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SUMMARY. 

he paper is based on an investigation of the degree of 
iation of results obtained in repeat tests in the simplest 
e of a single -break circuit breaker and fixed conditions of 

ly. 
t is shown that the difficulty of rating a circuit breaker 
osely analogous to the difficulty a student would have 
ked to determine the tensile strength of a specimen on 
sting machine in which a concealed fulcrum of the lever 

tem was moving in an unknown manner and varying 
leverage over a range of the order of, say, 1 to 50. 

Curves are given, based on a large mass of data, showing 
le variations which occur in the individual maxima and the 
leans of arc energy in groups of repeat tests, and startling 
inclusions are drawn as to the prohibitively large number 
f tests necessary to establish a rating with any reasonable 
gree of accuracy by the generally accepted commercial 

tethods of testing. 
The investigation also throws light on the probable cause 

f some of the mysterious failures of circuit breakers that have 
sen reported from time to time. 
On three -phase testing a slight reduction in the number of 

,sts may be allowed, but this does not materially affect the 
meral conclusion that the number necessary would be 
rohibitively large. 
A thorough investigation of all possible causes of variation, 

ie development of formulm and the determination of 
instants by test, appears to be the only way of solving the 
oportant and pressing problem of the rating of oil circuit - 
Takers. 
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(1) INTRODUCTION SHOWING THE BEARING ON 

THREE -PHASE WORK. 

What number of tests is required to establish the 
rating of an oil circuit- breaker ? The purpose of this 
paper is to examine the problem and state conclusions 
in language as free as possible from technicalities. 

" Repeat tests " will be frequently referred to. By 
these are meant tests in which the circuit conditions, 
speed of break, head of oil, etc., are approximately 
constant. But it is to be clearly understood that 
before each such test the contacts are cleaned up or 
renewed and the oil topped up or changed if necessary, 
so that the circuit breaker is in proper condition. 

The simplest case will first be dealt with, namely 
that of a single -break circuit breaker controlling the 
circuit between two poles of a machine. Since the ques- 
tion of the bearing of the single -phase results on the 
practical and more pressing problem of three -phase work 
will be in everyone's mind, the position in regard to this 
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will be stated at the outset. The authors naturally 
studied first the simple case of the single -break single - 
phase breaker, but investigation of the three -phase case 
is also in progress and sufficient work has been done 
to show the extreme complexity of the latter. They 
think, however, that it is safe to say that at least 
the same degree of reliability can be obtained on three - 
phase work by two -thirds the number of tests required 
on single -phase, but that it would probably be unsafe to 
take one -third the number as sufficient. They think 
one -third unsafe because, in the relatively small amount 
of test data available, the ratio of the limits of variation 
of the total energy liberated in the three phases is already 
greater than the corresponding ratio for the total energy 
in groups of three single -phase tests. Other considera- 
tions lead to a similar conclusion. It might be argued 
by some that the authors are too conservative in this, 
and that, since there are six breaks, one -sixth the number 
of tests is sufficient. Though they cannot agree with 
such a view they would point out that, even if it were 
accepted, it would not materially alter the main con- 
clusions of their paper. 

(2) ANALOGY TO ILLUSTRATE THE DIFFICULTY OF THE 
PROBLEM OF CHECKING THE RATING OF OIL 
CIRCUIT- BREAKERS. 

In checking the rating of an oil circuit -breaker, we 
are faced with a problem very similar to that which a 
student would have if told to find out whether a given 
test specimen would stand a given scale pan load on a 
certain testing machine of the following peculiar design. 
We will suppose that instead of the usual fixed fulcrum 
of its lever system, the machine had one which was 
moved backwards and forwards (say by a concealed 
cam or other device) in such a way that at one end of 
its travel the test specimen WAS subjected to, say, 
89 times the stems produced when the fulcrum was nt 
the other end of its travel (and subjected to inter - 
mediate loads for intermediate fulcrum positions), the 
student not having any control or knowledge " the 
cam motion, It is obvious that as he does not know 
the position at which the fulcrum stops each time he 
makes a test, he dots net know what leverage wry 
.applied to the specimen in if he had some means 
of measuring the stress (as,, for instance, by the exten- 
sion of the specimen), he would riot know whether any 
particular test was the ww.orst that could happen, and 
so he dare not certify that the specimen will stand the 
scale-pan loading until he has made a. nuffioiently lard 
number of it: at to*ts to he roasonