. |




3., THE TEST GAP.

All experimental work was carried out in alr under
atmospharic conditiona; at elactrode apacings.or not more than
1.5 cm,

Tungsten, platinum,brass, steel, aluminium and copper .
electrodaa,'offcommercial purlity, wore uaedg The électrodes'were
cf tvc principal types, according to the relative size of their
arcing surface and the area of the ars rootsy 'large! electrodes,
whose surface was much larger than the aro roots, and tsmall!
electrodes, whose surféca area was of the order as the area of
the arc rootse. | |

The 'large! electrodes were themselwvss of two typase. The
fir=t, consisted of 2 cme diémetar spheres, which were assembled
‘as ahawﬁ in fig. 6(a).. fhs frame of the clectrods essembly was
of bakelite. Th;‘adapﬁar‘A was flxed to the frsme, and the
adaptor B was fixed to the mierometer head, M, which was in turn
fixed to thes fremees The elesctrede épaclng wae -variad by rotating
the micrometer heed, which also served to messure ite

The second typa of tlarge' electrodes consistéd of discs,

16 cm. diemeter, 1 cm. thick, with edges rounded to 1 cm. radius
(figs 6(b))s They wore rssembled as ghown in fige 6{c)s The
eloctrodes were mounted on metal shafts which wore held between
bakelite supportss Electrical éonnectiona to the elesctrodes were
mads through the shafts., The shaft supporting the upper
clectrode could be moved ﬁartically in groves cut in the bakellte
supports, thus altering the electrods spacing, Tho spacing was
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measured by ueans of 'feeler! gaugas.

namely

- The disc electrodes could be used in one of two ways,

(1) They could be rotated about tholr axes so as %o obtain :

a clean areing surfaces In the teats in which this

wag dane, the electrodas vere rotat.ed once every five

| nashcrvers; 1% was tound that almoat avery flashover

(2)

ocaurred to virgin metal 1n ’rhat case.
The sides of the eleotrodas wors coverad.with
black paint (fige 6(c)) and the metal arrowsa A bore
on the paint and scratched it as the electrodes
rotatedl the angular movemont of tha elactrodea
could thus be ascertained. |
They were fixed in space, so that all ﬂashovera occurred
on a amall fraction of the diase circumterenes; that
fraction‘or the circunferencs became heavily oxidis_ed.

Those electrodes wers used only in experiments aimed at
determining the effect of oxldation produced by flashovers on the

establishmant of follow cux‘:ent (sactibn 12). 'i‘hose experiments
ahoﬁed that (d) the conditions undax" which follou current could
just be aatablhhed (1.6. the critical V o sactions 1247 and 12,10)
obtained with disc electrodea was the same as that obtained with

spheres under the aame conditions, and (b) that flashover alwaya

occurred centrally on the edges of the dlscs (see also photographs

of figs,
The

47, 51 na 52),

*amall' electrodes consisted of rods hav1ng e diameter

of not more than 0.063 cane - The assembly of fige 6({a) was used,
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excopt that the adaptors were replaced by a pair sultable for
holding rod electrodss. The length of else¢trode protruding from

the adaptor was not less than 2 cma




4o ME‘.ASUREMENT TECHNIQUES
4,1 A Potential bivider with a Non-Ohmigc nemtor.]." |

Tho recording of the test gap voltage was complicated by the
very considerable varistion in 1“tsiém911tuda. ‘Before the test gap
- flashed over (or if it failed to flash over) the voltage across it
could attain 53 kV. A divider ratio of the order of 100 s 1
would have been required to apply thia’vdlta’gé“ to the oscillograph,
After flashover, the voltage reducad to the arc (or glow) value,
and the deflectlon on the oscillograph would not bave been visible
had & 100 t 1 divider ratio been used,

The solution was found in the use of the potential divider
shown in fig. 7. RE and RL ere two ohmic resistors, constructed
of woven wire resistance ribbon; Rm is a silicon carbide non-ohmic
rosistor, the resistance of which has the instantaneous value Rlﬂt'
and GH and OL roprosont stray capacitancéss A general dlscussion
of this type of divider is given in Appendix I, together with
proving tests which were carried out on the actual divider used in
this investigatione. Tho prinoipal characteristics of the divider
are that RMt« R, when the test gap voltage is high, o that the
voltage at the oscillograph 1s limited to a safe value; when the
test gap voitage has reduced to the discharge value, RHt
approximates to &an open circult and the divider ratio 1a.determined
'essentially by the ohmic units. (RB + RL) was maintained constant
- at 23 kilolms in follow current tests, and the divider ratio was
varied by altering By and R simultaneousliy, subject to BH > 10
kilohma, Apert from ths inltial error discusaed below, the

Rocuracy of the divider was ostimated at } 1%,
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The maln limltatlion of thils type of divider i1s due to the
charges which accumulate on the stray capacitances Cy and Cy, Just
before flashover. In tho present cage, the effect of the charge
on C, predominated and delayed the roduction in Vm- at flashover.
Tests described in section 5.2 of Appondix I showed that the '
inltial charge dissipated in some § microseconds, after which the
affect of stray capacitances resduced to that on the linear: divider
RgR_ = the conventional case. Now, the voltage waveshapa auring -
the firgt few microseaconds is not very important in the present .
investigatlon and events recordsd in follow current tests always -
excaedad 200 microseconds duration.  Consequently, an increasse of
5 microseconds in the time roquired by the test gap to collapse
could kardly be doteoted fyom oseillograms, so that no significant
error was introduced in follow current tost records by the initial

charge on tho stray capacltances,

4,2 The Amplifiar,

It was 'ostimated before tosts wers carrieé out that the
current flowing in the L.V. circuit during the critical perlod
when 1% was detemined whother or not follow cufra_nt would be
establishad, would nbt.azcead 1 Ampe. "I‘ha value o‘f' the shunt
re'sistor used to record 'chie current had tq be less thz;n 10 Ohms
in 6rder that R should be small (section 2.2)_, | Héx;ce 1t became
ovidént that an amplifier would have to be inserted Between the
shunt and the oscillograph. i'hasa ostimates wore later
substantiated by exporiment. | |

Pig. 8(a) 1s the eircult dlagram of the two stage, RC coupled
amplifiér usede Feedback was provided on both stages. Either




“ 20 -

the input stage alone or the complete amplifier was used, and the
overall gein of the émplifiex- wag 81, ‘Tha amplitude response was
linear over the range wused, the frequency x-esponse for the
complete amplifier being given in fig. 8“))0 | |

The smplifier was ¢alibrated after each test s.n which .tt. walll'
used, the method baing glven in Appandix II. Variations 1n gaini‘
did not excsed ¥ 2,84, This figure cculd probably hava bean |

reduced, but that was not necessery for the present purpoae.

4.3 Oscilloggaghic Equipment.

In follow current tests, a double beam osclllograph was used
to glve a slmultansous record of the test gap voltage and of the
current in one of the shunts (fige 1).

A high spaed transient osclllograph (single beam) was used
in tests concernsd with the HeV. clircult alone (sectlions 2.6 and
2.,7) and to measurs tho impulse duration in socme follow current

tosts (scction 11).

4,4 Tho Sﬁun‘b Se

The shunts are gshown in the circuit diagranm (fiQQ 1l)s fypicai
records obtained at each shunt ave ghown in fig.v * P Rs was used
in conjunction with ths amplifier to record the cirrent in tha L.V.
circutt (figs. 9 (g) and (h)); Ram was used elther in conjunction
with the gmpliner to glve & very accurate recording of the impulse
duration (see fige 8(f)) or, without the amplifier, to messure the
current in the HesWe circuit {fig. 9(e)). The shunt 'ng could be
used to measuras tho test gap ocurrent (figse. 9 (a) - (d)), but use

was made of thls shunt only to explore the operation of the circuit
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and to confirm rosults obtained without it. - It was preferrsd to

short-circuit Ragrduring‘follow eurrent testz and to obtaln the

togt gap current by msasuring its components in terms of the

volbtazoes across Ré_end-ﬁu The reason for so doing ls discussed

"

in Appendix IX, whare the ossillograms tracad in fige 9 {a) » (4)

are consldered 1n grsater detall. | C

‘TWith the excoption of some tests carried out .at 500 ¢/s, when
woven wire shunts wore used, ths shunis used in folles current
tests conslasted of 1 or 2 watt carbon resistors, the individual
%éiues‘of Whiéh did not‘éxcaéd 10 Ohmsg the value of indlvidual
shunts d1d not exceed & Ohma, |




| | B¢ PRINCIPAL DEFINITIONS
8.1 Symbols. o

Principal symbols are defined on the circult dlagram of fig. 1,
In the caso of quantities which vary in time, the suffix t is used -
to denote instantaneous value (1.6 value at any time t)s  When 1t
is intended to represent tho valus of such a quantity at a specified
time, the suffix ¢ is replaced by the time comermd.' Thus It is the
instantansous value of the LeVe clrcult curront I is its value at

time zoro, I . is its value at time ¢, 1: its value at time t

t1 1'
and so forth.

Time zero is taken as the ingtant of flashovere

8.2 Follow Current,

It has beon shown in ssctlon 1.2 that two prineipal types of
follow current may occur on power syatems} power-frequency rono'
curront, due to tho e.mefs genorated in the system, and
highefrequency follow current, dus to the dlschargs of stray
ecapacitances aseoclated with tho systems It is now xiacasuary to
define those two types of follow current and the conditions which
must be satisfied in each case in order that follow carrent be taken
to have occurrsds thoss defini_tions are gifren below in 'tems."hich

are easily interpreted experimentallye

B3 __lLow-Frequency Follow Current (L.F. Follow Current).

It will be bornme in mind firstly, that under the conditions
of vthis investigation flashover occurred when the low voltage
circuit ocurrent was equal (or approximated) tc zero and, sscondly,
that in the case of power=frequoncy follow current, the half period

1/(2f} is much longer than %the impulse duration, tl' Oonaequently;
if power follow current becomes established, a natural ocurrent gero
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of tho-LeVe-édrcult-will-oscur:-seme -1£(2f) ssconds-from-the instant
of flaskover. During that time, much ¢f the initial 1onisaticn
due to the impulse will have dissipatad and the state of lonilsation:
of the discharge will depend largely, if not wholly, on ths current
that has been fed to it by the L«V. circuit. Hence the reignition
of the discharge after a natural current gero 1s effectively
independent of the impulse, and 1s not relevant to the conditions
under which an impulse initiatad arc develops into a short circuit
on a power system. Power=frequency follow current will thsrefore
be taken to have besn established i1f ths L.V. clpcult has maintained
the diacharge up to its first natural current zero following upon
the end of the impulse.

The mechanlsm by which an impulse-initiated discharge 1s
maintaiﬁad.up to its first natural current zero after the end of
the impulse, 1s not specific to the usual power frequencles of S50
or 60 ¢/s, A similar mechanism operates in all cases in which
follow current i1s defined as above and in which < 1/(2f)s thia
mechanism wag, in fact, investigated at frequencies up to 500 c/s
in the present work. The term Low-Frequency (LeF.) Follow Current
willl therefore be used in preference io Power-Frequency Follow
Current to describs this type of follow current.

&3 the frequency, £, of the follow current 1s increased under
these conditions, the impulse will have an increasing effect on the
reignition of the dlscharge after the first natural current zero.
Nevertheless, the mechanism by which the L.V. circuit takes over
eand maintains the discharge after the impulse has ceased, emerges,

as before, from the analysis of events occurring between the end of
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:th§ 1mpu1se and the first subsequert natural current gerc of the
LeVe clrcult: the reignition of the dlecharge after that current
goro remalins lrrelevent to the present investigations  The
following derinitiona can therefors be stateds
1. THE 7YFE OF FOLLOW CURRERT OPERATING WHEN TIE IMPULSE LCURATION

IS LESS THAN THE HALF PERIOD OF THE L.Ve CIRCUIT {L40.

t,< 1/(2f))} VILL BE KNOUN AS LOW-FREQUENCY FOLLOU CURRENT.

2« Two requirements are dafined for the establishment ¢f follow.
current, viz.:
(1) THE DISCHARGE MUST BE HMAINTAINED BY.THE L.Ve CIRCUIT UP'Tb
ITS FIRST NATURAL CUREENT ZERO AFTER TH: END OF THE IMPULSE,
If the effects of I, and of the discharge voltage, Vg,
are lgnored, thls condition beoomes that the L.V. circuit
| current It = and hence the discharge current Igt - flows
for 1/(2f) seconds from ths instant of fleshovere The

effocts of I, and V_, are of secondary importance in this

gt
instance and are discussed in the Appendix (V). .

(11) THE DISCHARGE HAS AN ARC CHARACTERISTIC FOR MOST OF THE
TIME ELAPSING BETWEEN THE END OF THE IMPULSE AND THE FIRST

NATURAL CURRENT ZERO.

5.4 HicheFrequency Follow Current (H.F. Foilbwh6urren£}g

The establishment of highefraquency follow ourreht wag studied
from the point of view of its effect on the discharge while the
impulse arc was burning, for two reasons. Firstly, the only |
alternative would have been to astudy the méchanism by which =&

high-tréquonoy follow current arc would be maintained by the L.V.:
circult after the impulse has ceaseds It was considered that the
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latter method which was, in fast, adopted in the case of L.F.
Follow Current, wes unlikely to revesl any signiffcant data not
ghown by the atudy of L.Fs Follow Currents Secondly, the
importance of highefrequeney follow current in the case of po‘ue'r‘": |
systems 1ies primarily in its effect on the establishment of
power-frequency follow current: this will depend very 1argely on
the effect of high-frequancy follow currant on the state of
jonisation of the dischargs anring the impulese
The following definitions were therefore sdopteds
1, THE TYFE OF FOLLOW CURRENT OPERATING VEEN THE IMPULSE DURATION
EXCEZDS THE HALF PERIOD OF THE L.V, CIRCUIT (l.e. t 6> 1/(22)
WILL = KNCEN A3 'HIGH-FREQUENCY FOLLOW CURRENT?.
2¢ Ho¥#, FOLLOW CUREENT WILL BE TAKEN TO HAVE OCCURRED IE' THE L.V
 CIRCUIT HAS SUPPLIED ANY POWER TO THE DISCHARGE, THAT POUER
BIING DRAWN FROM THS INITIAL ENERGY $V,2C STORED ON C AT

b X

PLASHOVER

5,5 Natural Current Zero,

A tNatural Current Zoro! of the L.Vs circult will be taken to
mean @& current zero which has been reached primarily because of the
normal reversal of current in a resonant circuit éonsintivng of L |
end C (figs 1), the time at which that current zero is reached
baing subatantially independent of the effective raéiakancs of the
test gape , . |
. This qualitativo definitlon 1s satlsfactory for the greater
part of this investigations. A quantitative interpretation e
required only for certain tests and is given in the Appendix (V,)Q |
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5+6 Half Cycle &nd Half Pericde -

A 'Hslf Cycle' of the L.V, circuit will be teken to occur
betwean two natural current zeros. Its noninal duratiocn 1.6+

the 'Hzlf Pericdt, will therefores be 1/(2f) meconds.

§.7 Impulse Duration (b). |
| The 1mpuiae duration, %y, will be taken as tha’tims‘elébéing
between the instant of flashover and the instant at which I

. IGt
falls to gero for the first (and generally the only) time,

5.8 Critical values ané ranges.

The term fcritical Vo' will be taken to mean thes value of Vo
at which the establishment of follow current is just possible in
a glven experimental conditions The rangse of ecritical values of
Vo obtained in a given experimental condition (f.es.the range of
values at which follow current occurs after a fraction of
flashovers) will be kncwn as the 'eritical range ot‘?c'v

The values of othsr varlables rscorded when vo was glven 1ts
critical valus will be known as the 'critical values' of those
variabies. Thelr rangpé;'tecorded when V, was in its critical

range willl be known ag the tcritical ranges! of those vaeriebles,

5.9 The Standard Cireuit.

The Standard lecuit 1s defined as a circuit having ths

following parameters: f = 50 ¢/s, Z = 40 Ohms, C., = 0.083 micro=

IG
ferads, Ry = 75 kilohms {carbon), R, = 420 Clms (woven wire,

unless otherwise stated), vIGo = 33 kV. Ths valus of V  1s not

apecified, The impulse current waveshape obtained with the
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Standard Circult is given in figs B (cur?a 111). Its peak value

was 79 Amps and the impulse duration, t., varied between 170 and

h
180 mlicrosecondse

_5.10 The Standard Elactrodeso

.063 cme diameter Tungaten rods, the tlpa of which have been
haavily oxldised and enlarged to a diameter of some 0,075 cm.,
will be known as the 'Standard Electrodes's Thoe oxidation and
enlargemont of the electrods tips was due to the epplication of
gbout 1,000 flashovers, the Standard Circult (scction B5.9) being
uséd,with.vQ get to wlthin tha oritieal range, and e gap-spacing
of 0.8 cme The electrode surface dus to those flashovers was
similar to that obtained in a typlcal test run and did not changs
significantly 1ln the course of the follow current tests dsacribed
here (excapt fér the tests discuasod in sectlon 12.2, where the
effect of oxldatlon was investigated)s The electrodes were
cleaned with metal polish aﬁd éthsr btafore tho {first flashover
was applied and were not cleansd subsequently. (except as stated

in sectlion 12.,2).

B.11 The Standard Gap, . o , _
The gap consisting of the Standard Electrodes, apaced 0.5 cm,.

apart, will be known as the Standard Gape

5.12 The Standard (ondition.
The Standard Condltion will boe saild to hold when the

Standard Gap 1s used in conjunction with the Standard Circult.




€« PROCEDURE.

The following procedure was adopted in follow current tests:

‘For a given test condition, all variables were fixed, excapt
the voltage V,, to which the capacitor C (fige. 1) was charged
before the 1mpulsa was applied: IQ being quite small, that
voltaga can be taken equal to the voltage to which the capacitor
was charged at the instant of flashover {(section 241).

Vo Was variod until 1¢ had & critical valus, i.e, until -
follow current occurred occasionally. It was then increased
until follow current occurred after every one of n flashovers
applled, giving one 1limit of the range of critical values of Vo-
V, vas then decreased in order to establish the other limit of
the ranges Unless otherwlse indleated, each limit was established
in this way several times in each test.

Fhen naar to ono of the limits, V, waé:varied in steps of
not more thean 10%. The quantity n had ths value b or 10, as
indicated where the appropriate results are presenteds if no
indication is given, n had the value 5.

The upper and lower limits of the criticsl range of Vo ware
dotermined the same number of timess their aritimetloc msan was
taken as the mean value of critiecal Vo for a specific teat.




7. CLASSIFICATION OF PHENOMENA.

It has been shown that Follow Currqnt is of two prinoipﬂL
types: L.F. and H.F. Follow Gufrent (sectioﬁn 1.2, 5.2. 5.3 and
5.4)s Experimental work, which will now be revieuad, bas
revealed that L.F. Follow Current mAy‘itsalf be of two typea
which '111 be known &8s HigheVoltage and BighnCurrent Follow Current.
Three main types of Follow Current have, thersfore, been
idgntiried:' High-Voltage, High-Current and High~Frequency
Follow Currenﬁ. | -

The ¢haracteristica of each type of Follow Current are
aummarised ba1ow and a detalled discussion is glven in sections

8 = 10, Only the case of V and V being positive is discussed

1Go
in these sectionaj polarity affacta are considered in section 1l4.

7.1 Hiph Voltage Follow Current (H.V. Follow Current).

~ This type of follow current was obtained whon ty< 1/(16¢)

1e04 t, was very small compared to the half poriod of the L.V
elreuits  Fige 10 shows tracings obtained from oscillograms of
discharge voltage, vst’ and L.V. ¢1reuit current It' the tracings
are 1dealised during the period te, a8 explained below.

Bafore the impulse is applied, the test gap voltage eduala
the voltage to which C 13 cherged:s 1t has been seen that that
voltage has the value V,+ Immediately the impulse is applied,
the test gap voltage rises but tho voltags at the oscillograph
does not rise in proportion bescause of the nonelinear unit, RM
of the potential divider. At the same time, a current is
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circulated In the LeV. olircuit by the impulset this current
reaches tha-value Io aﬁ flashover. Ib appears to rise
instantaneously in fig. 10 because of the time resclution used:

its actual rate of growth is discussed in section 2.9. Except

‘where otherwise stated, Io was negligibly small.

PP

%hen flashover occurs, the voltage at the test gap collapses
and is maintained at a low value by the impulse currents That
current ceases at tl, when the L.V, circult feeds a current Itl
to the discharge. Immedlately after tl’ vgt begins to rise, the
extent and mature of ths rise depending on the power available
from the L.Vs circuit. The wave chapes of vgt during the perilod
tc’ and events occurring during that periqd, are discussed in
detall in section 8, At present, 1t need only be noted that ths
voltage and current wave shapes aftexr to ére as shown in fig.lo(a)
or 10(b), depending on whether or not follow current is established
and that the principal characteristics of H.V. follow ‘eurrent are s
(1) The eritical I, is small, rocorded values being between

Oe¢l and 0.7 Ampss This 18 of the order of current

assoclated with high-pressure glows and glow-are trensitionay

Fige 11 shows It waveshapes obtained when Itl has the value

at which follow current is just possible: follow current

is #ot aataﬁlished aftor avery‘flaahovor in that condition.
(2) The eritical value of V, is relatively large and approaches

that required to maintain a constant current glow in the

teost gap. | |
(3) Either follow curreﬁt is established or the test gnp'dalonises
' within a short time (usually of the order of 106 microaeconds)
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from the end of the impulsé.

7.2 High Current Follow Current (H.C. Follow Current).

This type of follow current obtalned when -i:é‘?<t1< %—5 .

Fig. 12 shows sketches of typlcal oseclllograms recorded when the
value of V, was in the criﬁical range, They are simlilar to those
of fig. 10, except that I,, is larger, so that there is little
rise.in Vgt 8t t,, whethsr or not follaw current is established,
The principal characteristics of H.C, Follow Current are:
(1) The eritical value of Ity is sufficlently large to
malntein an erc after the end of the 1mpulsé.
(2) The oritical V, is low, being of the order of the arc
voltage, _ |
(3) Current flows for a considerable time after the end of
the impulse, whother or not follow current 1s established.
The time %, for whilch L.,V. circuit current flows increases
with V, (except at very low values of V,, &s explained in
gsection 9) until tnv=£=lA?fL This 4s 1llustrated in fig.l3.

7.3 High Frequency Follow Current (il,F, Follow Current).

H.F. Follow Current was obtained when ty >1/(2f)(section 5.4).
Current and voltage waveforms obtained from oscillograms are
sketched in fig. 14, They are shown for two cases: in one, Vo
is well above the value required for follew current, and in the
other 1t 1s well below 1t, 4as V, approaches its critical value,
It decreases in magnitude. When V, reaches the critical value,
It is very much smaller than the value of the impulse current Irpge

Consequently, the main characteristics of this type of
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follow current ares

(1)

(2)

The discharge is maintainad for a time 2 ;/(2:) whathar or
ot follow" current occurss, | T

Whon v is 1n the critical range, the characteristics ot
the discharge are determinsd primarily by the 1mpulae

‘generator output end the test gap: tha erfect of the L;V. R

circult is relatively amall.




8¢ ANALYSIS OF H.V. FOLTOW CURRENT CHARACTERISTICS.

Thrae possibi).itiea arise; depénding on‘_tha value of V&:

(1) The valuo of Vo 18 less than criticale This case 1s in

| avery way similar to thﬁt of rig;_la (a)e(b),‘which is
discussed in -aaction D | | .

(2) Tha jvaluel of Vo .15 greater than oﬂtical. Osciilogfams'
obtainsd are similar to those of flg. 10{(a), except that the

rise in Vgt after . 18 smaller, and the corresponding rise

1l
in I, is more rapid.

]
(3) The value of Vo 1s critical.
The characteristics of H,V. Follow Current emerge from an
analys=is of cagse (3}« The other two cases are not relevant to

the present section, &nd vill not be discussed furthers.

8.1 Qus 11tat1ve discussions

The mechanliesm of H,V, Follow Current wlll be discussed
qualitastively, in the first placs, referring to the circuit of
fig. 1, and to the waveshapes of'ﬁ.g. 10,

The dlscharge 12 an arc during the impulse perliod, when 1t 1is
mainteined by ths impulse and L.V. eircuits = mainly ths former.
After the end of the impulse, the power input to the discharge,

Pgt (= Igtv }s» 4s supplied by the L.V, circult alone: ‘unless VO

is appmciag.y lergor than its eritical value, ths discharge will
then begln to delonlse, and vgt will incresase in valua.

Now, Igt = It: (Fig:. 1) after tho impulse. So long as
Vet < Ves L 2ZE will be positive, so that I w11l contime to

incroase as vgt rises: consequsntly, Pgt will also increase, and
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a point may be reached at which P _, will equal the dslonising

"
lossess  Further increass in V,, will therefore be checked, but |

zgt will contimie to 1Inerease, incrcasing P vgt then bégins

th

to decrease, resulting in 3 more rapild inerease in Igt’ and thea
ountcoms of thils cumulative process, will bo the establishment of

follow currents If however, the delonising losses exceed P gt
after V. = V,, then V . will rise further and L it will become
gt t ' gt . at

nogative. Ig{; will decrease, resultling in more rapld increass

in vgt’ and tho discharge will ecease without follow current being
oztablishad. Esnce, In the limlbting conditlon in which follow
current is just possivle, Mt .~ 0 immedlately after the impulse.

at
llora spocifically 1f the maxirmm value of V , occurs at time

gh
t = tw then
ar
.——F—-M & 0 I EENEENENE R NN NS X (I)
at
and ntly, £ ig. v Now, ©,, 18 pot much
nd consequently, from fige 1, V ., =V . » Ty

greater than tl and 1s therefore small compared to the half peried
of the L.Ve circult (follow current boing of tho HeVe typo).

Consequently V Vo, end hence

)
vaﬁ vgtM shesenvssnsesness (II)

Hence, the critical value of Vo is determined by the faect
that 1t ﬁust cifculate a sufficlently large current in the
discharge nﬁ the end of the impulse, for the maximum discharge
voltage to be approximatély equsl to Vga

The ebove discussion may be modified by arceglow and glow-arc

transitions, ss will be seen below (section 8.2), It 1s based on
the tacit assumption that the discharge has a negative
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characteristic: this assumption 1s discussed in section 134,

8.2 Discharge Charecteristics - 'Effeets of Transitions to dlow.
The rasults obtained under dirrerent exparimental conditlona

can be divlded 1nto three main types, depending on tm
characteristic of the diacharge in the Immediate post-impulse
period, o* | .
curve

gt .
13 smooth, except that diaturbancea of very short duration occcur

_m'__I__._ The diecharge is an arc during t. and tho v

after some flashovers (fig. 15(a))s The following reasons give
rise to thé bellef that the ‘disturbancea wvore éauaod by arce-glow
transitions, followed almost immadiately by glow-arc transitionss
(1) The discharpgo currents were of the order assoclated
 with transitions (section 7.1, point 1).
(2) The disturbances did not occur if the discharge
current was increased (by increasing Vo)»o
(3) Arce-glow transitions, followed after s finite time
by glowearc transitions, have been identified under
exporimental conditions which differed only slightly
from those discussed hore (see type II below, and
fig. 15(b)).
Becauss of the short duration of the disturbances, their
effect on equations (I) and (II) (section 8.1) can be ignored,
Type II. The dlscharge is an arc during most of t,, but
glows are malntained for times of the order of 10 micro-seconds
(rig. 16(b)) after some flashoverse The L.V. circult must

therefore be capable of forcing a glowears transition in order to
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establish follow current, and V, must exceed the maximum are value
of ng‘ it need not, however, equal the maximm glow value of
vgt, bacause an approcizble fractlion of tho voltage required to
maintaln the short duration glew can be supplied by the energy
storsd in Ls Tius the criticel V, 1s less than nga

Et.!’. is nagative during the glow periods, and positive during
the ex‘iﬁmﬁodﬂt on the vhols, theore 1ls 11ittle varlation in It
during the immedlats post lmpulse perioed.

Type IIX. Tho discharge is a glow during most of to after
alnost overy flashovere The glow may have been reached by a
graduail inoreaso in voltage (fig. 15 (¢)), or by e sudden
transition (fice. 15 (d))e Tquatlions (I) and (1X) (section B.l)
hold, . V e being @ ¢glow wltages This leads to the Glow Criterilon,
&8 explained in section 13.2.

B,3__Quantitative Analvyedis = Proceduros

A1l but throe of the tests which wil) be dlscussed in
section 8.4 were carrled éut.. with the Stmdard Ilectrodes (section
5s10)e In two ceses (tests 13 and 14) tho electrodes consisted
of 0,047 cn, dlamoter platim rodse DBefore beling used, ﬁhfasg
olectrodas wore cleansd with motal pc;llah and ethér end were
subjoected to some 300 proliminary flashovers, the expsrimental
conditions being as in test 13 (aéction B.#) end vo hevinga
criticzl valuse The purpose of thase flashovars wag to produce
& surface condition similar to that due to the tests, sc that there
should ke no significant chanpge in elsctrode conditions as the

tosts procoedsde Tho appearonco of tho electrodss at the snd of
these tosts was similar to that deacribed in soction 1248, where
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other tests on platimum electrodes are dlscussed.

2 cne brass spheres were used in test 12, immedlately after
being cleaned with metal polish and ethere. Proliminary flashovers
woers not applisd, because other work (section 12.3) has shown that
in the case of brass spheres the erltical condltions requirsd for
HeVe Follow Current do not change with the application of
flashovers « 1.0, a stable condition exists even whon the spheres
aro clean and untouched by flashovers.

For the analysls, values of V__ and I , were recorded after

gh gh

tho end of the lmpulss, at two spacified tilmes, t2 and ta,

moasured from the instant of flashovere These times were so fixed
for a given impulse duration, that when the valus of Vb wag
eritical and follow current was established, Pgtz was slightly
smaller than the delonising losses, while Pgts excsoded them

slightlyes Corresponding differonces between Igt2 and I gt3’ and
between Vgte and Vm woreo smalle Alao. t2< tm< ta and vgtz'

vgta’ or both, wers naarly equal to vgtn (exgept aq exp1a1nad for

Test 28): |
" Recorded values of I and.vgt,'and derived values of P . and

gt gt

Rét are glven in £igs. 16 and 17, In some cases, when results
wore of type II and the glow duration was particularly ahort, are
voltagaa only'ware enterad in figs. 16 and.l?, where dotted.linaa
ere used to indicate this condition.

The values ot‘vEt and Igt wore available from about ons
hundred osclllograms in each one or the tests discussed in section
8ede It was found, firstly, that in any ona test the 1imits of

the critical ranges (cection 545) of the Quantities rocorded were
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usually available from osclllograms taken at the maximum and
minimum values of V_ used in the tost and, secondly, that the
differsnce bstween the values of any gilven quantity (cege Igtﬁl
recordsd on dlfferont flashovers, but at the seme value of Yﬁ,:vare
ugually small compared to the critlcal range of that quantity,.
Not more than 20 (and not lass than 5) oselllograms wers therefore
anzalysed for each test; they includsd osclllograms taken at the
1limits of the eritlical rangs of'V6, they were uniformly dist:ibutad
over that range and thelr mumber varied with 1t (L.e. tho grester
the critical rangs of vo, tha more oscillograns were analysed), and
they covered tho 1llmlis of the crltlecal rangesof all tabulated

variables.

8.4 Quantitative Analysis -« Discussion of results.
- The results of tests 1 « 6 of fig. 16 give an indication of

the random varlations occurring for a given exporimental condition,
and ca2n be used as references to show the effect of different
variablea. RF consisted of'carbon‘resistors in tests 1 - 3, and
of woven wire resistance ribbon in tests 4 = 8: 1ts 'cold! value
was 420 Ohma in both cases. The dlfferonce in the constitution

of R, resulted in ¢, being some 107 smaller when carbon resistors

1
were used, (Impulse curront waveshapsa obtained with the two

types of resistor, are given in fig. 5(b), curves 111 and iv).

Increasing Z (test 7) resulted in a lower rate of rise of I

t
consequently, the critieal V, increased. Vo being larger, follow

current could be established after a higher value of Voot that

is why the eritleal Igta end IgtE values were lower. At thaae
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low curront valuos, tho =maintenancs of on cro tocamo more Aifflicult
co that rasults wiro of tyro IT, ac croinat typo I In the Stendard
Condltion,.

Incroosiag 't‘ {(¢zat ©) incrsased the rate of slea of zc:‘ She

criticsl ?@ therclers docrcasnd, with consequent increasge In X

14174

erd I y* The revores happened In tesds O ond 10, In vhich the

mto c:)f rise of currcnt was docrsass (with mforones to test G)
by ircerzesing 7e In tast 9, the valuo 2/P, end honee tho rate of
rieo of mﬁaﬁt, vors tho romo 0p in the Standord Ccﬁmtiom
Porulta were idontleo) with $horo of tesd O {(v1leh vas corrled out
iImmcdlataly boforo tost 0)e Vm, F@ and wgﬁ wzro largoe in |
teat 10, bacause thoy incluled flow T3)ludze

Toat 11 chows that oll tabulated volusa execopt N o2
incrooszad whon the teat pap apacing inorcasede Hoplacing the

end R cts
~tandard Dlectroden by € cne dlonotor Lrass sphores s chown by
tost 12 to hava no apsvoclable effoet on the veluos roccrdede
owovar, whon the clectrodos wore replacad by 04047 cme dlonetor
platimn rods (tost 13), @ elicht but Cofintte increase ooccurred
in all rscondad valuoss

The platimes cloctrodes wore rotainad inm test 14, aend the pap
spacing wos incronsocd to 143 ekt tho offechk of apacing was
qualitativaly tho smeem as with Stendard Electrodese Oselillogronmse
showad that in fact ty == 63 In tosts 11 end 14, 50 that P,y was
vary nearly equal to thse powoy inmut Just sufficiont to waintaln
fontoatione liow, when tho spacing wap Anerengad from 045 to
10 cmey P, Incronsod about 3 times in the czso of SEandard

g3

Llectrodos, and ebout 2 timos in the ciso of platinu clectrodes,
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This difference points to the Standard Electrodes having &
lower work function, so that their importance is reduced as
compared to that of the alr space between them, in opposing the
¢3stablishment of follow curront. The effect of electrods
material, shapes and spacing is dlscussed further in scction 12,

‘The effeet of changes in impulse generétor parameters, and
hence in the weveshape of the impulse current, 1s shown .{n_‘ .
Tige 17. RB' consisted of woven wire resistance ribbon :Ln» all
tasts of fige 17 so that the current waveform 1s an exponsntial
decay from the initisl valuo IIGo {cege fige 5(b), curves & - 111)
and beccmes zerc when JGOG dolonlses at tine ‘bl. ‘The waveshape

is thorefore definod by the maximum value, I and the lnmpulse

IGo
duration, tl, both of which are entered in fig. 17. Apart from
variations in Ry end R,, tho Standard Condition hsld in the tests

rocorded in fige 17.

- & docrease in impulse duration was obteinsd by decreasing R
(tests 16 = 17)s The impulse duration being smaller, It had less
tine to builfi ups the critical V"J increased, with consequent
decrease in the critical'Igt-. | |

Tost 17 was tho only one in which restrikes of IGOG (fige. 1)
were recordeds IGOG 1s comnocted in serles with RF, and RQ acr,o;sa
the test gap, and (FlF + RT) had a low value (565 Ohms) in test 17.
When an arc-glow transitlon occurred at the teat gap, and vgt‘ roge
to & relatively high value ) the fraction of _\&'m‘3 appearing across
IGOG was sufflclently high to restrike IGOG in some casess The

energy stored in L could then dlscharge through R,, IG0G and B?."
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so that there was lesez chance of follow current belng ootatlished
after a glowsarc transition (L.0e ao in type II rosults). Hence-
the orltlcal V, was =sufflclontly largs to provent arc-g;aw'
tranaiticns, and waa thsrefore highor than.iﬁ”wouid*havé bean, had
IGOG not been liable to restrilko. | | | |

An attonpt was>mads in teaﬁs 18 « 20 to maintain a constand
impulse duratian;'%hile docreasing the lmpulse eurrent magnltude.

Resulis wero modified by the dlscharge resistance R, and the

gt

impulse duratlcn dscreasad with IIGo'. 0ze effect of the dscroame

in t,, 18 that I has less time to bulld up, 8o that the critical
V, must lnorease. It was seen from the tests of fig. 16 that for
a given test gap agd impulse current, thelcritical Igtz and Igts
decreased when Vb increaseds In test 19, however, Igtﬁ and Igf3
wore largsr than in test 18, although the critical Vo was higher
in the former cass. Furthormors, results were of type Iin
tost 18 and of type II in test 19 = l.ss it was more Alfficalt to
maintain an arc at the higher current. Evidently the variation
in impulse current waveform has a marked effect on the state of
lonisation of the test gap at ty and tyt in the present case, the
lonisation docreased when the magnitude of the impulss current was
reducade The results of test 20 confirm this: Igtz wag slightly
smaller than in test 18, but Igts was largep;_ v; was larger than
eilther iIn test 18 or 19, and results were of typa II. |

Both the impulse current magnitude, and its duration tl’ were
varied in tests 21 - 283 Rp was pfogreasively decreased, thereby
fncreasing the critical V.. Initlally (teste 21 - 26) results

woere of type I, and the increase in'V, resulted 1h,smaller values
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g2 and Igts' In tost 27, Igtz and Igts inereased slightly
and results were of type II ~ 1.6 1t bocame more difficult for
the LsVe circult to maintain an are, despite the larger current
- values, Hencé the ionisation of ths test gap after the end of
the impulse was less intense than in previous tests. This decroase
in ionisation can only bo dus to ths dacrease'in impulss currsnt
duration, to turbulence due to 1nersass in impulse current
magnitude, or to bothy ths sffoct of these paramsters is discussed
in detall in section 1ll.

Test 28 shows that further increaée 1n_RF rosultsd in a low'

value of V Thils 13 baczuse I was very large &and resulted

gt2’ 10¢
in intense ionisation on the one handy on the other hand, the
impulse duratlon was very short, and there was little times for the

lonisation to decreases consequantly V_, was very low at the end

141
of the impulses JImmedlately the Impulse coased, Vgt

smoothly (there were no arceglow transiticns) and 4its peak value

began to rise

was usually reached by tsn In many cases, the dlacharge was &
glow at its maximumm voltage, end follow current was established
after a gloweare transitions In a few lsolated instances, Vgs
contimiad to rise after ta {(reaching, in one caso, 940 Volts), yot
follow eurrent became established after a glowe-arc transition
eventually accurreds In gonsral, however, the maximum (glow)
value of vgt did not exceed‘vo, so that in this test econditions
wore those dsfined by ths Glow Critsrion (section 13.2),

The characteristics of He.Ve. follow current emerge ffam the
analysis given in this ssctiont these characteristics have already

boen stated in section 7.1,




9. ANALYSIS OF HICGH-CURRENT FOLLOW CURRENT CHARACTERISTICS

The mechanism of H.Ce Follow Current is best explained by
considering a‘wide range of Vo valuas, ‘Typical waveshapes 6f‘
test pgap voltage, ng' and L.Ve circult current, It' are giveh in
figs. 12 and 18« Ths value of I° has no significant effeect on the
qualitetive dlscusslon given below so that the waveforms of fige. 18
have been sketched for tho simplified case of Io being negligibloe

Filge 18(a) is typical of ths conditions obtaining when Vo is-

so small that I = 0 » 1,00 the dischargs coases at or bsfors the

gtl
end of ths impulses follow current 1s clearly impossible in thet

casae Bafnre flashover, traces are similar to those of fige 10
(section 7.1)s Immedliately after flashover, V. exceods vg$ in the
case conslderec. Application of Xirchhoff's Law to the L.Ve

circuit glves

aI, , (ohmic resistance being
Ia:a: = Vt - Vgt negligible, section 2.2)

Henecs L 9}.?. is positive « 1.0. I
T s | |
Consequently C discharges through tho test gap, and Vt decrecases as

15 positive and inereasing.

the discharge procoeds. At the same time, IIGt decrasges

exponentially; I 13 initlelly much smaller than IIG‘I: so that I

t
decreases also (fige 1)s The impulse dischargs has a negative

gt

characteristic, being an arc, so that the decrease in I _ results

| gt
in vgt rising. Eventually, thorefors, point A is reached, at
which‘vt = vgt and subsequently V " becomes greater than Vt go that

I, begins to decroass at A it falls to zero at B and then
reversess Aftoer B, therefore, the impulse generator suppliles both

the discharge and the LeVe circult currents, l.c.

lIIGt' = ngtl "IItl
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so that tho current zmt flowing in IG03 exceeds the discharps

eurront, I . Consequontly, IGO0 contimes to condust after

xgi‘; = 0,41?;» aftor the test gap dleschargs ha& co2sed (point C),
Detweon C end D, It {= - IIG‘!:-’ with ths -canvantmn‘ of £ige 1)
16° 160G
dolonisor at D £nd tho cnorgy still stored in L at that moment
dlecharpes thyourh the resistance of ths potential dividera |
Pigae 18 (b) « (d) ars typleod of the conditlon in shich vo

was sufficlently lergs for Ip‘bl to te finites In this condition,

@

docrcaser at a rate Jdetermined primarily by L end €

It' is positive rzo that :
I r
, s_-;t’ - llz%"\xt

and the discharge 1s maintained by z;a aifter IGOG coases to conduct

cairent {(le0y aftor I =0)y (Vore 'Io significant, I, would be

Ics
nogative at tho beglnning of the impulss caly)s I 261 is
relatively 1ow in figs 18 (b), so that V o rises appreclably after
the end of the impulso, rosulting in ng > v‘bi Hence L%

becomes nsgative shoprtly after tho 4impulse ond the current begins
to docreapos the clacharps onds goon afterwards, ag in the HV.
Cago e

The charactorletics of HeCe Follow Current emergs vhen 'Vo is

larger still, as in fige 18(¢)s I o 1 sufficiently lerge
(> 045 &mps) to waintain en arc conditlon, so that there 1s little

rise in vgt after the impulse ceares. Iowever, vt_ dgcronses as the

diachargé proceeds, and a tims, %q’ is reached efter which V b

oxcoeds V%i» Conscquently, I begins to dacreass after ¢ q’ and the

t
discharge mey be maintaived for approciably lees than 1/(2f) -

f1e0¢ f0llow current is not ostablished, although an arc was
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maintainod for somo time after the end of the impulse and thers
P
wag very little rise in‘Vgt imrediately aftsr the Impulse ceased.

Increasing ?o, increases Vt, end hence tqt thls is 1llustrated-

quantitatively in figs. 19-21, which will now be scnsidersd.

Then V, 1s small (dotted parts of curves), I = 0, and the

gtl
corditions holding ara those of fig. 18(a). Increaszing v°~=
decreases the current circulated in the LeVe clreuit by the

inprlses Now, thst current malantains IG30QG conducting after tlo

Honca, the smaller It 1a, the mors rapldly will IGOG interrupt 1t.

That 1s why the duration of flow of L.Ve circult currsat, tﬂV’

decreases inltlally as vo incraases.
Further increase in'Vo, rosults in I

{cegs fige 13(Db)) and ¢

gt1 becoming finite

dat
v increases rapildly at firast: 15?!
docroases as t__ approaches 1/(2f). In samavcasea,vtﬁv éiceeds

8lightly L/(Ef?vwhsn V, 18 relatively small, but tend37to-l/(2f)
ir Vo is increased. This 1s due to the test gap voltage reduecing
the rate of dischargs of C at low values of V . |

The test gap dlscharge must always have scms effect, howevor
small, on the duration of ths first loop of current flowing from
the L.Ve circult, and the actusl value of t; at which H.Cs follow
current is taken to havo boon osteblished is Alscussed in the
Appondix (V). |

The conclusion to bo drawn from this discussion, 1s that the
astablishment of H.Ce Follow Current despsnds primarily on ths
characterlatics of theo L.Ve. circult and of the discharge, and 1s
substantially independent of the impulsa,providsd'the latter does,

in fact, inltlate an arce Experimental confirmation of this
conclusion is given in section 1ll.4.



10, ANALYSIS OF HIGH-FREQUENCY FOLLOVW CURRENT CHARACTERISTICS,

Two points emerge from what has already been sald on
High«Frequency Follow Current. Firstly, H,F., Follow Current 1is
best studied from the point of view of its effects during the time
that impulse ocurrent is flowlng. Hence the effects of follow
current on the fundamental characteristics of the discharge, may
ba masked by the impulse current, Now, in the case of L.F. Follow
Current, attention is centred particularly on events ocourring
after the impulse has ceased, Hence the study of H.F. Follow
Current is less likely to produce fundamental data on discharge
characteristics than the study of L.F. Follow Current. Secondly,
in the ocase of power systems, the establishment of H.F. Follow
Current 1s important only in so far as it affects the establishment
of Z.F. (power-frequency) Follow Current. Hence H.,F., Follow
Current 1s less lmportant a phenomenon than L.,F.Follow Current,
end will be the subject of a brlef study only.

It will be remembered that H.F. Follow Current mechanism hsid
when ty > 1/(2f). Application of Kirchhoff's Law to the circult
of fig. 1 glves the followlng‘expréssion for the relation between

Its Vo 8nd Vgy (the ohmic resistance of the L.V. clrcult being

negliglible):
&
j I,dt dIy
t o L —
c
. t
* . SO Itdt dIy

L T3t o gt
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To make a simple analyaia possible, 1t will be assumed, 1n

the first place, that V__ 1s constant at the value V during ths

gt - go
impulae and that Io 18 negligivles In that z2ase @

V - '
I‘b = o — ,v,gg_ sin ,._‘.;..n.
7 Jic
ahd'
. —
Fig. 22 ghows curves of It’ Vt obtalined from thess expressions

v by at S -
tﬂvoﬂ—g-i-—nvgo‘f'(vo-l»vgo)cosi—v

for tho case V_3 Vg ¢ Ths inpodance of the impulse olrcuit cam
he talen to be large compared to that or the disckarge (which 1s
an impulse arc) so that the fraction of I, flowling in the impulee
eircult 1s nogligible. Now, 1t will be noted that during the
first half cycle of L.Ve current flow
(1) the L.V. circult current flows through the teat gap
in the positive direction = L.ee in the seme direction
- as the impulse éarmnt '« 80 that the L.V. current

feeds power to the discharpge,

and (2) the L.V. circuit current flow is due to the charge

C(\K"vgo):. thir i3 part of the chargs stored on € Just

befors flashover. |
Hence power is ;téd to. the dlschargs from the energy %—7020
stored on c at flashover, and follow current 1s establizhed, in
accordance with section H.4. |
It V 15 docreased so that Vq = vgo' It = 0, and thsre 1s

clearly no follow current.
If Vo 1s dacreased further, so that V < vgo I, &nd Vt
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waveshapes are as shown in fig, 23, During the first helf cycle
of L.V. current flow, It is of opposite polarity to IIG
I, dscreaaes’Iztl(u |IIGb‘ - |1t\ in this case). Hence the L.V.
circult does not increase the power available to the dlschargets

& » 80 that

on the contrary, power is drawn by the L.V, cifcuit, in order to
charge C to the voltage(zv ..V’)

On the following half cycle, I reverses and increases the
power availeble to the discharge: however, thls power comes from
the energy astored on C during the firast half cycle of current flow
(1.¢¢ from energy drawn from the impulse) so that follow current is
not established in this case.

Honce, 1f V . 1s constant, follow current 1s established 1if,

gt
end only 1f, Vo exceeds vgt' gt

varies with time. Now, the definition of H,F, follow current is

In the general case, however, V

such (section 5.4) that when ths establishment of follow current
is just possible, the power fed by the L.V. oircuit to the
dischargs 1s small, and the discharge characteristics are not

' 'substantially arfected’by it. Consequently, V _ rises as the

gt

impulse carrent decroases = l.06 vgb will increase in time.

¥hen Vo is in 1te critical range, therefors, vgt will be a
ninimum just after flashover, and wil; equall vgo’ It V°> vgo’
and Io i1s negligible, the L.V: circult will feed some power to
the teat gap, that power being drawn from the initial energy stored
on C, Hence H.F. Follow Current is establishsd if, and only 1if,
v,> vgo'

Ir Io is finite, It will be initielly negative, and the L.V.

circuit will not be able to feed power to the dlscharge unt 1l I
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has reverseds The critical vo is then increased, and the
condition for the establishment of H.F. Follow Current becomes
that V_ must exceed the value of ¥V at at the instant at which I

¢t
reverses for the first time after flashover.

The ebove discussion has baen verified experimentallys. The
circult parsmeters wore: f = 6200 c¢/s; Z = 20 ohmsj Crg = 00083
microfarade; R, = 4100 Chmsy R, = 75 kilohms, The Standard Gap

(section 5.11) was used, The birnlng voltage of thoe discharge

was nearly constant during the first half cycle of the L.V. clircuit,

Qsclllograms were taksn of the discharge voltage, vgt' of the L.V.

circuit current, It' and of the L.V. circuilt capacitor voltage, vt.

Good quantitative agroement was obtained with the above analysis.
The principal characteristics of H.F. Follow Curreant, which

emorge from the above discussion, have been summarised in section
73



11. EFFECT OF VARIATION IN IMPULSE. CURRENT WAVEFORM
ON THE ESTABLISHIENT OF LoFd-‘FO@GW CURRENT.

, The effect of variation in 1mpulsa current waverorm on tha
establishment of L.F. Follow Current, will ba diacusaed ror the

:cendition of V, and v baing poaitive. z was neglig;ble 1n

: IG
all experiments raviewed 1n thia eection and tha Standard

Elecirodss (section 5.10) wore usede

11.1 An Aporoximate Analysis for tho Case of HeVe Follow Current.

The impulse current largely determines the ionisation
intensity of the dlscharge during ths impulsa pafiod, tl, énﬂ
affects 1t for a conslderable time after the impulse has ceased
(see section 8;4, tests 15 ~ £38), The residual effects of the
impulse ccmplicato an oxact analysis of the separate efrects of
ths impulse duration, ¢ 1° and the impulse current emplitude, on
the conditions required for follow current. An approximate
analysis of the effects of those parametera in the case of HVs
Follow Current will be attémpted on the assumption that the
probability of follow current inoreases with the value Itl of the
LeVe clrecuit current at the end of the impulse, and will ignore
tho residual effects of the impulses The pe&k value of the
impulao-current, IIGO will ba taken as a measure of the amplitude
of that current.

Tow, it will be shown in section 13.1 that

I, = I +% V"(v

end it 1s evident from fige. 1 that Vi = V, -3 \[ I dt.
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: ' t1 ‘
1 1
s 151 o ¥ Ljo (Vo CSo t Vgt)

In the case of H.V. Follow Current (sgction 7el) Vo 1s large
compared to the voltage lost by C ( = %16 I£dt) during the impulse,
since the 1mpulsa_duration; ti, is shorthcompéred to the half
period, 1/(2f); furthermore, Vo; which tends to a glow voltage,
is large compared to Vgt duringumost of t4, since the discharge
i1s an arc during that time, Hence, to & first approximation,

Itl 0= IQ + vatl

L
Consequently, I,y Increases with the impulse duration £y,
IIGo does not appear in the above expression, because its effect

1s reflected only in V¢, and V. was sufficlently small to be

&
ignored relative to V . ‘

The conclusion 1s that the probabllity of H.V. Follow Current
being established increases with the impulse duration, and that
the effect of impulse current amplitude can be ignored to a first
epproximation, The physical interpretation of this statement is
that, the longer the impulse duration, the greater the probabllity
of follow current, because the L,V. circuit current has a longer
time to bulld up, The magnitude bf the impulse current affects
the state of lcnisation of the test gap, but this effect 1s not
very.important provided tha discharge is an arec.

Experimental verification of this analysls 1s given below,

11,2 Variation in Impulse Duration, tq.:-

The impulse duration, %3, can be varied independently of I1g09

by altering RT’ or‘simultaneously with Itgor Y altering Rp
(fig. 24). Results obtained in two such experiments are given in
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fig. 25, Othsr aspects of these results have been discussed in
section 8,4 (tests 15 = 17 and 24 - 28),

The curves of fig. 25 are 1n close agrecment over the
renge 100 < £, < 200 microseconds, confirming the conelusions of
section 1l.,1. Tho agrecment between the two curves remains
satisfactory at lower values of t,, but it mst be remembered
(section 8.4, test 17) that in the case of the lower curve, V,
would have been even smaller had IGOG not bsen liable to reatrike,
Hence analysis of the results of fig, 25 shows that in the case
of t; = 55 mieroseconds, a higher value of’IIGo requires a higher
value of V..

Now an increase in Igo results in V_, having o lower value

gt

during the impulse period, V_, opposes the growth of Igq3 on

gt
these grounds alone, follow current should be established at a
lower velue of Vo when Iyq, increases, This is the opposite of

the ccncluslon derived from flg. 25, and the contradiction can only
be due to two causesi the ionisation of the discharge after the end
of the Impulse decreases due to turbulence when Iyge increases,
end/or the scatter or results masks the true effect of Iigqe Some
suﬁport 1s given to the former view by the conclusion arrived at in
seotion 8.4 (test 27), that the state of lonisation of the discharge

after the end of the Iimpulse decreased when Rp was decreazed to the
value corresponding to t, = 55 microseconds, but the decrease in

lonisatlon in that case may have been due to the decrease in t,,

and not to the increase in I Hence, two possibilities remainy

IGo *
the effect of I;.  is negligible, or an increase in Ii., may make
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follow current less likely, because of the mors violent air
movement « a&nd consequent deionisation of the test gap « produced

by the larger amount of heat generated. |

1105 Variation in Imgglae Current Maggitudo.

An attampt to alter t;he magnitude, tut not t:he duration ci‘ | :
the impulao current was diaculaad in aaction 8e4 (‘I‘ests 18 - 20).
Results wers modined by the resistance or the diacharge, 80 thﬂt
tl varied. 'I‘aking the Standard Condition as rarerenca. ,tl ,
6o decreased by 90%, the reaulting rise 1n

eritical Vv, being 38%. It is reasonable to assume that the

decreased by 26% whon I

increase in Vo would have besen no greater had ¢, been eonétants

in fact, 1t would probably have been emalloi'.. }A’ﬁgxre of merit
for the effect of I . on V_ can be obtained by comparing
parcentage changest in tho present case that figure will not_ be
greater than 38 < 90 = 0442, |

A gimller figure of werit can ba'obtained.rmm the rasﬁlta
of section 11.8, Over the range 175 < t,< 95 microseconds, t.

decreases by 46%, with a resulting increase in V, of 44%. The

|

figure of merit showing the effect of t, on v, 1n therefore

(44 + 46) = 0.96. The corresponding figure 1s appreclably greater
‘ovorA the range 95 < ty< 55 mlcroseconds, but the increase may tiien
bs due, in part, to the épaclal factors discussed in section 8.4 »-
(‘I‘eat 17). However, even at the vidlue of 6.96, the ﬁ@m otf’
merit_' shows tl to be epprecilably more effective than Ima in
determining the ecritlical V,.» This constitutes further

confirmation of the conclusions reachsd in section 1l.l.



1l.4 Variation of Impulse Current Waveshape obtained by varying Rpe.

Incrsasing RF increases the impulse current duration (fig. 24)
33 x 10°
R

Amps)e A family of |
IGo g .
curves showing the relation between RF and ths critical Vo is
given in figs. 26 « 28. All curves are siinilar, and the ocritical

and decreases its amplitude (I

v o docreases as RF inoreases, Follow Current was of H.V. type
at RF < !-_i_‘?. x 109 Ohms, and of HeCe¢ type at higher values of RF'
(The impulss genorator output was aperiodie for all wvalues of B‘F
used in this work). |

It will be seen from the graphs, that the critical Vo
decreases little when RF is decreased below about 100 Olmse. This
is because the critical damping resistance of the impulse circuit
1s of the order of (bp.t loss than) 100 Ohms. A% RF< 100 Olms,
therefore, the stray inductance of the impulse c¢ircuit is important
in controlling ths impulse current, and the effect of changes in
RF i1s relatively emell. When RF is incereased above 100 Ohms, it
bocomes more effective in controlling both the magnitude and the
duration of the impulse current, and Vo falls rapidly at firat,
Eventually, the rate of decrsase of Vo is much reduced: this is
because He.Ce Follow Current then holds, and an arec may be maintained
for a considerable time after the end of the impulse, without
necessarily being maintained for a full half eycle of the L.V.
cireult. The eritical V , tends to be determined by ‘the L.V.
cirocuit and tho dischargs characteristics, rather than by the
mpﬁlse, and changes in impulse parameters are less importent than
in tho H.Ve case (section 9).

The relation between the critical V, and (RFf)lﬁo is
$llustrated in fig. 29.




'12. EIECTRODE EFFECTS.

The object of exporiments dlscussed in this section was to
deteormine the effect of electrodo material, spacing, and gurface
‘condition on the establisbment of Follow Current., They were
carried out eithor with the Standard Circult (section 5.9) or with
a circult differing from it only in that the output impedance; Z,
was 12€ Chmse The effect of variation in output impedance (as
distinet from electrode efrqcts) on the establishment of follow
current has been discussed in saction 8.4.

Follow Current was of the HeVe typs in these exparimonts.

V, and V.. were positive, end I, vas nogligible unless othervise

IGo
stated.

It waa necessary to carry out tests with eloctrodes both
rclatively unoxidlissd, and heavily oxldised in order to determine
the effect of surface condition. Rod electrodes oxldised mo
rapidly when flashovers were applied, that expsrimento with
unoxidlsed rods were unpracticables In some cases, the effect
of oxldatlon could be ascertainsd from tests on spherieal
eloctrodes, by nating the variation in orltical Vo as flashovers
wers applled: whore these results weres Inconclusive, diso

electrodes (saction 3) were resorted tos

12.1 Prosontation of Resultse
The method adopted for prasenting exparimnntal'raaulta will
be explainsd in this sectiongy ths results themselves will be

discussed in the following sections,

- or
ol
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The effect of olectrode shape and surface condition is
prosented for each material by means of !Sequence Diagramst
(6ege £1pgs 30)t theose chow tho excursion in ths critical value of
V, obtainad in each follow current test (soction 8) and the
difference botween ths conditions holding in each tost and the
procading tests. QConditions common to all tests of a diagrem are
statod in tho caption, or in the texte The electrodss were nob
cleansd batween tests, except as stated on the dlagrams.

' The surface condition of the olectrodes was affected primarily
by flashoverst the normal action of tho atmosphore on the electrods
materiel was very emall in comparisone 1In order to daterﬁine tha
effect of flashovers, and to alter tho surface conditlon, the
electrodes were somotimos ?conditlonsd! by the application of a
large mumbor of flashovers. Vo was set within the crifical rangs
for conditioning flashovers, in ordar to give a surface condition
simller to that obtalnad for a typlsal test sequénce. Ths number
of conddtioning flashovers is stated on the Seqﬁancé Diagram, ihere
appropriaté. In some cases, 6ther follow current tests, not
recorded on the Sequence Diagram, were carrled out with the same
electrodes, between tests which were recorded.  Vhenever this was
dons, &n estimate of the rmumber of flashovera applled to the
electrodes in the other tosts was entered on the Sequence Diagram.

The effoct of el~ctrode spacing 1s shown by means of !Spacing
Diagrams! (e.ge f£ige $8). In thoso dlapgrams vertical lines are
used to represent the scatter in the value of Vb and horizontal
lines 1ts mean, obtainod at a given spacinges All spacing diagrams
have been obtained for 2 cme. diamoter spherss which had been
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heavlly oxidilsed by conditioning.
Information regarding ths characteristies of the dlscharge
may be obtained by examining oscillogfaphlc records of the discharge
| o+ @uring the eritical
period, to’ in which the establishment of follow current is -

voltaga,rvet, end the L.V. circult current, X

determined (section 8.2)¢ The gensral waveshapes of Vgﬁfand It g
showm by these records have already been explained (sections 7.l
and 8) 4n conﬁection with figs. 10 and 15. In the present sectlon,
these wavéshapes will be examined only to determine slectrods
effactss To facllltate comparison of the records with figs. 10
and 15, the time coverad by tho records has been extendsd to 1nclud§
at least part of the impulse period, ti,‘and salient pointav( 0ele
Vgﬁ s'vo. t =0, ¢t= tl) have been marked on themes The dlscussion
of waveshapes wlll be qualitative only, and for that reason current
and voltage scales are not given in conjuncﬁion with the records.
( axantitative analysecs afa'given Ain sections 7.1, 8.4.and 13.3). )
The curront and voltege scales of difforent records given on. one
figure are not necessarily the same. The complete amplifier:w
(section 4.2) waa used for recording most current wavéformsg ina
1imited number of cases, howaver, only the input stage was used,
and the resulting waveshape record was.than'réveraedq

| In addition to ths waveshapes of vgt and It’ most of the
osclllograms shown will be seen to contain two fzero linas'!y the

manner in which thsse lines wers obtaslned, and thelr purpose, 1is

explalned in Appondix VI,

12.2 Tungsten Electrodos.

The effect of surfacs éondition,and electrode shape iéa:
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investigated with two types of electrodes, namsly:
(1) The Standard Electrodes - 0;063 en. dismeter rod electrodes,
heavily oxidised, and
(2) Tungsten tippsd brass apherea; The spheres were 2 cm;
diameter and had a tungsten cap 1 cm. diamster by 0;5 cm, deap

Flashover always occurred on the tungsten cap; there was no

evidence of the aroc roots ever %touching the brass; From the

point of view of the expariment, these electrodes were
thsrefore equivalent to 2 cm; tungsten spheres; they had ths
additional advantage that they were easler to manufacture.

The Sequence Diagram is given in fig. 30. In order to
distinguish between individusal electrodes, one aphere and ons rod
were respresented in the disgram by a dlack oircle and a black
rectangle, respectively, end thafothar sphere and the other rod
were represented by a white circle and a white reotangia.

Tests 29 and 30 show that there is a definite lowering of the
critical voltege level as conditioning proceeds. At the end of
teat 30, when some 2800 flashovers had been applied, there was no
indication that.a steady voltége level had been rseached,

Typical oscillograms obtained in test 29 (i.e. before
oonditioning) are given in tig; 31, It will be seen that they
are of type II (of. #ig. 31 (o) end (4), and fig. 15 (b)).
Osoeillograms obtained in test 30 differed in that they were
of type I; they were similar to figs. 31 (a) and (b), but
follow ourrent was never established after a sustalned glow period,
as in fig. 31 (¢) and (d). This difference may be dus to the
taotlthax only when the electrodes are relatively undxidised, is
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Vs sufficiently high to maintain a glow for & time of the order
of 10 ms, and then cause a glowsarc transition: in the case of -
oxidised slectrodes, the dischargs ceases shortly after a glow
condltion has been reached, and there ig thus no follow current in
that casse.

" The elsetrodes appearsd smooth to the naked eye at the end
of test 30, but the following markings were visible: - |

At the anode, theare were blulsh-gray arc roots over a cirocle
of about 0.25 cme dlemeters Around and concentrioc with these
marks, over a 0.5 cm. deameter circlo, the-eléctrode'had.aequire& o
a yellowish tingos This circle was surroundsd by a bluish circle.

The marking on ths cathode was much more faint and irregulor.
There was a central vwhltish portion, about 0¢15 cm. dlamster,
broken in many places by black are roots, This was surrocundsd by
contour line at about 042 = 0.3 cme from the centre of the electrods
surface, which was in turn surrounded by & bluish lines - Unlike
the contour lines on the anode, these linea wers not eclrcles.

The marking daceribed above did not change significantly in
subsequant tests until the electrodes wers cleaned (test 44). In
order to remove the markings, 1t was nscessary to rub the
elsctrodes with emery papors - In no test was there eny evidence
of oxlde dust belng generated at a spherical elactrodes

At tho end of cach test, ths anode was warmer to touch than
tho cathoda. |

‘Results obtainsd with conditioned rod electrodes are given in.
tests 51 and 33: 1t will be seon that the critical V  1s smaller

end its range is narrower than 1n the case of spharical electrodes,
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The feact that results obtained with tungsten rod electrodsa (i.e.

.wlth the Standard Rlectrodss) ean be repeatgd»wlth consistency,

was 8180 noted in teets discussed aarlier;(e,g¢.teét-1,»-ﬁ and

4 - 6, figs 16)e ,

It has been expleined in the introductlicn to section 12 that
it was not practicable to carry out tests with vroxidised rod
electrodess At the beginning of test 31, the electrodes had been

- coversd with wbitisheysllow cdust, which could eesily be removed

by wiping with a clothe The dust spread some distance axlally
along the elecfrodaz tks oxide~covored reglon was longer at the
anode than st the cathode, indicating that; as in ths case of
spherical elootrodes, hosting was more intense at the ano&a. The
tips of both electrodes wore slightly enlarged, to & dlameter of
some 04075 cme The appearsnce of the electrodes dld not change
in subsequent tests. Typleal oscillograms are given in fig. 32:
thoy are éf type I (cf. fige 15 (r)) and will be seen to be much
smoother then those obtained with tungsten spheres (fige 31).

Tesf 32 shows that when the anode is epherical and the cathode
1s @ rod, the criticel V_ rango does mot differ mich from that
obtalned with anode and cathods rcdss The ogclllograms taken in
this test were also similar to those of test 31, (fig. 32) the
voltage curves belng srwoother then in tests 29 and 30, This
confirmg that cathode phanomena sre more important than anode
phenomena in thé establishmont of follow current.

Test 33 shows that the critical range of V obtained with rod

electrodes has not changed during test 32 The effect of
replacing the cathode rod by a sphoro, was investipgated in test ¥4 .
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The critical‘Vb then increased, roughly to ths valus which
had been obtained with sphere anode and cathode in test 30
after (f), and the roliowing'was noted;
(1) A white oxide dust was spluttered from the rod
enode on to the surface of the spherical cathode.
This dust covoreq the cathode well beyond the
region marked by flashovers, and extended onto
the brass., The dust could easily be removed by
wiping. | | | |
(2) The oscillograms obtained were similar to those
taken with rod anode and caxhodo;
Tests 35 - 38 were carried out Bungeasively on the
same day; Their purpose was to confirm end extend the
information a&ailable from teats 30, 32 and 33; The time
1ntarva1vbotween tests 35 -~ 38 was kept as short as
possible, es a pracaution against atmospheric changes,
and changes in eloo?roée conditions, occuring between the
tests; The oxido dust, which.had baen spluttered on to
the cathode in feat 34 was removed by wiping befors test
35, which gives the critical Vv obtained with a spherical
anode and oaxhode;
Test 36 confirms the results of test 52; Additional
information is supplied by test 36, because the cathode
was initially clean in that test, and two points emerge:-
(1) When the cathode is relatively oclean, the critioal‘vo is
below that of test 35. This would indicate that the cathode
shape, in addition to its surface layer, has considersable
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effect on the follow current mechanisms It must, however,

be borne in mind that rod electrodes oxidise rapidly, (l.es .

‘after a small number of flashovers) so that thers may have

‘been appreciable oxids formation on the cathode while the

limits of the V  range were belng established, It is not
posslble, therefeors, to glve a quantitative result for the

- effect of the ghaps of the cathode on the follow current

mechanism, All that can be sald 1s that follow current ias
more readily established 1f the cathode 1s sma2ll compared to
the arc root than if 1t 18 lerge: this may be due to
temperature or to fleld effects, or to both.

The cathoda (but not the anode) became covered with oxide ducst
after conditionings Thus in ths case of rod electrodes, the
cathode as well as the anode 1s raised to e temperature
suffleclently bigh to cause oxidations This result removes
the poseibility, which might have been contempleted after

tost 34 thet 4in the case of anode aend eathode rods, the oxids
dust on ths cathode may have been spluttersd from the anodes
Test 37 confirmas the results of test 35 and shows that the

critical range of vo has not changed during test 36 for the case

in which both snode and cathode vere spherss. Test 38 shows that

the eritical range of VO ia unchanged for the first few flashovers.

As the test proceeded, the snode became oxidised and oxide dust

~wag apluttered on to the cathodes After conditioning the cathode

was well covered with oxide and the eritieal range of Vo was much

lower, but the mean valus of tha critical vo was 8till scmewhat

higher than in test 33. (Test 33 was not carried out on the same
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day as tests 35 - 3B, but experience had shown that there would be
1ittle variation in the results of test 33, which could be repeatad
consistently)s Hence the temperature and/or fleld effects, due
to a raduction in cathode d&lameter, remain important even if the
cathode 18 covered by an oxids layer which lowers tha critical Voe

Tests 39 and 40 were carried out to investigate: further the
effect of the oxide layer which had been spluttered on the cathode
in test 38, Results were inconclusivs, dua no doubt to the fact
that the two spharieal electrodes were not idsntical (quite spart
from the oxide layer on.one): differances in the condition of the
surfaces were Qua to the faect that the sphare repressnted by a
black clrcle had always bsen used as anods, while the other had
been used as cathode.. Thoe anods bhecame hotter, and more marked
by flashovers than thes cathods, as discussed in connection with
test 30. . |

The difference betwsen the condition of the two spherical
electrodes was confirmed by tests 41 « 43, The spheres were
wiped before test 41 in order to remove the oxide dust. (This -
dild not affeet the markings doscribed on page 65, which could only
bo removed by rubbing with emeyy paper)s It will be seen from
the Sequence Dlagram, that the oritical ranse of V, changed when
the spheres wars reversed. |

&t.the beginning of test 44, ths eloctrodes were cleaned in
an attempt to remove the traces of previous flashovers, After
cleaning with rough end fine emevry paper, metal polirh and ether,
the electrode surfaces appesred urmarked and smooth to the naked

eye: thoey were, however, less bright than they had been before
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test 29+ Evidently mlmute scratches had been left by the emery
paper. - These may have resulted 1nvh1gh local fleld intensity:
in any event, ths critical V, was low. Wlping the electrodes with
an ether soaked cloth (point (]) on Sequencs Diasgram) resulted in
an increass in the critlical V, range. This may have baen dus to.
the faet that irregpularities produced by flashovers on the |
aloctrods surfaces wara rubbed into the depressions caused by the
emary paper, 8o that local high field intensity spots wero removed.
A photograph of the elactrodes taken at ths end of these tests
13 shown in flg. 33. |
The following can bo concluded from thoss observations:-
(1) Follow Current occurs at a lower critical V_ 4in the case
of thin rod elactrodes than in the cass of rolatively large
spharical alectrodes. This is due to two separate sels of causess
(a) Qulte apart from the formation of oxides, the thin
olectrodes wlll be ralsed to higher temperaturas, and
the fleld siress will be higher. Thus the emizsion of
elaoctrons at the cathods will be greater.s
(b} 8ince ths thinner electrodes are raised to higher
temparatures, larger quantitiea of oxida are produced
at the surface. These oxides lower Very appreclably
the eritical VD range.
(2) In the case of—tha spharical electrodoé, a ateady critlcal
Vo ranges was not reached in these expsriments, bacause of the
dependence of the eritical V_ on the surface econdition.
(3) In the case of rod elsctrodes, a steady critieal Vo {8 reachad
very readlly, because ths high temparatures induced by flashovers
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rasult in rapld oxtdation of those electrodes.

It has been stated that in. the case of apherical'alectrodes,.-
a steady critical vo was not reached i.e.vtha.critical;vﬁ varied @
ag flashovers were applied. Hénce, 1if a-Spacing Disgram had besn
taken, the critical'vo recordsd at one spaeing would have altered,
whilst the oritleal Vo corrosponding to another spaecing was baing
establisheds tho Diazram would thorafore have boen meaningless. .
A Spacing Diagram was not obtained for tungsten spheres, for this .
reason.

The effect of spacing and of changes in circuit parameters

has besn discussed in detall for tungsten rods in section 8.4,

12,3 Platinum Electrodes.
" The Standard Clrcuit was used in a series of tests onm
0,047 cme dlameter platimum electrodes, apaced.O.B cm. apart: the.
Sequence Diagram is given in flg. 54, | |

The purpose of those testa was to determine whéther the
eritical range of vo was smaller and‘the consiatencyigréater, than
in the case of othor rod electrodas: the tests wers carrled out
at several days'! interval from one annthar; It will be seen from
. the Sequence Diagrams (flgs. 30, 35, 39, 43 and 48) that‘ﬁha
critical range and conaiatency of results is of the'eame order as
in other tests on rod slectrodes.

The electrodes were cux‘from platinum ﬂiré, before test 45,
and the alight increase in critical vo which.bccurrad as the teats
proceeded was probably due to changes 1ﬁ electrode shapes At

the end of test 47, the elsctrode tips were slightly enlarged,
approximating to 0,063 cme dleameter sphoreos. . The tips were
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brighter than the rest of the electrodes, and there was a black
doposlt at ths anods, extending axlally ebout 3 rms. and situated.
about 1 mm. above thd tip. . Tho black deposit could easildy be
removed by scraping., There was no.daposit visible tp;ths naked
eye af the electrodo tipse. |

The osclllograms taken in tests 45 = &kaaré simlilar to those
obtained in the Standard Condltion (fig. 32)s The effeet of -
spaclng bas been discuasad in detall in sectlion 8,4 for platimm

rod electrodes,

12.4 Brass Electrodes.

Both test circults were used in tests on 2 ém. brass aphéras
and 0,056 cme dlameter brass roda. Hesults are given in ths
Sequence Liagram of fig. 35, which shows that the critical Vo is
not affected by flashovers in the case .of spherioeal electrodes, aso
that no conditioning is required.in order to obtaln a ateady
eritical v°5‘ In tho case of rods, the critlical Vo 18 ralsed by
conditioning: this is probably due to the fact that sharp edges
are left on the eloctrode tips when thoy are cut, and conditioning
burns them off. It wlll be seen from the Sequéence Dlagram that
the critieal Vo obtained with condit;onaddrbda, is very nearly the
gsame 83 that of sphores, &t both vaiueéldfﬂéutput impedance, e
Conssquently, the significant information provided by the Sequence
Dlagram, 18 that the oritical V, is substantially independent of
surfaco condition and elesctrods shape in the case of brass
elactrodes, provided there are no sharp edgan o

Tha osclllograms obtained in tests on brassvrods are similar
to those obtained with tungsten rods (fige 32)s Typlecal
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osclllograms obtalned with sphorical brass electrodes are shown in
fige 363 a quantitative analysls of such oscillograms is given in
fige 16, In some cases (ee.gs fige 36 (b)) VE# decreased rapidly
before follow current was established (though less rapidly than at a
glow=-arc transition)., This resulted in & very pronounced peak in
the vgt waveshape, Similar waveshapss have also bteen obtainsd
with conditlioned steel, aluminium and copper spheres. In the case
of tungsten sphores, and of all the rod electrodes used in thie

investigation, V , fell much moro slowly after reaching its peak

valua, unless a g:ow-arc transition oecurred.

The aprearance of the spherical elecctrodes at the end of
those tests 13 shown in fige 37. The anode surface was completely
covered by grey~brown spots over a circle about 0.6 cme dlamoeter,
and had remained smoothe. The cathode surface was covered with
black spots over a elrcle of about 0.6 cme dlameter, and had been
roughened slightly by the arc roots. Apparently clean brass was
visiblo st the bottom of the troughs left by the arc roots on the
cathode surfacs.

Tha tips of the rod electrodes were covered with a black
deposit at the end of these tests. There was elso a whits deposit
on the anods tip situated axlally above the black deposite The
tipa were not enlarged, but the cathode tip was roughly conical
with a pointad end.

The Spaelng Diagram for brass i1s glven 1n fige. 38 The two
curves shown were obtainzd in two separate test runs carried out

at an interval of 19 days.
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12,5 Steel Electrodas,

Both test circuits were used in a series of tests on 2 em,
steel sphores and 0.056 cm. dlameter steel rodse The Sequence
Disgram of fige 39 was obtalned from these tests.

The electrodes were cleaned with metal polish and ether before
tests §5, 57 eand 65« 1In the case of spharical:electrndas;fa
bright surface was obtainsd after cleaning. The surface became
rapidly rusted as flashovers were applied, and ths critical‘vd.was
lowered at the same time., Once ths arcing tips of the electrodes
were covered in rust over a éircle of some 0.6 cm. dlmmeter, the
eritical range of Vo was not affected by further rlashOQers, and
results could be repesated consistently. The rapid lowéring of
the critical V -as the oxidation of the electrode .surfaces
proceeded, was the moat gignificant information presanted by the
Sequence Dlagram,.

The appearance of tho spherical electrodes ;t the end of the
teats 1s shown in fige 40« The contral portion of the anode was
- covered by a black and rusty deposites The black deposit was
formed by a large number of closely spaced points, taken to be are
rootss The deposit on the cathode surface was similar, except
that the black spots were largor, less elosely-apaced,-ahd it was
nmore evidsant that they wers distinct from the rusty layer which
surrounded them.

The rod olectrodes were very much affected by flashoverss
incandescent matal was spluttersad off when follow current occurrede.
At the end of tho tests, the tips of the rods had acquired & rusty
layer extending axlally about 0.6 cm., along the anode, and 0.2 cm.



“T5 -
along ths cathodes Tha arcing ends of the rods (at right angles
to the axis) were black.

The Sequence Diagram shows that a steady eritical Vq vaa:
obtainsd in the case of rods, after conditioninge The mean
eritical Vo was slightly smaller, and its range was narrover, than
in the case of spherical electrodes when the atanderd circult was
used: at the higher 2 value, howaever, the msan critlcal V  was
slightly larger in the case of rod electrodes and there was 1little
difference in the width of the two ranges of ecritical Voo ‘It 1is
reasonable to assume that the dlifferences in mean critical Vd are
due to random conditionse On these grounds, therefore, it 1is
concluded that tha critical Vo ig subgtantially independent of
electrode shape in the case of heavily oxidlssd steel electrodes,

Typlcal osclllogrems obtailnsd wi;h gteel spherss are shown
in fige. 413 they are similar to thos; obtained with brass spheres,
except that there was scme roughening of the Vst waveshape due to
short-duration dlsturbances of the type associated with typs I
results (section 8.2)s Oscillograms obtained with steel rods,
wore similar to those obtainsd with tungsten rods (fig. 32),

The Spacing Diagram for heavily oxidised steel apharas‘ia
given in fig. 42, Two test runs were carried out, at an interval
of seven weeks: it will be noted that there is good agreemsnt |
botween results obtsined at large spacings (0.3 cm. or more), but
not at low spacings (0.1 cme)e This points to the discrepancy
rocorded at low spaclngs being due to eclectrods effectss  Its
probable csuse was that even after the electrodes had been

oxidised by flashovers, and & nominally stable electrode condition
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had been reachsd, flashovers still resulted in random changes in
the electrode surface = 1.3s ridges Were Producsd or erodéd by
fleshoverze The effect of such ridges 1s more important et lcw
then at high spacings.

Two gpot tests (not recorded in figs 42) were carried out
under the conditions of flge 42, a2t & spacing of 0.l cme  Tha
results obtalnsd lay between those rscorded.

12,6 Aluminium Eleotrodes = Spheres.

Both circults were used in a ierios of tests, the results of
which are shown in the Ssquence Diagram of fige 43. Tha sphores
wore cleaned with mztal polish and ether and the critical range
of V_ was determined with n = 5 (i.0¢ only five flashovers wers
applied at & glven value of Vo). This gmall value of n wapg
chosen in order to have as few flashovers as possible, and 8o
oxidise tho electrodes as 1little as possible during the test.
Keverthelesa, oxidation proceedsd rapldly: at the end of test 67
'(fig. 43) ths arcing tip of the anods had besn covered with a white
oxide over a roughly eliptical area, with axés of 0«8 X 0,6 cme
approximately. This area was broken by a large mumber of black
points -« presumably are roots -~ which had penetrated the metal wup
to & depth of the order of 10~ cm. The effect of these numerous
penetrations was to glve the anods a porous appearance.

The appearance of the cathode was similer to that of the anode,
except that the vhlte surface‘ﬁas more intense. Its boundaries
were more irregular, but lay within a circle 0‘.5 cne diaﬁeter.

The white oxlds could be wipad off with a cloth but the black
marks could only be removed by scraping.
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Test 67 shows an initial trend for V, to rise as the test
proeceeded, but this trend was not mzintained after point (a). It
is therefore not possible to attribute the inltlal increase in the
eritical V, to oxidation of the eloctrodess 1t may bave bean due
to other, random factors. To Investlgete this, the oxlde layer
was yvemoved by rubbing the electrodss with enery paper, and then
eleaning thom with metal pblish and ethsr: test 68 wes then
carriad out az e ropeat of test €7« Thore was no inerease in the
Vé’ranga in test 68, and 1t was decided to use the dlsc electrodes
to determins tho effect of the oxide layer (aegiidn 12.7)s

It was noted that oxidation proceceded very rapldly in test 68,
the appearance of the electrodes at the end of the test being very
nearly the same as at tho‘end éf test 67. Subssquent exporiments
made little difference to ths appearance of the ele ctrodess A
photograph of the oloctrodes was taken et the ond of test 73, and
is reproduced in fig. 44,

Tosts 69«72 wore carfied out with fhe olectrodes heavily
oxidiseds They show that thoro s 1ittle varliation in the
eritical range of V, end that it is not arrected‘by'rlaghovafa.

Typleal osclllograms obtainad in tests 67«72 aré shown in

fig. 45« Relatively amooth V . waveshapes of the type shown in

fig. 45(a), wore recorded onlyg:hen the velue of V, was near the upper
limit of the criticel ranges In all other cases, tﬁ°,vgt

waveshape was very rough, as illustrated by figss 45 (b) - (f) (the
roughening is iliustrated nore strikingly by figs. 45 (b) = (d),
then in figse 45 (e) « (f) because the oacillographic swoeﬁ was

more rapid in the former case)s Tho roughening was due to short
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duration disturbances, of tho type assoclated with type I results
(section 8.2) which followed upon one another in quick succession
in this case. While such dlsturbances have also been recorded
with other electrodes (notably tungsten and copper spheres), they
occurred after a greater proportion of flashovers, and were more
mmmerous in the cass of aluminium olectrodes, experimental
conditions belng the same, |

In addition to these short-duration dlsturbances, some of the
oscillograms showed dofinite steps in the V gt curve (e.g. £ig.
45(e), point X). The amplitude of these steps was too small to be
& transition from & glow to an arc condition.

Incroasing the Z value (test 73, fige 43) made no significant
difference to the V

gt
The Spacing Diagram is given in fige 46« VWhen the apacing

and It waveshapos.

was 0,05 cm., osclllograms differed from those obtained at 0.5 cm.
in that the short-duration disturbances were of greator amplitude
at thé lower spacinge The magnitude of these disturbances |
decreased as tho test gap spacing inereased, but was nearly constantv
over tho rangs 0.3 = 0.8 cme |

¥hen the test gap spacing was increased above 0.8 cme., the
upper limit of tho critical range of Vo was ralsed very considerably
and oscillograms showed that Io varied in magnituds from flashover
to flashover, and was often very largos Tho effect of Io on the
eritical V_, is evident from fig. 10, It ¥ill be seen that the
L.Ve circuit ocurrent, It’ builds up from the (negative) value IQ.
Its rate of growth 1s substantially independent of Io' and 1s
desterminsd primarily by VO, vgt and the circult paraﬁetera. How,
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the establishment of follow curront dspends on the L.V. circuit
current belng sufficlently large to maintain the discharge at the
end of the impulse, and the bigger I_, the smaller will that
curront be at the appropriate time (i.e. thé smaller will'Itl be ).
Hence, if I0 1s not negligible, the value or‘va»at which tbg _
establishment of follow current 1s just possible, will vary with
Io and ths upper limit of the critical VO will only be reached |
when.va is sufflciently lerge to establish follow current at the
maximum va;ue to which Io can riso.

In the case of the Spacing Diagram, Io was negligible
{ < 0.05‘It1) at spacings up to 0.8 ecme At higher spacings, Io
became slgnificant so that a direct comparison with other results,
obtalned with & negligible value of Io, was no longer possible:
that ia why the Spacing Dlagram was not contirmied to higher
spacings.

The reason for the high velue of I0 must be that the flashover
time of the test gap 1s long, for only in that case has the 1lmpulse
voltage sufficlent time to build up a large current in L. Thils
phenomenon had not been recorded with any othsr electrods
materlals, so that 1t wes evidently caused by the particular
electrodes used in this test « 1.e+ heavily oxidised aluminiym
apheress Iong timeseto«~flashover are not generally assoclsted
with aluminium electrodss, so that the oxide layer wés assumed to
be their causeo: tests with sluminium disc electrodes (section
12.7) ehowed this assumption to be correct.

It 15 interesting to note that ths effect of the oxide layar

1s to make follow current less likely in this cases 1t will be
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seen in ‘section 14.3 that a large value of Id {and hencs ths oxide

layer)-has the reverse effect if Vo‘and v are of opposite

ICo
polarity to earthe.

12.7 AJuminiun Electrodos = Digcse

The Standard Clrcult wes used in tests carrled out with diso
.lectrodes (section 3) at a spacing of 0.5 cme A fraction of the
periphery of each elesctrode was then conditioned by the application
of é large mmbar of flashovers (see flge. 43, test 74) and the
critical range of Vofwas determinede A photograph of the
conditioned ssctlons of the eloctrodss 1s reproduced in fige 47(a).

The discs were then rotated after evory five flashovers, and
the critical value of Vo wag dotermined for the relatively clean
electrode surface (test 76)s The photographs of fige 47 (b)= (c)
were obtained in this tests thoy show that the marking of the
cathode is much more intense than on the &nods, pa;ticularly ir
there 1s no follow current. Fige 47(0) shows that the markings
overlap in the case of flashovers which resulted in follow currents
tho amount of overlap is very slight at the cathoda, and is greater
at the anode, where the markings extend over a much groater area
than 1in the case of noefollow-current flashoverse. Now, it will
be remombered that the establislmeont of He.Ve Follow Current 1s
determined shortly after the end of the impulse, when the discharge
current is quite emall (mection 7.l). Hence, at the critical
timss &t whleh follow current 1s determined, the area of the
electrode surface affected by each arc root is roughly the aamé as

in fige 47(b) whother or not follow current occurs. Consequently,

the area affected by an arc root at thess ocritical times, had not
gonorally been affacted by previcus flashovers.
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Finally, the critical VO was agaln datermimd for the
conditioned part of the electrodss (test 76) as a check against
possible changes 1n.vo due to random conditionse.

It will be seon from the Sequance Diagram (fig. 43) that
thers 1s 1ittle varlation in the critical V, obtainad 1in tests
74 - 763 consequently, the oxldas laeyer produced by conditioning
has no significant effect on the critical Vo.

Tha electrodes wors then machined to remove all traces of are
roots and were cleansd with metal polish and ether. An axperimenm
wag then earrled out to determine ths effect of the oxide layer
produced by conditioning, on tho time-to-flashover (and hence Io)
at large gap spacingse. The Standard Circult wes used.

In tha flrst place, a frhction of the electrods surfaces was
conditionede The gap spacing was reduced to 045 cm. during
condi tioning so that the upper limlt of the e¢ritical range of Vo
would not exceod the maximum avallable value of VQ: it will be
remembered that the upper limit may be much inocreased by thes high
I at largs gap spacings. ‘Conditioning consisted of 400 flashe
overs at V, = 600 Volts (Vo groator than critical) and 300 flashe-
overs at V = 260 Volts (eritical va). The genaral appearance of
the conditioned part of the olectrodes was similar to that shown
in fig. 47(a) and did not change in the subsequent test.

The spacing was then increased to 1.0 cm. and 20 flashovers
were applled at V° = 600 Volts (follow current cccurred on evéry
flashover) and 10 at V, = 300 Volts (follow current ocourred after
€ flashovers onlye Oscillograns showed that there was considerable

variation in the magnitude of I,s which was large in many cases
(sce page 82, table 3, first lot of 30 flashovers). The
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experiment was contimued by applying flashovers to the |
unconditioned parts of the electrodss. Oscillograms taken in
20 flashovers (V0 = 300 volts, 6 cases of follow 6urrent)'ahowed
that Io was negligiblo in every cases Finally, another test was
carried out as & chsck, by applying to the conditioned parts of
the electrodes, 12 flashovers at Vo = 300 volts (follow current |
occurred after 6 flashovers only) and 26 flashovers at 600 volts
(follow current ocourred after every flashover)s thers was
conaiderable variation in the magnituds of I°4obta1nad in these

38 flashoverse.

- TABIE 3.
Total number [Number of flashovers on which
Electrode of the magnitude of I_ lay
condition Flasbovers. in the range sho¥n.
Os= 10,05« 0.1:-)'0;25 - | Over
0.05 Oel J0O25 '} 0,8 0.8
Amps | Amps |Amps { Amps | Amps
Conditioned,
heavlily oxidised
electrodes 30 8 14 8 - -
tCleant
aleoctrodesn 20 20 - - - -
Conditioned,
heavily oxidised
electrodes 38 13 8 7 3 7

A quantitative analysis of the results obtainsd in these

tests 1s given in the above Table. The data of that table proves
that the heavy oxlds layer, which 1s caused by repeated flashovers,
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results in random and potentially large variations in the value
of I,, and honce in the time~to-flashover. |

Tho test on the 1.0 cm, gap also provided information on the
effoct of conditioning on glowearc transitlona, 12 flashovers
ware eapplled to the conditioned secotion of the el@dtrodsa at a
critical value of V, (VO = 500 volts, 6 cages of follow current)
and 20 flashovers were applisd to unconditioned sections of the
elactrodes at the same value of V, (6 cases of follow current).
Oscillograms of flashovers to the conditioned section were similar
to thoée obtained with conditloned spheres (sectlon 12,8); they |

were of typs I (sectlon 8.2), end the V_, waveshape was roughened

by a large mumber of ahort-duration.disszrbances. Oscillograms
of flashovers to the unconditlonad sectlons, were.or type II
(section 842)3 glows were maintained in &ll but ona o£rthé twenty
oscillograms taken, their duration ranging from a few migroseconds
to 100 microseconds or more. The vgt waveshape was emooth vhile
glows were maintained, but 1t was roughensd by shorte«duration
dlsturbances while the discharge was an &rc.

Now, the view has been advanced in section 8.2 (type I
results) that the shorte~duration disturbances are caused by
arceglow transitions followed almost immediately by glow-are
transitions, 1.e. that they are short-duration glows. This view
1s supported in the present instance by the fact that glows were
racorded under the same experimental conditions as the shorte
duration disturbances. Furthermore, if the duration of some of
these glows had been halved or quartered, they would have beén

indistinguishable from the short-duration disturbances.
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If, therefore, the disturbances are, in fact, shorteduration
glows, it follows that the times for which glows can be maintained
are much greater in the case of unconditioned electrodes (whers
transitions to arc often occurred after plow periods of the onder
of 10 microssconds) than in the case of conditicx 2d electrodes
(where the glow durations were so short, that the glows appeared
merely as disturbances in the V . curve). - Hence ths oxidation

gt
producad by conditioning facilitates glow-arc transitions.

12.8 Aluminium Electrodes - Rodu.

- The Sequence Diagram for rod electrodea is ahown 1n fig. 435,
The rods were obtained from 0,051 cm. diamater—aluminium.wire-
They were cut with a ragor blade sd that thelir ehds were, as
nearly as poassible, plans and perpendicular to their axses., Barbra
the tests weré carrlied out the rods were cleaned with metal polish
and ether, except at the cut surfaces which were cleaned with
ether only.

COnditioning resulted in considerable pxidation and
daformation of the electrode tips. letal splkes, up to OC.1 cm.
long weré jutting out from the electrode tips at right angiea to
the electrode axia at the beginning of test 78 (fig. 43), and the
metal at the electrode tips was porous in appaarance. The tesat
gap increased approclably as flashovers wers applied and wan rBaat
repeatedly., None of the other materlals toﬁted was affeoted by
conditioning in this mAnrore

It will be seen from the Sequence Diagram,(rig. 45) that

three separate sets of rod clectrodes wers useds they all show
that there 1s little variation in the critical range of Vo when
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tho electrodes are not heavily doformed and oxidised (i.e, bsefore

conditioning). Also results obtained with one set of electrodes

gould be repoated consistently with another set of electrodes if
tho ocxperimental conditions wore tho sams (cf. tests 77, 79 and

84). |
Conditioning resulted in considarable increase 1nfv°. - Thus

when the Standard Circult was used, Vo rose from somo 220 « 300

volts (teasts 77, 79 and 84) to 300 =« 440 volts (test 82) and when

the other circuit was used (2 = 126 ohms), V, rose from soms

320 = 420 volts (test 83) to 400 « 550 volts (test Bl)., Two

distinct factors may contribute to ths increase in critical Vs

namely:

(1) Quite apart from the formation of oxlds, the considerable
enlargemont of the electrode tips may result in a decrease in
fhe temporature of, and the voltage gradient at, the
elactrodes.

(2) The oxide 1ayer may have thermal and eleotrical (i.e. work |
function) properties which would maks olectron emlssion
more dAifficult.

The results of sections 12,6 and 12,7 show that the oxide
layer does not affect the critical value of Vo oxcept 1f the
voltage gradiont just before flashover 1s relatively low, so that
Io can be largee VWith rod electrodes, and at the spaecing
considered (0.5 cm.) the voltage gradient was sufficiently high -
for ID to be negliglbles honce, on tho basis of the reéults just
quoted the 1lncrease in the critlcal V, camnot be due to ths oxlde
layor and must be due to the increase in the size of the elaectrode
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tips, and the consequent dscrease in temperature and/or voltage
gradiont, Thls argument 1s based on tho assumption that the
oxide lLayer has the same composition and electrical and thormal
properties in tho case of the rods as in that of the spheres.
This assumption is supportsd by the fact that the appearance of
the oxide layer was ths same in both cases: the possibility,
nevertheless, remains that the oxlids formation may be different
in the two cases, Just because the rods become considerably hotter
than the sphores, |

Oscillograms obtainad in tests on rod electrodss showed that
the gemnaral shape of the vgt curve wag similar to that obtainsd with
tungsten rods (fige 32) except that the rapld voltage fluctuations
assoclated with heavily oxidised aluminium electrodes (fige. 45)
were also presonte There wag no significant difference in the
appearance of oscillograms obtained with relatively unoxidised,

and heavily oxidised (conditioned) rod electrodes.

1209 Coppor Electrodas = Spheres.

Resﬁlta obtainsd with 2 cme. coppor spheres spacaed 0.5 cme
apert, aro given on the Sequence Diagram of fige 48, Toests B8 and
87 of that Diagram indicate that ths criticel Vo, vas, if anything,
eligchtly largeé.before than after flashovers were applied: thisr
agreen with the results obtainad with dise elsctrodes (soction
12,10)¢ Tests 87«90 and 91«93 show that there 1s little variation
in the critlcal,vo obtainad with oxldised electrodes in a given
expsrimantal condition « 1.e. the critical Va was unaffected by
conditloning once the electrodes were oxidised.
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It was not possible to obtaln & set of oscillograms for the

unoxidised condition in these tests, because the electrodes
ox1dised ae the test procseded (oscillograms for the unoiidised
condition were obtained with disc electrodes, eoction 12.10).

The oscillograms obtainod with oxidised electrodes (iatter'part of
test 86, tests 87=90 and 91«93) 4id not differ in any‘éignificant
way from those cbtained with oxidlsed disc electrodes under
similar conditions (figs. 53 snd §5). In the case of Z = 40 Ohms
(tests B86-90) results wers usually of typé I (fige 53 (a) - (e))
the only exception being one record of type II (es fig. 53(d)).

The shcrt-duraﬁion(disturbancea in ths V waveshapa, which have

also been recorded with aluminiun electrfzea,.were praaént in all
casos.e | R

Yhen Z wes increased to 126 Ohms (tests 91«03) results bacame
of type IXII (fige 55)¢ The discharge ususlly degenarated into
8 glow at the end of the impulse, end follow current cculd then
be established only after a gloweare transitione During the time
that the glow was maintained, the discharge current was nearly
constent, so that Vv éc: V.. To a sufficliently good appiroximation

gt %

vo-.r..u V, during that time, so that VO-A-. vgt' as shown by flge 655.

t
This is an exporimental verificatlon of the discusalon of
section 8.1 o

The Spacing Dlagram 1s glven in fipge 49 Osclllograms
obtained at differont spacings were simllar to those rocordsd with
e 040 cme gape In tho case of oscillograms obtained at
2 = 126 Ohms, the times fob vhich a nearlyeconstant-voltage glow

was maintainsd, decreased 23 the spacing increascde Thus the
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Quratlon of tho ccnstant voltage glows was of the order of
0,1 nilllseconds in the case of 8 1.0 e (8P, aAnd of the orders
of 1 and 10 nmillisgeonds In the casge of 4 000 cme gape IV wzs
alzo noted that in tho case of low ap spacings (041 or 0.05 cms)
the dlscharge voltage vgt romalned very nearly conastant as I@
dacreased to moro after & glow condltlion was reachads Such.
ocsclllegreng wara obtalned wheon follow cirvent waé not ostzblisheds
1n tho cane of corresponding cselllogroms obtslnad et higher pap
rpzeings, vsﬁ Tofe as xgt folle

The appearance of the oloctrcdes at the end of “hoso tests
45 ghown In £ige 50s Tho contral portion of the anodes wag
groeylsh in colour, and cculd be enclosed in & 2 mm. diamotsy
cireclos Thils was surrcunded by & blackened area, extonding up
to & Alanater of 4 tm.gk by & grsen area, extending up to a

dlameter of 5 rmny and by an erea in which the coppor was

discoloursd, extending up to & dlamster of 8 rme. On the cathods,

there was a central aren, which lay within a 4 rme dlameter circle,
in whlch tho motel was bright and of thao usual coppsr colour,

Thls wag surrounded by a black cirele, which was in turn
surroundad by & repglon, 9 rme dlamoter, in which the coppar wap
dlacoloured, The electrode surlaces appeamd smooth to the

nalkzed oye.

12410 002 por Dlectrodos = Discgs

Al) tosta in whick Qdigc slectrodss wers used waré carrisd
out Aat a spacing of 0.5 cme A photograph of the conditioned

sactions of the electrodes 1s glven in fig. 51, and photographs
of corresponding sections of tho olactrodes, to which only five
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flashovers had been applied, are shown in fige. 62+ Close
examination shows that a cortain amount of ovarlapping‘of‘markings
prcdnﬁed by flashovers exists in the case of fig. 52(b), and the
remarks mads in section 12.7 in connection with fige 47(c) apply
here also.:

Rosults have been summarised in the Sequence Diagram of rié.
48. Tests 94 and 99 show that the oxidation produced by conditionw
ing results in an appreclable lowering in the eritical v, ‘Typiecal
cscillograms obtained in those tests are given 1n'f1gs.f53,and\54.
Relatively few (53) osecillograms wers taken with oxidised dises,
boscause thelr results were confirmed by those taken with oxldlsed
spheress They showed that waveschapss were usually of type I
(sectlon B.2), as 1llustrated by figse. 53 (a) « (c). Ihumany

cases, the V__ waveshape was roughened by shorieduration

t
disturbancenswhich'were probably short-duration glows (sectiona
Be2 and 12+.7)e A few typo II waveshapes vers rocorded (e.ge
fig. 53(d)), and arceglow transitions occurred frequently in the
caso of no-follow~current éscillograms {oege Fige 53{6))s

85 osclllograms were taken whon flashovers wars applied to
the oxldlsed part of the electrodess They differed from those
obtalned with oxldised electrodes in that glows were malntained
for longer times. Typs IIX recérdé (eege f£ige 54(b)) wero more
frequent, end typs III records wore obtalnzd in three cacos
(eoge £1ge 54(c)), in which nearly-constantevoltage glows were
neintained for 300 microseconds or more, before folléw current

became eatabllshsde 1In a fourth instance, 2 nearly-

constant voltage glow was malntalaned for over 1000 nilcroseconds,
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when the end of the oacillograph a‘weep-waé ‘reached.

Teste carrled out at the higher value of Z (teats 96 and 97)
showed that the effcct of oxldation 1s much smaller than at the.
lowsr value of Z. Oscillograms taken in tests .96 and 97 were of
type 111 ’(rié. 65 and 56)» Thus the oxlde layer loses much of -
its offect on the critical Vo if the 'exparimental conditions are |
such that follow current can only be established after a glow has
been maintained for a time of the oyrder or".ldonicmaecands or
more (1.6. 4f the limiting condition of the Glow Criterion has been
reachad) even though the elactrodes are oxldlsed.

One significant effect of the oxide is maintained at the
higher value of Z: glowa procado the sstablishment of follow
current in fowar coses, and last for chorter times, 1f the
electrodses are oxidisad, than if they are nots This statement |
1s borne out by the quantitative analysis of Table 4.

TABIE 4.
) [ . )
Total Number | Kumbsr (and %)
Teat Ho. of of flashovers |MNean duration
loctrode | (Sequence { Flashovera on which Jof glows whichi
Condition| Diagram | resulting in | Follow Current preceded
| fige 48) | TFollow I was precaded [ follow current
Current by a glow
i . ‘ T .
Unoxidised 97 33 32 (97%) . 2 ms.
0xidigad P8 78 68 (83%) less than
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12¢11 Ooppar Electrodes - Rodss L o |
~ Results obtained with 0056 cm.. diameter copper x'cda, apaced
0.5 cm, apart, are given in ﬁg. 48 (tosts 98 - 101)¢ When
Z = 40 Ohma (tests 98 - 100), the lawer 11m1t of V is the same
asg 1n the case of other eleotrodas, but the critlcal range 1s
narrower in the case of rods. Whafx Z is "1ncréa'ééd to 126 Obms
(test 101}, ‘both limita of V_ are lower in the case of rcds, but
tho eritlcal range has roughly ths sama anplitude.ru o
Typlecal oacillograma obtained in thsse teats are shown in
£ige 57 It will be seen that waveforms are of typa I. " In no
case was tho establishment of follow current preceded.by -
long-duration glows of the type recorded with flargs!? coppér'
electrodes (.0, sphéres and discs, section 3) under aimilar

conditions,



13. CRITERIA OF FOLLOW CURRENT
FCR V~ AlD VIG OF SANR POLARITY TO EARTH,

The criteria which determine the eatabliahmant of follow
current will now bs darived in terms of v o Lo and the diacharga
characteristics, for tha conditlons or eeoticns 6 - 11, - 1.a¢ for

the conditions or Vo and V being poaitlve to earth. It will

IGo
be seon from section 14, that these criter;avarc not arfected_by
tho actual polar;ties of V ‘and.VIG ’ and'depand only on thsir
relatLVe‘pdlaritiea. Uhan‘v -and V are of dppoaite ﬁbiarifiea,
the criterla are difrerent, and are given in section 14,6,

The criteris derived in this section are stated in Table 5

(page 93), and are illustrated by fige 58 for the case IQ‘S Oe

13,1 L.,F. Follow Currents Criteria of No-Follow=Current.

It will be remembored that the L.Ve eircuilt current,
mast flow up to 1ts first natural current zero occcurring after ﬁha -
end of tho 1mpulse in order that Le.F. Follow Current be éstabiished
(soction 5.5)¢ Now, at the 1nstant‘of‘rlaabover, the L.Ve circuit
~ voltage hes tho positive value V, and the L.V. cirocult currant has
the negative value'I e The first natural current ZeTo of tha

LeVs clrcult (section 85.7) tharefora occurs some
IQZ

goeconds from

the instant of flashovers Under the conditions of this
investigation, I_ was so small compared to V./Z, that the impulse
duration, tl, exceeded tno' in all cases in which L.F. Follow |
Current was ostablished:s 4in other words, It had reversed polarity




TABIE B,

Criteria of Follow-Current and No=Follow=-Current, for

Y, .and gmo of the same polarity to earth.

Follow
Current Criterion Statement of Criterion
Type Type '
L.F, No~Follow= Follow Current cannot be
Current. ostablishad 1f (Voz + Iozz )%‘»15
(Aro ‘less than the mean value of the
Criterion) ‘dlscharge voltage, taken over -
the impulse period.
Follow Current cannot be
~established 1if Vo 18 less than
the alacharge vojtage at the end
of the impulse, provided the
impulse duration 1s much less
than the half perilod of the L.Ve
elrcuit, ‘
Follow- Follow Current will be
Current eatablished 1f V_ exceeds a value
(Glow approximately eqflal to that
Criterion) required to maintain a constant
- ocurrent glow in the test gap
(a) at a current equel to I __,
1f a constant current &%
glow can be malintalned at
that current, or
{(b) at the maximum current at
which a glow can bs malne
gaimd, if that current 1s
ess tha
han Istl.
HeFo No=Follow= Follow Current cammot be
Current established if Vo 18 less than
(Arc the value of the discharge
Criterion) voltage at the first current zero
of IO (1-e. at tno')o
Follow=- Follow Current will be established
Current 1f V_ exceeds the value of the
(Arc discRarge voltage at the first
Criterion) current zero of I, (1.0. at tno').
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and had become positive before the end of tha'impula§y
The ériteria of no-follow~current will be derived for the
condition which held in these exparimegts. ngmely, t1:> tnéj? or

> Al sin” -1 IOZ

6
1 ogp 2 0
(V2 4 1272)%

which 13 satlsfled whant
2 2 2
ZI > V © gan® 2xf ¢
( 0) ] = 1 )
It has boen shown above that 1f this condition i1s met anad
LeFe <ollow current 1s astabliahed,'It must
(a) becoms poaltive during tho impulse period, %1, and
(b) flou for & half cyele in the positive dirsctiom.

low, tho dlscharge voltage, V_ , opposes the growth of It

gt
(figs 1) in this condition. Consequently, if V, = and hence V, -
1s sufflclently asmall in relation to vgt' then It (ths valus of

It and the end of tiw impulas) =may be too mmall for the dischargp

to be maintained for a half cycle. In the limit, L.7, follow

arrent will clearly not beestablished, 1f V_, so far affects the

gb

LoVa circait, that 1 = Qe

t1
Now, referring %o flge 1, and rememboring that tha ohmic
resiatanco assoclated wita the L.Ve clrcult is nogligﬁbla (section

292)?

4aX
2 - (Vg = Vgy)
subject to: It = I° at £t = 0

Hence, integrating frem zero to &

t
LIy = I) = jolcvc - Vi, )d8
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, 1
Ty = I, ¢ L fo (Vg = Vppdat

e0 that L.F. Pollow Current cannot occur irf

1 M4
Io + o fo (Vy = vgt)dt = 0

1 (45 1 %
»Oe oy - - 1
SIRELE Il X Io*r.jo Vgydt

Now, if LeFe Tollow Current cannot occur ab & glven value
of f 1v dt, 1t will clearly not occur at lower values, Hence,
there can be no L.F, Follow Current if

1 f b . 1t
Fur’chermore, the peak value of v cannot exceed (V + IEZE)%
econsecuently, f lvtdt: < f 1(v &+ ]: z )%
80 that there can be no L.F. Follow Current 1if
1 J‘ b2 22 230, I
L Jo ( o+ I 2 I, +7 lVgtdt;

, IL t
2 g 2 & £ t—-u—-h "“]‘"" l

1.0 1f
Vgtd§
How, Io 1a'nagative, séy that there can bé no LeFe Follow

Current 4f
(Vz-tlzg)é < 1 j lv dt:

Henceo the criterion of no«followe-current is stated in the
first column of Table 5.

It t1<< —f s LeF. Follow Current cannot occur even though

(V + I Z )8 has & higher value than that given by the above
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oriterions It will be rememboared that tm' s the time at which

I
¢ ‘ |
i3 less than tl‘ 100 V,b 1s decreasing from its maximum value

towards the end of the impulse. Hew, 1t has been shown that

L% = (vt.-vgt)'

| ax | |
- and 1f£ -ﬂ-f» shonld becoms nepgative durling tl’ I‘b wlll begin %o

= 0endV, 1s a naximm (1€ LeF, Follow Current is established)

i dacreasaj‘ IIGt dacroases expornontlizlly in eny case so that

Igt (= I + I vill dacrezasm conssquently, V et will rise (the

IGt)
impulss dlscharge has a mogative characteristie, belng, an arc).
Vt docroeses in any case So that if ‘:: beecmes nagative, 1t will
ronain 80 until tho ond of tho dlscharge. low, if LeFe Follow
Curront is established, EE"&. should not bocomo negative until some
| (t ' 4 -4;5) eaconds fromx %:o instant of flasbovere Honce, if
tz1<< f & bocomes norativo at any time 4t1, LeFe Follow
Current cannot: b3 eebablietwd. In the 1imit, therefors, thore
will be o Les Follow Currcnt 1f 2.13 boccmes nepative at tl,

1.6 at ¢, 93.?. < 0, which reans tmt (V ) < 0.
1 ot gbl

Ilow, tho maxirum value of Vt will be greater than V  § 4 I
13 finite but will not excsed (Vo + 11222)'é and two appmximnt!.om
arc possible, bocause t, 18 much emaller than 1/(2£)s Firstly,
I,2 will be much smalleor than Vo (sinco (Z(".,z)2 < Vz tangzxf tlnnd
t, <<1/(2)), so that (V2 4 122%)¥ 2y,  cecondly, the
capacitor C will have lost only @ small fractlon of its charge
during t,, so that V == V,. Honco LiF's Follow Current cannot
bs established if
0 < Vg,t].
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The socond criterion of mo-followecurrent is thorofora entered
in Table & (second column)e

The dlschargy 16 an &re (‘iming the impulee period, B0 thatz
both criteris of no-followacurrent are exprossod in terms of an
are voltaget conaaquently, these criteris will be knm;n es YAve
Critoriat, |

In no oxpsrimons waa follow currcnb esteblished at & value of

\] émaller then that glven by the appropriats criterions

The eriterion of LeFs Follow Current will bo derived for the
case of HeVe Follow Curront in tha first place; 1t will then be
shown to apply also to the cass of HeCs Follow Currant (section
13¢5)s

It has been ostablishod in the discussion of H.V. Follow
Current (section 8) thats
(1) The establishmont of HeVes Follow Current is just posesible

1€ V, = ¥,y (section 81): follow carrent will be |

established et all hicher valuas of V "

(2) Tho dischargs may have en:lthar an erc or & glow ohnmctariatio

at time tz (coction 842),

Hence HW‘; Follow Current will always be octabliched if V
exceels & valua apprexinstely equsl to the maximum glow v;:ltagn -
of the dlschargpe |

The _maximmn flow voltags of the dischargse will dapend on
three factors, namslys

(1)  Tho %test rape
(2) Tho current flowing through tho dlscharge at the timo that



(3)

“ 08 -
the dlscharge attains its raximum (glow) voltage. That time
1s denoted by %, so that the appropriate current has the

a
value Igtm'

Now, 1t will be rcmeuwbared (section 8.1) firstly, that

Igt n It-arter tl, secondly, that tn-occurs shortly aftgr tl’

and thirdly, that 1f tho establishment. of H.V. Follow Current

is justApossible,,EEEl—o 0 shortly after tl.,' Henocs,
‘ at ‘ :
1.0+ the current flowing through the discharge

xgtM.i::Igtl’ |
at tm can be talken as the current flowing through the dlise
charge at the snd of the impulse. It will be shown in
Appsrdix VII that the latter current cen be predicted fairly
accurately for a given test gap, impulse dlscharge, and L.Ve
circuit, provided Vo does not exceed the maximum critical
value.

The past history of ths discharge. Lef vgc be the voltage
value required to maintain a glow discharge in the test gap

at a constant current I . will, in goensral, differ

g’ gth

from vgc’ bacause in the case of the preaént experiments, the

discharge current had a high (impulse) value before falling
to a gloﬁ valua. The high initlal current value could have
one of two prodominant residual effects =t tM’ namely,

(1) Owing to the high initial ionisation of the discharge,

the ionisation at tm could be higher than that

corresponding to V consequently, V v

(11) It is conceivable that turbulence set up during the

impulse may result in more rapid delonisation at ta,
than would be the case had the discharge current been
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constant at the value Igtu' Hence, Vgtu may exceed vécf
8o far as the author is aware, there 1s po experimsntal
evidence available to indicate the magnitude of effect (11)
and an investigation aimod at dotermining it is now being.
planned (saction 16,1)s In the light of existing knowledge,
therafore, it is reasonable to assume that this effect can. :
ba ignorad to a first approximation, so thgt,vgtm wiil not be
aubstantially greater than‘vg 1 hancat?b need not bae -
substantially greater than Vg in order to establish H.V,.
Follow Current,
It follows, therefore, that H.V. Follow Current will
invariasbly be ceatablished 1!‘?0 excoeds a valuefapproximately equsal
to the voltage xequired,to maintain'a constant current glow in the

test gap, at & current value I , « This criterion will be known

. gtl
ag thae 'Glow Criteriont,

13.3 Exporimental Confirmation of the Glow Criterion.
The limiting conditions of ‘the Glou Criterion vere reachsd in

H

two serles of ezperimants discussed baslowe
(1) Tests on Tungaten ROAS «

Reforence i1s made to tests 21 - 28 (fig. 17, section 8.4).'
in which the effect'of variation in RF (£ig. i) waé inveatigated
using 0,063 cm. diameter tungsten rods, spaced 0.5 cm. apart., It
will be seen from rig. 17, that as conditions be came bﬁogrﬁaﬁiVely
less favourable for the establiskmant of follow éurrent,vénd the
eritical V increased,; the oscillograms obtsinad changed rrom

type I (tests 21 - 26) to typs II (test 27) and finally to |
type III (test 28)s In tho case of test 28, thercfore, a glow
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was established and maintalnsd immedlately after the end of the .
impulse, and follow current could only be established by a
glowsarc transition. Tho duration of the glow poriocd was too
long for any substantisl part of the voltage required for ‘the
transition to be supplied by the energy stored in L (figs 1), so
that V_ was very nearly equal to vs {section 8.1): in other
words, the limiting conditions of the Glow Criterion were reached
in test 23. o |

An estimate of the valus of vgc- correapoﬁding to test 28,7
can ba obfained from data published by Gambling and Edels™® for
1.2 cms diemeter tungsten sleschrodos spaced 0.5 cm..‘ aparts over
the eurrent range of test 28, vsc had a value of some 490 - 500
Volts?®, while the critieal V_ renged from 440 to 650 Volta.
Hence,' the coritlcal Vo is approxinately equal (within SS%) to Vg'o
in tho limiting czse of the Glow Criterion.

Other results obtalned with tho seme electrodes and at tha
game spacing (tests 1 = 10, fig. 16, and 15 - 27, £ig. 17) were
analysed in tha seme way, It was fou#d that in all cazes
(1nciud1ng fast 28), the criti.cal V was 1083 than 1,33 V ‘-‘
1.0 rollow current vas invariably establlshad 1: V exceeded

133 VSO‘N This confirms the Glow Criterion.
(2) Copper Electrodaa- . |

It has been seen that naarly-conatantnvoltago glows were
maintained for times of the order of 1 millisecond after the and_,'}
of the impulse in tho case of un-?oxidised copper dlscs, vspaced
0.6 cme apart and 2 = 126 COhms (teat 97, section 12.10). The
oscillograms of fige. 56 were obtalnod in that condition,and they
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constitute by far the most striking illustration of the Glow
Criterion, since thoy showed that follow current occurred if Vo
were capable to maintain a glow and to force a transition to are
(LEE was nearly gero during the glow period). .
‘ dtThe critical Vo' 'ranged' from 450 to 550 Volts in test 97, and
the critical Ié . ranged. from 0e12 to 0414 Amps (approx.).. - The
| velue of Vg° correeponding to that current and spacing in the- case
of 0.‘7 e dlameter copper rod electmdaa is glven. ‘oy Gambling and
Edels”™ 13 as 510 - 820 Voltss . The close agrqem;nt .betvean thia_ -

valus and that of tha critical V confirms tha, Gloi er,i:_eﬁ.o:c;;~ y

13.4 Curront Ranges over which Glow Criterion is Valid.

The Glow Criterion depsnds on the fact tnat S0 long ag Vt
exceeds the maximum discharga voltage, t he dis charge current must
inerease, and consequontly the dischargs voltage must rall.‘c this
results in a more rapld increase in current, and h’énéé a fnrt’:h‘er
decrease in voltage. In othsr words, the Glow Criterion depends
on the discharge having a negative cbaracteristio.- |

- Now, 1t 18 woll known, from work carried out at 'iow pressures,
that the glow di charge has a positive characteristic gt low
curronts. In the case of discharges in air at atmospheric -
pressures, a negative characteristic has been recorded at current

valuas down to some 0.0 Ampsla'14.

So faer as the author 1s aware,
positive characteristics have not been obtalned in the case of glow
discharges in air at atmospheric preasuresg such characteristics
may well hold at lower currents. In the light of available

‘ has -

| gt
values greater than some 0.01 Amps: 4its application at lower

evidence, therefore, the Glow Criterion applies when I

currcnts depands on the characteristlic of the dischargze In the
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present work, thoe critiezl I bl was not less than 0.1 Amps,

13 55 L.F. Follow cixrrent « The Critsrion oryl»i‘éno_w- i(:ur.z;entla

It has been shown (sections 7.2 and 9) that the critical v,
required for the establishment of HeCy Follow Current is of the
ordsr of an arc voltagss. Honce, if ‘Vo 1&-3179:1 é glow vélna;:"-“
HoCo Follow Current will be establishod, so that the Glow Criterion
remains valids; this statement was confirmed Sy ail'the exporimental
evidence reviewed for this thesis, in which follow current was of
the HeC. types

The Glow Criterton dofines Vo in toms of tho voltage required

to maintain a constant current glow in ths test gap at a current

equal to I Now, in the casc of HeCe Follow Current, the

gbl’
eritical valuos of Igtl may bo too large to mailntain e constant
current glows tho Glow Criterion i1s therefore stated in the third
colwmn of Table B in terms which apply equally to HsVe. and H.Ce

Follow Current.

1346 Criteria of H.Fs Follow Currente |
The conclusionsarrived at in saction 10 are in fact the

eriteria of H,F, Follow Current; they are atated in the toﬁr’ch“
and rfifth columns of Table 5. These eriteria are/ expressed in
terms of arc voltages (since the dischérga is an aro during the_ |
impulse psricd) and will ﬁharefora be known as 'Arc Criteriaft,

It Io 1s negligible, the criteria become that Ho.Fo Follow
Current will bs esteblished 1f, end only if, V ° exceeds the
minimum valus of the dlecharge dnring the impulse.
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It will be shown in this section that two principal cases
oxist, derending on whether 'C-’a and Vm
oppoaite polariiles to eurths Two posalbillties arise im eithoy

grz of ths sane, or of

caze, Cepording on whether Vo {or an) 13 posltive or nagative
to earthe There aro thus four possiblé coribinations of the

polaritles of Vo and V those are considsred indlvidually

1Go®
below,

14.1 Vo and VIGO btoth positive. -
Thies cundition hold in 81l but tuso experiments carried out .

in this worke. [lesults obtalned with it have already been

Gipcussed, and it willl now bo used as reforence, to show the

effoct of changes in the polarities ol V° and vm o

14.2 Vg and VIG‘O
Raversal of tho polerities of both VO end Vmo arfocts

both nerative

matters only because tho test gep 15 not symmetrieal with respect
to the earth plemoes In the absenda of a discharge, the voltage
gradient 1s smaller ot the earthed oloctrodes When V  end V0o
are of the sac2 polarity (as in this casa), thors is always &
diacharge in tho test gap et tho critical times at which the
agstecblishmont of follow curzrent iz dotormingde The effact of
assymotyry 18 then sufficiently szall to be ignored within the
order of accurzcy of thls investigations

This conclusion was verified exporimentally in two tests,

earried out in the Standard Condition (section 5.12): VQ and Vm °

)
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waré positive in one and ms\gative in the other. No dirfefenee
could be detected in the oritical ranges of Vo' obtained in the two

tests.

14.3 v positive and vm negative = The L.Fs Follow Current case.

)
This case differs from that already discuased (1.3. section

14.1) in that the impulse is negativa. The operation of tha
circuit undar this conditicn will now ba considersd. ”

Immedintely IGOG begilna to conduct, the 1mpulse circulates a
carrent in the L.V. circults . That current reaches the value I,
at the instant of _f'lashovar of ﬁha tost cap. Ia is positive |
when the impulse 1s negative (soction 2.9)} IIGt 1s, of course,
negativo., _ | | , |

The ge;neral relation botween the dischnrge, I..‘V.‘ circuit
and impulse curmnts (£ige i): |

I e I + 1
gt IGt t

Now, the dlscharge 1s initisted by a negative impulse, ®o
that I . will be nogative initlally, end I__ = wlll exceed Io in

gt IGo
magnitudes As the discharge proceeds, Imt decreases in
magnitude, but remains negative. Vo being posltive, It must

remain positive towards the end of the impulse if follow current
12 to be at all possible: otherwise, the LJI' circuit would not
circulate & current in the test. gap after thoe end of the impulse.
A time ta will eventually be reached when thes impulse cur@nt: IIG'c’
will have fallen to & value numerically equal to that of the L.V
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circuit current, It; The two'currentg baing of opposite polarity,
Igt will then be zero = l.e. 2 current gerc will be induced in the
IIGt is finite at t g0 that IGOG 1s stlll conducting -
hones t is less than tha 1mpulae duration. t

test gap.

»

1 o
Other efrecta of reversing the polarity of ths meulse,"'”

enorge from considerationa of the value or Ita obtainsd whsn the

1mpulse duration (and hsnce t ) is much amaller than ths half
period of the L«Ve clrcults It has besn shawn in aoction 13.1

that in general
G &

subjoct to I = I &t t = Os Kow, if t, < 3/(21), V

t
approximates to Vo durirg that perlod, s=o that

aly
L‘a;‘nv «Vgt, fortéta_

and therefore

__ a
rmaz + TV 5 j

Then the impulse was positiva, Ia wag nsgative and V__ was

gt

positive, so that they opposed ths growth of I « In the present

casa, vgt 13 negative durling ta, and x° is pos:tivez “hence Ita
may bs substantially greater 1n the case of the negative Iimpulse.
It will bo remembered that Ifa 1s the current avallsble from the
L.V, cirauit to maintain the dlscharge, subject to the test gap
balng flashover over after t . |

The sbove discussion depends on the ralative polarities of
Vo and vIGo’ but is not effocted by the actual polarities of these
voltagese The following conclusions can thereafore be stated.

(1) A current zoro is induced in the test gap towards the end of
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the impulse 1f V, and V are of opposite polaritles, but

not 1if they are of the :::9 polarity. 1In the former case,
thsrefore, follow current can only be established after a
restrike, | |

(2) The time, t,, for which the impulse meintains the discharge
when V,, and Vigo 2Fe of opposlte polarities, is shorter than
the time, %,, for which the diéchﬁrge would be mailntalned 1f
Vo énd ViGo were of the same polarities, other things being
equal, The L.V, clrcult current thorefore has less time to‘
bulld up in the negative impulse case,

(3) Owing to the erfecté of IO and vgt, Iga MAY bYe larger when

v end V, are of opposlte polaritlies, than when they are of

IGo
the same polarity. A larger current may therefore be
aveilable to maintain the discharge at the end of the lmpulse
when Vi, &nd V, are of opposite polarities, despite
effect (2) above,

Thus, when V, 18 positive, follow current will be more likely
1f the 1mpulseAis positive, than 1f it is negative, provided
effects (1) and (2) predominate over (3) (and vicevefaa). The
reletive importence of these effects is determined by the specific
circult and gap useds this 1s the reason for the appgrently
contradictory results which were obtained by previocus investigators,
end which have been dlscussed in section 1.l.

The inhibiting effect of the current zero on the establishment
of follow current (effect 1 above), was confirmed experimﬁntally‘by
the author in tests carried out in the Standard Condition (secﬁion

5.,12), end again, with g = 126 QOhms, vIGo was negative, VD was

posltive and I, was neligible in both cases, I1qo Was sufficlently
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large (79 Amps) compared to the maximum value of I, (= 0.2 Anps)
for t, to bs very nearly equal to tl, and Vo‘waa suffiociently
high for V,, to be negligible.compared to V. | In neither sest
444 follow ourrent ‘ooour when ¥, % 900 Volts (i.e. the critical
V, exceeded that value). The only significant difference betwsen
these tests, and tests carried out under the same conditions but
with positive V... (a;g. tests 6 and 7, fig. 16) was that the
negative impulse induced a current zero; it will be seen from
f£ig. 16, that in the absence of that current zero, the oritical
V, lay between 210 and 250 Volts in the Standard Condition (test
6), and bstween 380 and 420 Volts whan Z = 126 Ohms (test 7}_.

The conditions required for the establishment of follow
current when vo and vIGo are of opposite polarities, can
therefore be summarised as followa! _

(I) The recovery voltsge due to the L.V; circuit must be
capable of restriking the test gap &t tha end of the
impulse, and

(II) The L.V. oirouit must be capable of maintaining a
discharge in the test gap after the impulse has ceased.
Ths above conditions must be satisfied in the sequence in
which they have been stated. Once the first 1s fulfilled, ths
sstablishment of follow ourrent depends on ths second. Now the
sscond condition is the (only) condition which must be fulfilled
when V, &nd Vygo are of the same polarity. OJonsequently, both
types of L.F. Folleow Current mechanism (H.V. and H.0, Follow
Current )identified when Vo 8nd V. were of the same polarity may
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operate when Vo-énd‘vxao-are of opposite polaritles.: In the
latter case, however, 1t 1s.possible that the critical value of
Vo be determined brimgrily by the first condition, so that 1ita
value may be in excess of that at vhich the second condltion may
just be satisfied. ,

| The second condition is specifio to tha.fo11ow‘eurrent‘
problem,‘qnd”must'be'satisfied*whatevar the polarities ortvidé
and‘V°§ thers was no aigﬁificant information on this subject
when the present 1mvestigatlon was started, Condition (I) has '~
been studied under similar conditions, in investigations of

8-12

delonisation of arcs It was thersfors decildsd to

concentrate the present investigation on tho study of Condition
(II), 1.0¢ of the cass of Vo end vIGo
and only to show qualitatlively the effects of polarity on the

bolng of the same polarity,

results so ohtainede This has boen done in the present aodtion.

14.4 vo positive and vIGo neggtive = The H.P. Fglloy Current Cage,
The establiahment of HsFs Follow Current will be considered

for the aimplified case of V . being constant and equal to V

gt

during t., and I and the resistance of the L¢v. circuit being

1
negligible. Thon, from aeotion 10,

-V
I = -52———4& ain‘;zm :

oz sm

Row, Vgp‘is nsgat1Ve in this case, 8o that,

+ .
, Z JLc
gence’ It 1s nagative during the first hnlr eycle, and doea‘“
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not contribute pewer to the diecharge During the second half
cycle, ho'wever,'It becomes positive; lioe 1t flows through the -
discharge, end therefors contributes power to it It increases
with.vo, g0 that some of that.power 1§'drawn‘rrom.the enargyv%7§20
stored on C before flashovers Hencs, provided the dlscharge lasts
for a sufficlent time for the second half cycle of the L.V. circuit
to be initliated, H.Fs follow current, definsd as flow of energy
froﬁ the LeVe circult, will be established at any value of Voo
however small.

By definition, He.Fs Pollow Current oporstes vhen the impulse
duration, tl, oxcoeads L/(Qf)a Hence the impulse duration 1s, in
genzral, sufficlont for tho second half cycle of the L.Vs ecircuit
to be initiated, It must be borno in mind, hovever, that I, and
IIGt flou'in‘opposite directlions tbrougb tho discharge, dnrihg the
first half cyele of Iﬁ flow. If Vo 1s suffliclontly large, a
current zerc may be induced in tho test gap (mas in the L.F. case)
at a tims t, < 1/(2f)s The discharge may then coase, without the
establishment of follow currents Ths ancmalous position therefore
oxlsts, that H.F. Follow Current may be established at low values
of‘vo, but not at higher values,

The above conclusion has been errived at after considering &
gimplifled case« In general, results are more camplicate@,
particularly because vgt is not constant, It is therefore
imposslble to generallse about the establishment of HsI'e Follow
Current whenﬁvo and.vreu are of opposite polarities: in all such
cases in which the establiamlment of H.Fs Follow Current must be

considerad, a separate analysis would have to be carried out,
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taking into account tha speciric circult and test gap used.

14.5 V. negative and V positive.

IGo
This condition differs fram that discuaned 1n;ths praceding

sections(14+3 and l4.4)only becﬂuae of the aaaymmetry of the test
gap, as explainad in section 14.2.  This difference does nOﬁ'
affect the (qualitative) conclusions arrived at in aaetiona 14,3
and 14+4 so that those conclusions hold.without altaration in this

cage alaoe

4,6 criteria or Follow Curreont for V and v
of opposite oTarIEIes. Ito
It follows rram soction 14.5 that L;Fg Fallow Curront cannct
be established 1f the circuit is not capable of flashing over the

test gap at the end of the impulse. This is thaVBriteripn.ot
no-followscurrent for the LeFe caaé}_ : o -

In order to establish a criterion of_Féllow Current, 1t 1is
nee¢sssary to consider the performance of‘thﬂ circulit érter ta'
when & current zero occurs in the test gap. ,Unt;l the test gap
18 rostruck, s path 1s provided to'tha b;V. cireuit current by the
impulse circuit and potential divider only (as mgainst the impulse
eircult, potential divider and test gap before t‘,vaaé £ige 1)

It 8 ‘
recovery voltage of the L.V. circuit at the test gapt that
voltage eq,uals[;vt - L.Efﬁ; stray capacitancbs belng negligible.

ab ,
If the rate of rise of voltage is sufficlently large,

therefore dacreasos after ta' and in sb doinglincreases the

flashover occurs, at time tb. The flashover voltage hha,

assoclated with it, a current I,,» 804 that current is available

to ba fed into the discharge at flashover (the effective impedance
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of the dlschargs is, in general, much smaller than that of the

potential divider and impulse circult, which can therefore be
ignored)s  After t., conditions ere similar to those holdipg"a-g 4
when Vo and vIGo are of the same polarity to earth, so j;hat the
Glow Criterion applies (section 13.5). Hence, the criterion of
L.Fe Follow Currant can be dsfined a&s follows for the case of Vo
and VIGO being of opposits polaritys |

Le¢Fs Follow Currsnt will invariably occur ift
(1) the circult is capable of restriking the discharge after the

current zero whilch cccurs towards the end of the impulse, and
(2) the voltage Vo excoeds a value approximately equal to that

required to maintain a constant current glow in the test gap

(a) at current I,,» i @ glow can be maintained at that

current or,

(b) at the maximum current at which a glow can be

maintaiined, if that current 1s less than ztb'

If the psak valus of the Impulse current 1s éery iarge
compared to I n» thon a 1ittle consideration will show that &, will
be nearly equal to ;. Furthermors, 1f the rate of rise of
recovery voltags 1s sufficlently large (artar t, ), then the time
to flashover will be very short, so that tb_..bt . Under these

conditions, therefore, in the criterion of

tl can replace Itb
follow current, The above dlscussion has beon verifiled
exporimentally by the author in an investigation carried out after
the experimental work reviewed in this thesis had been completed.
It has beon scen in scctlon 14,4 that 1t 1s not possible to

generalise about the establishment of HeF. Follow Current when v,
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and vIGo are of opposite polarities, so that eriteria carmot be
etated for that case. It ls worth noting, however, that H.F.

Follow Current may occur at very low values of V_ under certain
conditions. |



15, CONCLUSIONS

A technique for 1nveatigat1ng follow current phenomena has
bean cstablishod, Three principal types of follow current (H;Vc,
T4Ce and H.Fe) have besn 1dentifiad, and the following conclusions
can be drawn from tho prosent Works

The initial impulse effacts can bs divided into voitaga'and
carrcnt effactas The ilmpulse voltaga affects the establiahment of
follow curront in two wayss flrstly, 1t flashes over thm teat £2ap,
end sacondly, 1t results in & current Io In the L.Ve. clrcult at the
instant of flashover. Io incroases Iln magnitude with the
timo-to~flachovor of the test gap (section 249)¢ Depanding on the
relatlve polarities of tho Impulse and L.V. circult voltages, Io
will elther oppose or asgisf the establishment of follow current
(2ectlon 14.3)e In the caso of power systems, flashovers are as
likely to ocecur in one condition as in the other, so that 1little
would be gained by designing a mesns of ensuring a high (or low)
value of I°.

In the case of routins tests on different items of equipment,
however; conditions should be standardlsod for eass of comparison
of results. It is recommendsd that I, bo made negligible inthose
tests: vwhere only ohe test is carried out on each itenm, Vo and
vIGo should be of the same polarity (Io being negligible, effects
(1) and (2) of sectlion 14,3 ars likely to predominate over effect
(3), so that follow current will be more 1ikaly'when.vo,and'vxeo

are of tho same than of opposite polarity).
To make Io negligible, tho test gap rmusgt be subjected to an
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overvoltago by tho impulse: - the time~tosflashover would then be
very short, and I would not have sufficlent time to develops The
ovorvoltage would havs no othsr effect on the sstablishmant of
follow current, eince ths initial lonlsation of the test gap
dopends mainiy on tho lmpulss current, not tha impulse voltagae
 The offact of Io on the establishment of follow current 1s
negllglble 1f I is much smaller tazn I

- {see flg. 10 and section
12.,3)e In the caso of HsVes Follow Current, I

£1 was Oe) to 0¢7 Ampg
end was thorofore much smaller than the maximum value of I, (which
approximated to Va/Z).‘ Throughout the present work, Ib‘<? ?d/Zs
that 1s why flashover could always bs taken to have occurred at the
peak of ths LAV. circult voltage wave (section 2.,1): mnevortheless,
Io affocted the astablishment of follow current in the case of some
of the experimeonts dlscuscssd in sections 12.6 and 12.7.

The moment flashover occurs, ths impulse voltage waveform
csascs to be imporiant, end events ars determinad by the waveshape
of the impulse curront, = The latter has twoe principal.effects.
Firstly, it malntains tho dlschargs for a time %, (1.6+ for the |
time that impulse current is flgwing) and 1t therefore providds an
opportunity for the L.V. clrcult current to build;up. Secondly,
tho state of ionisetion of the test gap after the end of the
impulse 1s affocted by the ionilsation and possible turbulence due
to the impulse current. |

These offects have been dlscussed in saction 11 in torms of
theo impulse duration, t

Ir60°
more important than the magnitude of the impulss current in

1? and‘tha poek value of the impulse current,

The analysis of section ll.1 showad that tho duration 1a
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dsterminlng the conditlana-raquii'ad for tho establishmant of H,.Ve.
Féllow Currents that amalysls was confirmod experimentally over
tha rango of»variables ussde The effoct of changos in impulse

parameters wag sesn %o bz relatively small in the case of H,(,.

. follow currcnts ~nevertheloss, the orltleal V o‘ eontirmed to dscreamse

* when the impulse current magnitudo was decroased, and the duration

was lncreased simultansously, by 1ncmaa1ng R (f1g3a 23 = 28),
Thls indleates that the relative'impartaﬁce_or tho two parameters,
wag the semo as in the HeV. cases | _

Thesa conclusions also find application to follow curﬁent
investigationa on elactrical aquipment (esge impulse testsa onv
ensrglsed transformors), 1f it is desired that follow current
should be established after every impulse breakdown, The rssults
of section 1144 are particulariy relevant, and they show that BE
should be large in ordor %o increase the likelihood of follow
current occurring (since the critical V  decreases as R, increases),
The maximm pormlssible value of BF i1s likely to be limited by two

setas of conditionss the first, 1s the requirad steapness of the

voltage wavefront, and the stray capaclitance betwsen the low
voltage terminal of RF and earths The second, i1s the maximum
voltage réq_ui‘red at tho tsst object, the impedance between the low
voltage terminal of RF and earth, and the impulse generator voltage
outprut,.

A third factor, which may 1imit thes value of RF under eceortain
conditions, 1a that if R? is too largs, the Impulse current will be
s0 emall that the lmpulse discharge will be a glow, instead of an

aree The value of vgt w1ll then be greater during the impulse
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period than 1f RP were smaller, and the impulse duration itself
may be smaller (because the smaller impulse current due to the
highar Rp, is more readily interrupted by IGQG). If RF is
increased, thorefors, a value is 1ikely to be reached beyond which
-further :l.ncra‘aae in By will nol increass the prqba‘blility of follow
current being estabiiahad and may, in fact, have‘ the opposite
effacte. ‘ | | . |

Electrode effects are dlscussed in sectlon 12. It will be
scen that In the caee of brass and steel, the“ eritical f‘o vas |
substantially indspsndent of electrode ahape, provided the
eloctrodos wers haavily oxidigeds In the case of eopper and
tungsten, the crﬂ.tlcal V ¥es smaller, and its range was DATTOWOT,
when the arcing surface of the ele ctmdes was of the same order as
tha arc roots v(rods) than when it wasrmuch larger (spheres and
dlses)s In thé case of aluminium, progressive deformation of the
eloctrode tips causod a contimous 1ncreaser in the “eritical v
when the arcing surface of ths electrodea'waa 1n1tiany of the
sams order as the are root (rods), and the upper limit of the range
of critical V was therafore not reached in those teats.

The effect of flashovers, and subsequent oxidation, on 1arge
electrodes, waa to lower the critlcal Vo in the case of tungsten,
steol and copper: in the case of copper,oxidation lost most of
its efrectv on Vo if conditions werse close to the Glow Grit.erion.
Oxidation had no effeot on ths eritical V, in the case of braes
and aluminium electrodes, provided, in the latter case, that the
test gap was subjected to an overvoltags sufficlent to ensure a

very short time-to-flashover. In the cass of aluminium electrodes,
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heavy oxldatlon may introduce long timeseto-flashovers consequently
the oxide layer may prevent a flashover if the impulse voltags has
‘& ghort duration tall. ' If tho impulse voltage has & long wavetail,
the oxlde layer results in hish values of Io‘ | '

The Spacing ﬁiagrama..obtaimci in section 12 are compared in
fig. 59, It will bo seon that thers vij_aj little ditferenca‘betvaen
ths critical.vo obtalned with aluminlium, brass and steel at -
spacings of some 042 cme or losss the corresponding ‘Vo i3 rmuch -
higher in the casa of copper. As the spacing is increased, the
aluninium curve approaches ths copper curvees In general, the
percontage difforences between the curves decregse as the spacing
incroases indleating that olectrode effectz become relatively less
important than effects assoclatsd with ths air space betwean the
aloctrodas, as the eir apacé 1e Increasad.

Other tests on electrode effects have shown that the critical
V., range obtained with platimm olsctrodes is not substentially
different from that obtained with other elactrodes in similar
conditions, end tests on tungsten olectrodes (section 12.2) have .
confirmod that cathods phenomena are more important than anode
phenomena for tho establishment of follow currente

The criterlia which determine the ¢ stablisiment of all three
types of tollbw current are comparsd in fige. 58, for the case of
Vo and Vmo having the same polarity to earth, and Io being
negligivie. It will be seen that under those conditions H.F.
Follow Current is invariably established oeven when HeVe and HeCe
Follow Current cannot occurs Hence, when the latter typea of
follow current are possible, H.F, Follow Current will cortainly
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occnr:’,in other w@rds, the dischargs of stray eapacitances will -
incroase the probability of Power Follow under these condltions.
This statement doss not take into nccount that 'Ehe interactlon of .
impulse, H.Fe 8nd power rrequénoy follow currents may'result in
currént geros and, furtheﬁmore,:tne;additional-currsnts supplied
by the dlscharge of line capacitances, may result in turbulencs
and thus accelerate tho dslonisation of ths test gape. ~Thase
effects wlilnvéry from system to system and are best studied by
means of site teostse a laboratory lnvestigation (section.lﬁps)
eould, however, prbvlde soms data, es well &3 extending the present
exporimental technique to the case of miti-frequency L.Ve circults,
The conclusion to be drawn from the diapram or’criteria, “therefore,
is that H.Fe. Follow Current may in nany cas=es lneresse the.
probabllity of power follow,

The sultebllity of synthetic power eircults for follow current
investlgations has been confirmed by the rosults rsﬁiawad in this
thesis, Possible extenslons of synthetic elrcuit techniques are
suggested in sections 16.2 and 16.3.



~ 16. FURTHER WORK

16.1 Voltage charactoristics of impulse-initiated
constantecurrent di scﬁarges.

If tho L.Ve. circult of fige 1 is replaced by a constant

current source, & constant current will circulate in the test gap
aftor the end of ths impulse. For @ glven tost gap, the voltage
(Vgh’ will then be dotermined primgri;yby-3 B -

(1) the magnitude of that current, and

(2) the impulse current waveshape,
both of which could easily be controlleds

Ths effect of tha initial impulse dlschargs on the voltage
required to maintain a conatant curreat glow could be observed,
and results so obtained would find application to t!}a Glow‘
Criterion (section 13.2). \

In view of the results of sectlon 7.1 {critical Itl) the
constant current values should cover the range O.l « 1 Amp at
gap spacings of the order used in the present inves'tigation. The

~discharge would probably be an arec at the highor values of current.

16,2 Synthetic Circult Technlquess 'Point-on-Wave! Tests,

If the discharge voltage 1s ignored, the L.V. clrecuit voltage

is glven by _ o
V. =J V24188 cos (et 4 000  ToZ)
t o o v

o

with the usual conventlons regarding symbols and polaritios.

In the present investigstion, Vo > Ioz, so that the above

expression approximated closely to

v = V cos ot
t o
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and flashover slways ccourred ab tho crost of the voltags wave
toe, 4f @ current, IQ, vare eirouloted in L before flashover, the
mazimum value of V, (= (V2 ¢ I,228)%) could be maintained constant,
vut the instent of flsshover oculd ba varled with respoct to the
V, waveshepa (lsas the *polntecnezavat could ba varisd) by altering
V end 3 slmulbtensccualye

n ﬁmﬁﬁﬁ enuld be elroulatad .tn bg using the arrangoment
of fige €0y B 13 a batiery, end LY 13 a largo S.nduetmee, whioh
dsolatas # from the test clrcult wille the test gap conductss I
¢an o altersd by varying cithar ths resistor P‘B’ cr the output

voltarn of the bBattorye.

It hsag beon soen in Geauiﬁﬂ 15 that tho effest of H.Fe Follow
Current on tho establishment of LeTe (powerefreguancy) Follow
Curront 42 best studled by mesns of experlmonts in which both types
of fullow currend may vceuy slrulisncouslys Tho use of synthetis
eircalts In t118 conraction should Lo funvestlgeted, and fige 61

11lustrateas o possidblo arrangswoably b and € are tuned to B0 o/s,
and L, end G, ars tuned to a hich froquency to prodiocs HeFs Follow
Currents

b X

Follow Current tests schould bs cerried cut to obiain
quan’aitétiva ¢ata on tuo estebllsimont of 'falz.aw current over &
vide rance of voltamps, currcnta, and =y spaclngs, of the order
of the magnltudoo meb with on powsy systouss Iuvaotlipstion of
gap effoets ch:nzid inrcludo ezporimonls on alr pens at Alfferent
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prossures, expgrtmenta~in 0il, end experiments involving surface
flashover., Pointe-on-wave tests should be carried out, using
either synthotic (section 16.2) or e.cs power circults.
- Some of the work outlined in thia,aubéectioﬁ hag alresady been

completed, and will be the aubject of a sesparate publication.
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APPENDIX I

. 17
A Potential Divider with a,Non-Ohmic Resistor.

l. Introductlion:

A potsntial divider contalning a non=linear unit has been
developed for applications such as t he measurement of a relatively
low arc or glow vdlﬁage,'whilst providing protection of the
measuring apparatus against high ovorvoltagéa used to initiate the
dischargs by sparkover betweocn electrodes.

Two possible methods for achleving this characteristic were
considered and rejectede Firstly, an amplifier could be connected
between the low voltage amm of a corventional dlvider and the
measuring equipmont, the output voltage of the amplifier being
limited to & safe value determined by the HT voltgge. In addition
to screening problems, the initial saturation of the amplifier
introduces sericus distortion in the output waveform. Secondly,

a gas dlode could be conne cted across the low voltage arm of the
dividsr, vhich would then be ehorted out at all voltages in excess
of thé striking voltage of tha‘dioda. This 18 a tedhnique'
feriliar to H.V. ongineers, but requires a knowledge of the
volt-time characteristic for ionlsation or delonisation of the
dlode for given waveforms,. N

The method adopted 1s shown in fige 7. RH and RL constitute
a conventional rosistance divider, having stray capacitances CH and

c R_1s a silicon carblde non-ohmic reaistor'®; 1ts resistance

L’ i
has the instantaneous value Rmt’ and docreases Instantly when thas
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voltage across 4t rises. During the preparation of this paper,
the author found that & similar divider had been used by Higham
end Haek;e,_but‘a critical analysis of ita perrormanoé'was not

glven.

2. Theoretical Considorationss
Itnoring, for the moment, the stray capacitances, the relation
betwoen V gt and Vm for the divider of fige 7 18 glven by -
iy = :gt -
(1 + .2, 0,
Rx. Ry

I AN B NN EERENENEENERNNN] (I)

Ehsn.vax is largs, Rﬁt rust be much smaller then RH in order to

.»11mit‘VL£ to a zafe valuae - TGhen Vé£ has a relatlvsly low value,

Rﬁt should be much greater than RH in order that Vit be subatanti-

ally independent of R, over the measuring ranges . These conflicting
requiremsents can be gatisfled bacause of the non—li:iear;,'n - }
characteristic of RM’ and the corresponding ratios of ﬁ!ﬁne f",” It
will bo noted that for a glven RM’ a high values of RH @pmﬂ‘ef {,
protection, but a low value of‘BH docreases the erfegt‘p: Rnxln”tha

measuring rangse. This 1s {1lustrated in fige 62, which" shows /"_J

characteristies of dividers having different RH and RL valuas.

Ignoring R "’ ‘the divider ratio in n = Rg + R ¢« The erfec/t

R
of RM is to 1ntroduce 8 parcentags error L
‘ 100 : L ' //
Vt‘ﬂ % evssesssnevsens (II) o/
SRS NS T S B RO
RMt RMt RL S ‘
in the mcasurement of V Even if allowance has to be ma de for

gt .
this, HM nzed not be known to a high dogree of accuracy. aince
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RM{; > Ra in the measuring range. In ths most adverse cass, when

R, m o, a pareontags orror & in R
L oA 2% ,
error of loss than e 112 the calculated valuo of V .«
R (1 & 2 gt
100

Pel Iiffect of Strax Capacltances

will result in a porcentapgs

Vm 10 linited to o safa but nevertnaless nuech proator value

before flashover than after. Gcnsaqucntly, a relativaly large
charge, q, , 1 stored on the stray capacitance ¢L (£1ge 7) before

flashovers ¢tho corresponding chargo on cﬂ is q‘Ho' The
construction of high voltagce rosistance dividers 1s such that OI‘.

is much largor than cu, 80 that QIQ

This cordition (q > qﬂo) wlll be considercd in the prosont case,

is usually larger than qﬂoo‘

but a sinllar treatn:ent would apply ig q < qH
Flashover conn octa 0 and theo aro .‘m parallel with cL' and tho
charges end then conttd.bute a component V.t tco ¥V v
sy, 88 9 P Lt '

has the maximum value Vm' & ‘qéﬂ"lqiﬂﬁ.‘. and Gocays as the
L+ Cg

Lo( - ‘qﬁo\)' discharges through HH’ R
and nm._ Tho residnal charge, Qs being positive, the reduction in

reaidual ckarge, @ = ((q

VL which should occur at flashover, ls dolayed by VL,:. How, RE is
ruch greater than RH when an i3 atill quiteo large, so that further

diacharge of q° i possible, in effoek, only through RH and R

L
Recording will thorefore bo inaccurate for & time of the order of

Y : o | == | .
thn timo constant T = (CL + OH)RHRL/ (EtH * HL) { RHRLGL/ (RH + RL) »
eince € P C.)e  Aftor V ! boconss nogligible, the error dus to
atray capaclitancos falls to that o to tkhelr offect on the linear
dividar FHRL « tho convontlcnal caso.

Ono method of elininating V

L‘c" is sugrosted by the expression
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for V 1o'* Cp could bo incroased doliverately, so that So ® Q00
6nd v, ' = 04 Tho appropriete valwe of O, 4s .t Gl.kno - 1),
vhoro a l1e tho divider ratio et flashovsr,

Tho value of cﬁ roquired (o eliminate the orror dus to the
effoct of etyay copaelitances ont he linear dividey BHBL.' is
Ct = CI/ {n, = 1), 28 &n convontiomal mized aividerss Now,
B<n, 20 thed cﬂ* is larcor thm Bﬁ'. Consoguontly, Af cE £ cﬂt s
rocording wauld be more mecurnto than 4n the cose of tho linoee
atvicor FnR, . | | | |

I Cy = Oﬁ", recording would inaccurate imrediately aftor
flechover, thourh vory accurete rocording would be obtailmed
evontuallye The pm%eétiva acs;on of 'thﬂ divideyr would ba

camplicatod ty tho rolatively hich valuo of Gﬁr

Se Ipelfn Procedurot

Tho {ocllowing procedurs is adv::cétad for o flyrst desicm,

R, 4e soloctod firsts 1t chould be small, in order to keep
%" exall in the messuring rango, ond to provide & low rosistznce
lecharge poth to the stroy ceptclitoancose l’tﬁ 1o therofore civen
tho mnimm yeluo, aﬁm" which doos rot inteyfare unduly with tiwe
perfor-oncs of the teost elrcults

I, 1o noxt selocted sach that V.. shell not excesd & gafo

valus ot the -mazﬁmx reluo of vgt, vt'Lzhall be smell at the meximus
Vya corrospording to tho mozeuring rnga, in tho most sdveres case
of Ry =, and tho otray capacitance of sz (vhish incroscas ‘OL)
shall bave tho miniwmm valuve concietent with tho rating of R&s‘
Firnlly, R s 60loctod £0 ¢ivo @ sultable defloction on the

cscillorreph in tho moSsurdng mmnme I several divider ratios
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are required, it may be of advantage to vary Rﬂ ‘and’RL, while
maintaining (R, + 2 and R_> R _ In that Rl
g (RH RI.) = Rﬂm’ RH an¢ case, vt
and P! will not exceed half the value they would hava 11‘ RH = R

~andR =0,

4. Divider Datas | |

| 'I.‘he divider waa designed to record an event having a peak .
voltage of 33 kV. at flashover, &nd 1ast1ng for 150 P.S to 10 mS.
Vm; haa to be linited to 3 kV. inthe protantive Tenges in the

measuring range, V; <500 Volts and v} <041%e

Lt , .
In this particular case the divider parametérs Were:

RH=10kQandHL=e°, orBH> 10 kR and (RK+R ) = £3 k2

%It = 940 @ at 3 kV. and pﬁt = 1 M2 at 500 Voltss Ths time

constant T!' did not exceed 1 pS (Lice << 150'}15), so that no lumped

GK wa2s usede
RH and RL wore constructed from identlcal woven wire resistance
ribbon, and ths ostimated accuracy of ths divider was within }i19¢

after V % had becoms negliglible. (Leee sOma & )18 after ﬂashover).

be Proving Tests:
5.1 Effoct of Rﬂ on pmtéction of oselllopraphe

A 35 xV. long duration pulse was applied to the dlvider, and
the maximum value of v corresponding to dirterent Rx was obtainsd

by recording the voltaga appearing across a rraction of RL

Rosults are gilven in fig.63, The rsaistance charaeteriatic of R
| M
was calculated from this data, and also from d.ce measursments at

low voltages. It was found that over the range 0.3 < th < 7.2 LV,

(Ls0¢ ovor a considerably greater voltage range than that of fig.63),
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TABIE 6.
) © Pims Constant -
" ] 1 ps o
kQ |
1 0418
TABIE 7.

T4me Conatants p_§_._

Tt = RHG { T (values obtained
L from oscillograms)

40 42
80 80
79 . o 79
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, Bm == 7.6 vm‘-’."“z 1014 2+ Thils expresslon was tl;an used to
cnlculate ths ralationbatween RH and tha maximum value of V Lt*
The valuaa of V obtalrod in thls way ware within "'1010 of those
given by direct experimant, s shown in fig, 63. This Juatifies
L "% to predlct ths
oparation of the dividar ror doslgen purposas, as wag done 1n

connection with ﬂ.g. 62.

the use of an equation of the type Rm = XV

5.2 Fffect of RE and'cL-after flashovers

Tho circuit of fig. 7 was used to verify experimentslly the

analysiscfsection 2.1 of thls Appendlx . GH consisted only of

stray capacitance and was so small that 1lts effact and that of 95,
were nsgligible. Also, RH << RL’ so that TV == RHCL.

Ths gap was flashad over by a 33 kV. volitage impulse, and
osclllograms obtalned with different R are given in fig.et ((a) =

(c))s Thoy confimm that V__ falls nore rapldly when T! 1s small

| (Ls0+ whon Ry 13 small). 2‘; approximate quantitative analysis was
attempted assuming vt to fall suddenly at flaéhovar, and to remain |
at the constant valuo n V until vm' had becoma nagliglible. th
tharerora tonds to the constant valus V x* obtained from fig.64(b).
The time constant T! was then taken as the time required for th
£2l11 fron any valus (v ' + V¥ ) to {0.368 V t » V ). Results

ohtalinaed from the two curves of fig.&i(a) are given in"'i'éblle 61

to

they show that T' docreasss loss rapldly than RB « dus, in all
probabllity, te stray seit industance bacoming effective in |

controlling the_ discharge of GL at ths lowser vélue of RH'

_ lMore consistent reosults were obtalned in & similar test m

which Rﬂ was conskant;, and C, was inereased by lumpad capacitance,'

L

i i,
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Curves from typlcal osclllograms are given in figee4(a), and T'Euga
measured as aboves . Tho stray capacltance component of OL wag thgn
- moasured by Q-mator (G = 40 ppF) and tims constants were estimated
to within some 207 fronm T! = RHQL' the pesrcentage error being
nearly ths same for all T'e¢ Experimental and estimated results
are compered in Table 7 and will be maen to be in close agreement,
This justifies the discussion relating to the effect of V
(section 2,1 of this Appendix). -

¢
L

6.5 BEffoct of CH on the morformance of a divider.,

Tho clreult of fige 7 wag used to verify qualitatively tho

effecet of lncreasing cH on the psrformance of tho divider arfter
flashovers ILumpad CE conslisted of two 5" x 5% aluminium plates:
its value was varled by altering the distanca bsiween them and by
introducing 2 sheet of bakelite dleleotrics Fige 64(e) shows

, tracings_obtéinad from oscillograns., Curves 1 « 3 show thet tha
values of th 1rmzdlately aftor flashover, decraase when CH
increasaos:s this is because V., ' docroates (section 2.1 of this

1o
Appendix)e Vhen C_ 18 gliven values greater than that at which

VLO' = 0, further 1ﬁoreaee in OH rosults 1n.v:° increasing in
megnitude, 1tes polarity being reverseds this 18 1llustrated by
curve 4.

The above confirms qualitativoly the discussion ralating to

the effect of Cp (section 2,1 of this Apperdix).

Be4 Comparison of non-ohmic resistor with pas dlode.
A test was carried out with the circult of fig. 7, but with

the ronechmic resistor raplaced by a gas dlodse Osclllograms
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showed that during the first 2 or 3 pS after flashover there was
gome variaticn in the voltage curves mcarded on auccessive shots,
the experimental condl tions being the sama. | Thia 1nconsiatency
was aacribed to variationa in the a’cate ar 1onisation of ’che gas
diods (aaction 1 of this Appandix}; However, whan the oscillograph
sweeps were sufficfently slow to record the whole of the event for
which the dividsr was designed, no difference could be detected
‘betwaen records obtained under the samo conditions, when the gas
dlode or the noneolmic resistor was used. 'fhis was taken as
- addlitional confirmation ol the vpertormance of both typeé of
non-lincar divider. |

6o Goncluaionst |

The analysis of a dividar incorporat:lng a non—linear reaiator
has been given, and has baen verified experimentally.

Further work should aim at cvercoming the main limitation of
this type of divider, 1,04 the lvoltage ihj:rod:nced 1mnedia£oly after
tlaahover by the residual charges on the stray capacitances. The.
use of lumped capacitance GH has been discussed (section 2,1 of
this Appendix), where it was seen that 1f Cp had the appropriate
value, ths divider could be mora accurate than a conventional
resistance divider; alternately, & discharge path might be
- provided to tho net residual charge, qo" by c_onnedting a rectifier
valve, having en interelectrods capacitance smaller than Cgp!, in

parallel with Rg.

(WVhile this thesis was belng typed the euthor was informed
thet a paper based on thils Appendix had been accepted for
publication in Part { of tlhe Proceedings of the Institution of
Electricsl Engineers



APPENDIX IT

Calibration of the Amplifier used for
Current Measurement (section 4.2).

‘It was desirable to calibrate the amplifier using an input
signal similar to that 1t would have to emplify in follow ourrent
testss To achleve this requirement, the follow current test
circult (fig. 1) was used, except that a large resistor, R', was
inserted betwsen R_ and C, tho potential divider being removed.
Had R not have had to be limited to a low value (ssction £.2),

R' could have been used as a shunt in follow current tests, and
the emplifior could have been dispensed withe

When calibrating the emplifier, the voltage scross (R + R,)
was applied directly to the ¥y plate of s double‘behm’oséillograyh,
and the voltage across Ra wag applied via the aﬁpiifie? to fché '22
plate of the oseillographe Fige 65 shows & sketch of an
oscillogram so obtainad; 4t 1s found that & desflection s, on
beam 1 corresponds to @& deflection Y, on bsam 2.

2

The amplifier vag then disconmscted from beam £ and Yl and o

were connected together, and the teat was repeated in order %o
obtain the relative sensitivities of the two beamse - The
oscillograms obtalned were similar to that shown in figs 68, snd
1t was found that a defloctlon hy on beam ) corresponded to &
deflection h, on beam 2. Hence, the gain of tho amplifier was

(R' + Rq)sghy

Rsh
812




A - 135 =
The semz double besam dscillograph‘waa used in follow current
tosts, the output of the potential divider being applied to
beam 1, and that of tho amplifier belng applied to beam 24 Then,

1t 1 cme deflectlon on beam 1 w’kl voltes, it follows that

1 cms deflection on beam 2 = (klhll/h2 volts

80 that 1 cm. aeflection on beam.? :s(klhlL/(h.GR ) Amps”
- kyby Anps
hy Rt + R, 32 El R,
Ry 5 hz
U
,(Rf*_a’)sa

Ampsa

This expression is only valld if hI/h2 is consﬁant: numerous
tects have shown it tc bes It will be noted that the expression
1s independent of tho sonsltivity of bheem 2. This 1s an |
advantage, aingé the aenaitivity’of beem 1 is avallable from
rumorous oscillograms taken thrdnghout‘fbllow curient experimenta.
Boam.-1 was generally used to record tho test gap voltage in those
experiments, and it has bosn seen (e.ge fige 10) that the test
gap voltags equalled.v0 before flashover. Now, the vﬁlue“ot_vg
was read from a voltmeter, and recorded in all tests. Hence kli
could be obtalned from the deflectlion correspornding to Vo on the
osclllograph, the potential divider ratlo, and the value of Vé.
Had the senslitlivity of heam 2 been required,_spegidl teats would
have had to be carrled out to determins 1%, and 1ts variatlon as

the oscillograph heated up and ths mains voltage fluctuated.

It w1lll also be noted that the above expression is practically
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independent of Ra’ since Ra << R's This is an advantage, because
it 1s casler to measure ascurately the value of the rolatively
large reaiator, R, than that of the smallt shunt Ra" :



APPENDIX IXL

Reasons for Shortcircuiting Rgg fige
guring Follow Current Tests.

The shunt Rag (fig. 1) was used in exploratory tests only

and was shortcircuited in agtual follow current tests for the

following reasonss

(1)

(2)

(3)

The voltage facross Rag during ths impulse period was of
the same order as, end initlally considerably greater than,
the test gap voltags vg’c' Consequsntly, \;hen Rag was not
shorteircuited, tho voltage across the L.V. circult was
determined not by tho test gap alons, but by the test gap

and the shunt. Thus, 1if It wag taken to be positive when

C discharged through the test gap (fige 1), then

V «L E". = V . + (instantaneous voltage across R_ ), if
t at gt dIt , ag
Rag vas finite, while Vt oL vV gt’ ir ng’ = O

dt

Consoquently, Ra g could have significant effecta on

tho follow current mechanism: one of these effects would
be similar to that of a large value of Ioo

The low voltage end of the test gap 1s no longer at earth
potential, resulting in a slight complication in the

m.eéauramant of test gap voltage, if Rs is not shortcircuited.

Tho magnituds of the current in ng va;"iea considerably.
ng has to bo small, to keep the ohmic resistance of the
LeVe circuit to a low value (section 2.2)s If no amplifier
wore w3ed, then a record of tha impulse current, IIGt" would
bo obtainsd (£iz. © (a) - (b)), but the deflection on the
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voacillographfwould ba‘toa'sma11:to be measured accurately
after t1¢” - If an amplifler were used (wlth-thg aamaiéalug-‘
Cof R__, £ige 9 {c) « {d)) a record would be obtainad of the

8g

_ current flowlng in: the test gap after tl ‘During tl,;the.
IGt is flowing in R g,'ao

that ths amplifier would be drliven to cut off. - Thus, two

relatively larga impulse current, I

separats recordings would be necessary to obtain the test gap
current during and after tls o | -

Inspoction of figs 1 will.ahow‘that the current in Rag
can bs obtalnad, by applylng Kirchhoff's Law, if the currents
in Ra and R ara'known; this 15-111ustrated:by £ige De

81G

It will bs scen that 1f the voltage on R . 13 vecorded

without using ths amplifier (fig. 9 (a)), the current IIGt
1s obtalned. If the emplifier is used (fige ® (f)), the
current wave record 1ls severely dlstorted by the saturation
of the emplifier, but #he 1mpu1:e duration, tl' i1s obtained
very accurately., If the amplifier 1s used to record the
voltage across R8 (fige 9 (g) = (h)) tho current It is
obtained both during and after tl' Thus more information
than would be available by recording on R éah be obtained,

without additional difriculty, by recording on R and RaIG



APFENDIX IV

Amiotor-Voltmator Frrors in Yoasuring Igérand Y o

It will ba seen.rrom fig. l that tha method used fbr tha
maaauremenb or ths test gap voltaga and.current luffera from the‘
1nherent errors of ammeter-voltmeter resistanoa measurements.
Cerectiona can ba applied, but the errors could‘ba made negligibla
by'making the connectiona carafullyu Tnus, the connectiona of
fige 1 give accurate recording‘whsn tha VQltage acroaa R 1a
small campared to tho voltage across RL’ 1.6. when Igt
relatively smalle When the voltage across R was large, accurate
racording could be obtainad by connecting'Uae earthy end of the

potantlal divider %o the common earth point.



Appmmx’v

Effect of I and.ygx on_the Duration of Currant Flow
in the Case of L.F. Follow Current. ‘

The dé;initioxi 2 (1) of saction 5.3 reqﬁired tha L.V."eir::mit
to malntaln the dlecharge up to its first natural current zero )
occurring after the end of the impulse, in order that L.F, follow
current be established. In order to apply this definition
experimontally, it 1s necessary to decidé the time interval which
elapsos botwéen the instant of fléahcivei' aﬁd the natural current
zero{s) of the L.V. clrcult, | |

Ignoring, for the moment, the effect of ths dlscharge, ths
times elapsing between thoe instant of flashover and the natural

current zeros of I,, are given by

t '
e k ‘
1 = sin™* 0% .4 e s Where k has any integral value

(the ohmic resistance of the Le.Vs circult is nagligible).

Under the conditlons of this 1nvest1gation, the term
Zif 1n‘1 -vt- never exceeded (1/f) x 10"2 and iaa usually very
mich smallers the effact of Io on tna can therefore be ignored.

By definition, t, < }/(2f) in the case of Low Frequency Follow

Current, so thatlthe first natural current zero occurring attef the
end of tho impulse, occurs 1/(2f) seconds from the instant of |
flashover. [Hence -tha definition referred to above, requires an
LeVe circﬁit current flow lasting not lees than 1/(2f) seconds.

It 13 now neéeseary to consider the effect of ths dlschargs

on this statemsnte
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Ths H.Vs Follow Current Case. |
In the case of H.Ve follow current, the eritiecal Vo is
relatively high, s0 that the mean value of the discharge current,
taken over & hslf cycle, 1s high also, Hence the mean value of
V,, taken over a half eycle » 1a 1arge compared t.o the correaponding

t ,
value or v Vgt has therefore very little effact on the

freguoncy f: the dlscharge: teats dm, in tact, show that the
duration of a current loop differed very J.ittla from 1/(2f) in a11
cages in which H.V. Follow Current became established.

The only éxception to this rule occurred in those fésts of
soctions 12.9 and 12.10 in which a sonstant current glow was
maintained for ﬁiméa of the order of 1 milllsecond before HeVe.
Follow Ourrenf became establisheds Whensver that haﬁpened, the
duration of tho current loop exceeded 1/(2f) bﬁ a time
approxima tely equai to that for which constant current glows had
been maintalned. Now, 1t follows from polnt 3 of section 7.1
that under the condltions in which H.V. Follow Current mechanism
oparated, the duration of currénf flow wéa very much smailer than
1/(2f) 4f follow current did not become establiahed. There vas
thorefore no difficulty in determining whether or nct follow
current becanme establiahed, in all cases in which the H.V.

mechanism held.

The H.Ce Follow Current Cage.
It wlll be seen from figs. 19 = £ that 1f follow current is
LV for which

Subsequont increase in Vo. rosults 1n a smaller increase in ¢

of the H.C. typo, and Itl

current It flows, increases rapldly with Vo, until ¢

ie positive, the duration &

!
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t o WAy exceed elightly the value 1/(2f), and further increase in
V then rosulta in a decrease in t__.
o v

A note of arbitrariness rmust therefore be introduced in this
case in the definition of L.F. follow -garrent, réferrad to abo#e’:
1t was decided that that dsfinition be %aken to require a duration
of f]_.ow ‘o'f.': I‘b of not less than O;Q/(Ef) aéconda, in 'oréer thélt
HeCe Follow Current be established,

To apply this definition, oscilloprams -tfava to be take’n"‘i.n
follow current tests and the duration of the xt loop obtained at
different values of Vo has to be measured from theme A less
laborious, but less accurate way of determining the critical Vo
depends on the fact that tLV' increases rapidly with Vo until 1t
reachos a value of some 0.9/(2f), and the rate of changs of ;tm
with Vo bacomes small at higher values of v#- . The valus of Vo
at which further increase in ‘Vo rosults in llttle increase 4in t

’
can be determined falrly accurately, by viewing the Iﬁ wavashapgv
on the screen of an oscillographe Thla mothod was used in the
tasts of section 1l.4: en orror of not more than 104 was therafore
introduced in the eritical ’Vo recorded in thoée teats, when follow

current was of the HeCe typo.



APPENDIX VI

tZero Linas! for Oscillograms of It and Vgx‘~*

tZero Lines'!, from which the doflections of the boams could
be measured, were obtailned for all the Qacillograms of Iﬁ and Vgt
usod for quantitative analysea, and for many of the othsrse To
obtain ths fzero lines', the low voltage arm of the potential
dividar:and ths shunt RB wore shortcirculted simultaneously through
the same awitchy the clrecult (fig,‘l).wag not othorwlse altered.
The impulse gonorator was then trippsd in the usual wayv(aectibn
2.5), so that oscillograph began to sweeps Two traces weré
obtainsd, each due to ons of ths two beamss these traces were
atréight lines, except as explained below.

Owing to the characteristic of tho shortecirculting switch,
a voltags . pulse having a poakub” tha ordar of 10b millivolts, and
a duration of soms 50 microsaconds appeared at the switch when the
impulse generator fired., This pulse had negligible effact in
the case of the Yzero 1line' correaponding to Vg In the case of
the Yzero l;ne' corresponding to It’ however, tho pulse was
magnified by the amplifior and caused a small but visible
deflection (e.ge see 'zero linea' of fig;'36(a));' This
deflection was used to distinguish between the 'zero linas!,
lice. to determins whothar thoe uppsr or the lower 1line was

assoclated with It (or V .) in a glven feat.

gt |
. The impulse generator was usually tripped before being fully
charged when 'zero lines! were obtainede The flashover-delay was

therefore not the same as in the ocase of flashovers from which Iﬁ
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end ¥V, wavachapos were rocorded, so that the =mall deflection on

tho cgmnt tzoro 1linet dld not noceessarlly occur neay the

beginnling of the sweop, £nd in soro casss It vwas not recordsd at all
' I:a the cose of ckatchss o:." oaciilograma {oeze T1ge 10) it vas

conaldored that the use of fne:o tzevo umas* vould result in

unm ean3eTy ccmylicatian, Oﬂlv ono 'zere 13..m' ms memfore

shown, ard uhe v:avafemsme@rc:a& on both béama vere Nfewed to 1t.



APPENDIX VII

Prediction of Itl‘

The problem of follow current is, in fact, the problem of the
growth of current in the L,V. circuit, A simple mathematical
analysis is not possible because of the nonellnear relation between
the test gap voltage and current. However, observations made in
this investigation have shown that Vgt 1s substantlally independent
of the L.V. clrcult durlng the impulse period, provided Vv,
does not o#ceed the critical range; thus the waveshapes of
Vg, which cen be obtained oscillographically for a given lmpulse
and test gap, epply whatever the L.V. clircult used., A
mathematical analysis can therefore be used to predioct the value
of Iiq.

It has been shown in sectlion 13,1 that

Iyy = I + %—Ll (Vg = Vgt
so.that Iy = I + &xtllvtdt - lj*l Vgtdt
Llo L)o
1 v
Now, from fig. 1, V4 = V, = GJ; I.dt

The last two expresslons determine Itl‘ a simple solution
1s possible in many cases by using an approximate expression for Ve
The specific case of the gtandard Condition (section 5,12) will
now be considered as an 11lustration, V, and Vyg, being of the

same polarity to earth. In that case - as, indeed, in the general

cagse of impulse flashovers to an energlsed system - the impulse



duration, t,, was small compared to the half perlod, 1/(2f), so
that Vy == V, during the impulse. Osclllogrems of vgt’ taken in
the Standard COndition, have been traced in fig., 66(b) for tha
impulse period; Io Vgidt = 0,011 volt-seconds represonts a
good approximation, obtained from these oscillograms, Also, in
the Standard Condition, t; == 180 microseconds &and L = 129 milliw
henries, so that the relatlion between Itl (amps) and V_ (volts)

becomes
1l
11 = G.1z0

“'6 -
(180 x 107" V = 0,011) = 1,40 x 103 V_ - 0,085

This stralght line has been drawn in fig.66(a) where it is
seen to be ln good agreement wlth results obtalned by direct

experiment,
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Fie. 4 (@ CIRCUIT USED FOR DETERMINING (MPULSE VOLTAGE
wAvVEFoRM, PaRAMETER VALUEGS WERE: S 0.-08)
pF; Re =z 400 N (woven wike); Ry = 9605 N (woven
wiRg); R = §2.6 1 (woven wiRe); THE Test AP was
SET S0 A5 NOT To FLAsH overy Ry = 75 kil (cARBON),

(B) TRACINGS FROM OSCILLOGRAMS  OBTAINED
(1) WITH THE ABOVE CIWRCULT,

(") wiTH THE ABOVE CIRCUIT, BUT (ITH THE L.V.
CIRCUIT CORRESPONDING TO F=50 «s ano Z=126f)
CONNECTED ACROS95 THE TEST GAP;

(" As (u), EXCEPT THAT Z=4O .



Gap Rrs T C1a @

J
‘ 150/05

Fia. 5 (@)  CIRCUIT USED FOR MEASURING THE CURRENT QUTPUT

OF THE IMPULSE GENERATOR

(B) CURRENT ‘WAVESHAPES WITH THE AROVE CIRCUIT.

Cre = O-OBS/LAF ; R53= 434 5L (wiee)

The test 9ap spacing was O-5 cm; current waveshapes
were substantially independent of the test gap, provided

it flosheal over. Rg ond Ry are gquvewn below: they

are nominal values, measvred

CU'VG RF RT
Neo SL QU on a low voltage d.c. bridge.
| 84i 833 (The currents used in the
(w. W) (W.W.) present investigation were not
limted tothese qven above).
" 84’ 75!'03 9
(w.w) (c)
m 419 I5x10°
(w.w) (¢)
v 420 75010’
(c) (D

W.W. T WOVEN WIRE | . cARBON




(a)

Electrode
Assembly -
Spheres.

(b)

. Disc Electrocle,

1% |
IS an diawatcr

(o)
Electrode
Assembly -

m Discs.

Fig> 6. Test Gao Data.

In the case of rod electrodes, the assembly of
fig. 6(a) was used, the adaptors A and B being
replaced by a pair suitable for rods (section 3),
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The voltage-limited potential divider, shown connected

across the.tést-gap.



HT(500 Volts)

V]
0 jo? 103 10t 108 10
, Frequency, </%
Fie 8 AMPLIFIER USED FOR CURRENT MEASUREMENT.

@

®

Circuit Diagram. The input is applied between A and E and
the outpot is obtained between B8 and E. When the input stoge
is used, the link XX' is removed, X is earthed, and the

onl

output 15 obtoined between X and E. .

Frequency response.
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Fia. 9. TypicaL OsciLLOGRAPHIC TRACES OBTAINED BY RECORDING AT

THE SHUNTS OF

Fia |, WHEN FOLLOW CURRENT was of L.F Tvee.

A horizontal ‘2ero line' 15 shown on each tracing,
Tracwwea | SHUNT AT | WHETHER Remanxs

WHICH AMPLIFIER

RECOADING | UsED (BETWEEN

(¢ig. 1) SHUNT AND ¢RO)
a RSS No Fo“ow' Current not established.
b FLHQ\" (Current established.
C Yes Follow Current not est ablished.
d Follow Current established.
e Rste No The traces are independent ot
f Yes the establishment of follow current
9 Rs Yes Follow Current not established.
h

Follow Current esta blished.

THE AMPLIFIER WAS DRIVEN TO CUT OFF BY THE HIGH INITIAL

CURRENT IN TRACINGS ¢, d AnD ¥.
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discharge
7
. p
_ ’
l ' : //
v‘ ‘| L/ -I-t---.
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L, |7
. S
% ke >
t, t,
No Impufse Arc "Arc or Glow i G'ou" ' No diuharge
Jiuhargcr '
//—_‘ @
//
Ng, 7
3
// A Rieblduc‘
/ Voltaae
/, on
/s (=V )
\, - . I, | 0
L_/ Impulse
;(QQSQS . ¢
IO
N -
E, > T >

Fia. |O. HV. ForLow CURRENT (¢, << 7).

I dealised tracings from osci“ograms of discharqge

Vo|t09e, Vst" and LV circoit current, 1., If potential
divider current is ignored, It=19t (Fig. 1) after t,.

(q) FoLiow CumRENT EsTAacLIsHED.

() FoLLow CurrenT DoOES NOT OccuR.




Fia. ll.

H.V. Forrow CurRRenT.

Sketches of waveshapes of L.V. ciwrcuit current, I,
btained when Vo had acritical valve and L,
obtai

was negliaible.



" Ne Inpulse | Fower Arc No
discharge #Arc ,L ' J;;ulmg.
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I
Vay
v° J
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Io t, ?n \:I“ \ ~ 1
~ L el 2% |
Residual Voltage
@ on C.
No Impulse Transient Arc  Condition. , Neo
discharge | Arc Discharge
arg . NN btttk LY
Nat k
Ve L - Residual
\__/ Voitage
Iu on C
| / ‘ - ¥
L / ]End of Gap V9t=Capadtoth
_i___‘ t! ) mpUlbe ‘ . ‘dl 0
et v L <
¢ dt
- _ 3 —» |I¢ then falls,
petl— 0 —
H 3 SQY

Fic. 12. H.C. Fowow Current.

Sketches of waveshapes of discharge voltage, Vg, and L.V. circuit
current, It' If pottntial divider current is ignored, It:IQt (ﬁg.l) a‘ter‘t,.

@ Follow Current established.
@ Follow Current did not occur.
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Fla. 13, H.C. FoLLow CURRENT.

Sketches of It waveshapes illustrqting the

effect of cho‘nges in V‘L on the time for which

I, is maintained (t).
(Negligibie L.).




No  discharge) Impuise ArC
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B 2

I~ L
F Y%
Fiw. 4. H.F. Follow Current.

Sketches of waveshapes of discharge voltage, Vg, impulse
current, I].et., and L.V. Circuit current, 1.

() Follow Current established.
(b) Follow Current did not occur. J
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FiaIS5. Crassirication oFf H. V. Forcow CuRRENT oscitio «wRAmMs (N

= 0 t —

ACCORDANCE witH THE wavesnape of Vg DumiNg Lt (see auso

Flg. 0 ) SUDDEN CHANGES 1N at INDICATE TRANSITIONS FROM

ARC TO &GLOW AND FROM GLOW TO ARC.

IL WAVESHAPESY HAVE QREEN DRAUWN AQOVE FOR THE CONDITION

I,=0: Tuis HELD IN MOST EXPERIMENTS COvERED MY THE

PRESENT INVESTIGQATION, [HE POTENTIAL DIVIDER CURRENT

peiNe Neauaiste, I, =Io acver t,,
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tLV, m 5.

Fie 19.

All curves comncide

Iindicatgs thot there was a
larqge scatter in the values
of tv, ond gives its
limits.

‘ ) 1 A J
100 200 300 400 500 600
V, . Ve “’-5.

RELATIONS BETWEEN THE Tlﬁe, tiy, FOR WHICH I

FLOWS AND V,.

f=500 s 2=z 40.“_, t..ﬁ ‘60‘45;’ II(-o= 79Amp5;
Io= 0 ; RF=4ZOQ‘(Orbon); RTz 18 k.ﬂ(carhon);

C'IG = 0-083/*}' ; VIGo =33k\/; Standard Electrodes,

spaced ois indicated,




t.y, mS.

0 1 1 1 1
0 100 200 300 400 . ?Bo
V, , Volts.

Fie.20. ReLATiONS BETWEEN THE TIME, L., FOR WHicH 1,

FLOWS, AND V.

2:1265. Other dota, and convention regqarding _
the scatter in t,,, as on Fig. 19,
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Fie. 22.

AnaLysis ofF THE H.F. Fourow CURRENT

MecHANISM FOR THE CAsE V, > V.

AssumPt;onﬁz _Vst_z_vsc !ccnstant};_}.o and R

negligiblc.

Sec alss Figs. [4 and. 23,




Ve
l‘ 'Vso - Vo l
V,
£ v 4
Vgo \Vgo = Vo ‘
Vo X _

Fia.23. AnaLysis of The H.F Fourow CurrenT
MecHANisM  FOR THE case V, < Ve,

Assumptions; Vgt =V, (constant) 5_;0 and R
hegligible

See also Fiqs. 14 and 22.
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Fie-24. RELATION BETWEEN (MPULSE DURATION, L, aND
WAVE FRONT RESISTANCE, Re,

Ry=75:10 1 ; Cy(=0-083 uF; Vi, = 33KV
Under the conditions of ths investigation, L, was substantially
independent of tesl qap and L.V. circuit) provided T, >0.




CRITICAL V., Volts

600,-
a
A -
S00f- \ﬁ Iao™ 79 Amps at_ x_and iNncreases as t, cecreases
o
0 \(ﬁ[ constant, Re variable)
40 B o .

=]

300 ot all Po-i"c"”(RF M\
X

constant, Ry variable),
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100}
0 : L } } _J
(o] 80 100 iso 200
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Fie.25. RELATION BETWEEN THE MEAN VALUES OF
CriTicaL V, anp ImPULSE DuRraTION t,.

The scatter was less than : 202 in \, and less than
2'0% in t'h :
f=50«; 2=400; € =0 OBs/u_l“;_Vm, =33 KV,
0-3 <m gap, _
0 Re= 4202 ; 1450.< R < 715x0°k N
A Rp= 75x1030: 500 <R <420

X Common to both above conditions ( Re = 4208 R=75x100)
_ |
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Fis.zlés‘ Effect of Ry on Critical V4 at different L.V. circuit

"requencies and gopPp spacings.

Z = 40 Ohms | RT= 75&'030hmsL§Ia=0-085/¢F; VIGo’33KV'

The vertical linas give the scatter obtained in all tests

——

carried out at a given R, The horizontal lincy give the

meon values of critical Vo, ocbtaned in ecach test,
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F1G.27. EFFECT OF R ON CRITICAL \/, AT O\FFERENT L.V.

CIRCU!IT FREQUENCIES. )
3

2=49400; Ry=75x10" 2 ; CI&=O-083/uF; V2 33KV;

GAP SPACE = I'5 ¢.

THE VERTICAL LINES GIVE THE SCATTER OBTAINED IN ALL

TESTS CARRIED OUYT AT A GIVEN Re, THE HORIZON TAL LINES

GIVE THE MEAN VALUE OF (RITICAL \/, OBTAINED IN

EACH TEST,
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300}

200}

00}

F1c.28. EFFect oF Ry on criTicaL V., AT DIFFERENT L.V.

CIRCYIT OUTPUT IMPEDANCE VALUES,

{ =50 ‘/5; RT = 75"'0351; CIGQO’OGB/.F;VIGG-; 33KV; 05cm GAP,

THE VERTICAL LINES &IVE THE SCATTER, AND THE HORIZONTAL

LINE GIVE THE MEAN, OF THE CRITICAL \/, O8TAINED v EACH TEST.




CriTicaL Vo, VouTs

900
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\ H.V. Follow Curvent| H.C. Follow Curvent
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200 b
B0 Ay
100}~
0 \ I f j
10’ T-5 10’ 109
Ret ,n
50
Fi.29 RetaTion BETWEEN %Eé{- AND THE CRiTicAaL V,, AT

DIFFERENT GAP SPACINGS.

Z=40N; R;=7510°Q; (;,=0-083 uF; Vrg, = 33KV,

THE POINTS SHOWN HAVE BEEN OBTAINED FROM THE

APROPRIATE CURVES OF F165.26-28.
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Time Scale :

gig# 31» Oscillograms obtained with imconditioned
tungsten capped spheres, 2 cm. diameter, spaced 0.5
cm. apart, when was in the critical range. Standard
Circuit.

(a)-(d) Follow Current established.

(e)-(f) Follow Current did not occur.



Time Scale :

Fig. 32. Oscillograms
(conditioned) tungsten
0.5 cm. apart, when
Standard Condition.
(a)-(d) Follow Current
(e)-(f) Follow Current

SO(*S

obtained with heavily oxidised
rods, 0.065 cm. diameter, spaced

was in the critical range.

established.
did not occur.



sphere,
see fig.p30. ’\AYhittg.* splslgre/\
see fig. .

Figo 35. Photograph of 2 cm. diameter, tungsten capped
spheres, showing arcing surfaces.
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Fia34 Sequence DiaaRAM For 0-047 cm DIAMETER PLATINUM

ELeECTRODES, SPACED 0'5 c¢m aparT. Standard Circuit.
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Time Scales:
(a)-(d) I +
(e)-(g)

Fig» 36» Oscillograms obtained with conditioned brass
spheres, 2 cm. diameter, spaced 0.5 cm» apart, when
was in the critical range» Standard Circuit»

(a)-(c) and (f)-(g) Follow Current established.
(d)-(e) Follow Current did not occur.
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Anode Cathode

Fig. 37. Photograph of 2 cm brass spheres, showing arcing

surfaces.
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Critical V,, Volts

T YNy, =IJe
Standard Circuit; n= 5,
The two curves were obtained in two Lest runs
carried out at an interval of 19 days.
Vertical lines give the scatter in \,, and horizontal
linesthe mean, for each test.
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Anode

Fig» 40. Photograph of 2 cm steel spheres, showing

arcing surfaces.



Time Scale :

Figy» 41. Oscillograms obtaii® d with conditioned steel
spheres, 2 cm. diameter, spaced 0.5 cm. apart, when
was in the critical range. Standard Circuit.

(a)»(d) Follow Current established.

(e)-(g) Follow Current did not occur.



Fiag.42. SPACNG DIAGRAM FOR L (M DIAMETER, HEAVILY UXIDI3EY

STeeL spHeERres, Standard Circuil,

These resuits were obtained

in two test runs, at an ‘

interval of 7 weeks.
Ist test run, n= §
2nd test run, n=10
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Cathode

fig. 44. Photograph of 2 cm diameter aluminimn spheres,

showing arcing surfaces.



(a)

0 t,
Time Scales; !
(a)»(d) '
Cel-tf) . IQIOO/\4
Pig. 45. Oscillograms obtained with aluminium spheres,
2 cm. diameter, spaced 0.5 cm. apart, when was in the
critical range. Standard Circuit.

(a)-(c) and (e) follow Current established.
(d) and (f) Follow Current did not occur.



Critical \,, Volts,

Fia. 46. Spacna DIAGRAM FOR 2 cm DIAMETER, HEAVILY
O XIDISED ALUMINIUM SPHERES.
Standard Ciuui‘t', nz=10.
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Anode Cathode

Mg> 47(a). Photograph of conditioned sections
of aliamininm disc electrodes.
4.6 times full size.



Anode Oathode
(b)

Anode Oathode
(c)
Plg. 47 ((b) and (o0)). Photographs of sections of
aluniiniuEi disc electrodes to which only five flashovers

had been applied. 4.6 times full size.

(b) None of the flashovers resulted in
follow current.

(¢c) All flashovers resulted in follow current.
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Fie. 49. Seacine Diacram ror 2 cm diameTER, HLaviLY

OXIDISED COPPER SPHERES. Standard Circuit.

These resvits were obtained in two test
runs, at an interval ot 9 weeks.

— — st test run, n= 5.

2nd test run, n=10,
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Jinodci Cathode

yjg* 50 Photograph of 2 om copper spheres, showing

arcing surfaces.



Anode athode
JTiV

Flg> 51. Photograph of conditioned sections
of copper disc electrodes.

4.5 times full size.
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i
Anode Cathode

Anode Oathode
(b)

Pig. 52. Photographs of sections of copper
disc electrodes to which only five
flashovers had been applied. 4.3
times full size.

(a) None of the flashovers resulted
in follow current.

(b) Follow current became established
after every flashover.
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Time Scale : jf

Flgo 53. Oscillograms obtained with conditioned copper
discs spaced 0.5 cm apart, when the value of was in

the critical range. Standard Circuit.
(a)-(d) Follow Current established.

(e) Follow Current did not occur.
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A4l

Time Scale ; h

Fig. 54. Oscillograms obtained with unconditioned copper
discs, spaced 0.5 cm. apart, when the value of was in
the critical range. Standard Circuit.

(a)-(c) and (e) Follow Current established.

(d) and (f) Follow Current did not occur.
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(a)-(f) =
isl A 100
Oscillograms obtained with conditioned
copper discs, spaced 0.5 cm apart,

of VQ was in the critical range.
except that 2=126 Ohms.

Figo 55.

when the value

Standard Circuit,

>) Follow Current did not occur.

Follow Current, established.



1 . VAN
Time Scale: 108

Fige 56. Oscillograms obtained with unconditioned
copper discs, spaced 0.5 cm. apart, when the value
of VQ was in the critical range. Standard Circuit,
except that 2=126 Ohms.
(a)-(e) Follow Current established.
(f)-(&) Follow Current did not occur.



0 t, (c)
(a)-(d) Standard (e)-(f) Standard
Qiroult A Circuit
(Z = 40). except Z = 126

Time Scale : H

Fig. 57. Oscillograms obtained with conditioned copper
rods, 0.056 cm. diameter, spaced 0.5 cm. apart, when the
value of VQ was in the critical range.

(a)-(c) and (e)-(f) Follow Current established.

(d) Follow Current did not occur.
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F16.58 [LLUSTRATION OF THE CRITERIA OF FOLLOW
CURRENT FOR THE CASE OF \, And V,
HAVING THE SAME POLARITY TO EARTH AND
I, BEING NEGLIGIBLE. .

In this mvestigation the criticai V, ranges
lay within A when Follow Current was of
the H.C. t\'pe. and within B Lhen Follow
Current vas of the HV type.
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Critical V,, Volts.

Fia. 50

400

300 |-

200 |

100 |-

Comparison oF SpaciNG DiAwrAMS.

These curves have been drawn {rom the Spacing Diagrams,
which have already been given. In the case of Copper, Brass
and Steel, the curves given below have been drawn to lie
evenly between those obtained in individual test runs.
Ececrrooes: 2 cm. diameter, heavily oxidised spheres.
CircuiT: Standard. -
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Gap Spacing, cm.




Test Circurt
(as n fig.1)

Fia. 60. MopwricaTion oF Test Circort

For 'PoinT-on-Wave' Tess.
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Fila. 6] CIRLUIT 5Va&ESTED FOR A STUDY OF

the grrect o H.F. Forlow Cummreny
ON THE EstAaBLISHMENT ofF L.F FoLiow

CURRENT.
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MaximMum VaLue ofF Vg WV.

10

1 1 } 1 i 1 | 1 1 1 1

0 [ 3 4 5 6 7 8 9 o u
Ry, kQ

ﬁg.‘ﬁ. RELATION BRETWEEN THE MAXIMUM VALUE oOFf VLtﬁ

AND THE VALUE OF R, , WHEN A LONG DURATION

PULSE W!TH A PEAK VALUE oF 35 kV (s APPLIED ACROSS

THE POTENTIAL DIVIDER, Ry =119 ki

The full curve was obtained by_experiment.

The dotted curve was obtained from calculations.
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Curve (1), RH = 1 k@3 Curve (2), RH = 10 k&, the

stralght lins corresponding to Vx has boen obtained
from £ig.64(b). (RL = 1 ¥M2) (No lumped CK or GL).

Curve (1), RH = 1 k23 Curve (2), Rﬂ = 10 kR« The
figure shows how the voltage V is obt-ined (the test

gRp voltage V 13 agssumed to fall to neov ‘at flashover,
and to ramain eonatant at that voltage until V

becomes negligible)e (R, = 1 MZ) (No lumped Gy or Cp e

Curve obtained with RH = ] k8, and Rﬁ = 10 ki.
(Records ars identiosal). (RL = 1 M2).

Curve (1), CL = 40 yaFy Curve (B), GL = 50 puFj
Curve (3), C_ = 72 BRF'. Vx wag obtained as for
f’.g.eé(ﬂ)o (Rﬂ = 10 k@j RI: = 180 kﬂ)o (Wo lumpad GH)O

GK is progressively increasod for each of the
subgequent curves (1), (8), (3) and (4), Eﬁ = 10 k3;

RL = 1 HR., (No lumped GL).
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ac.t.ual joliow current tot:> .
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Line C»0 kas been obtameoi

b> calculotion, OS explonneo)

n  AppenoliK VII.






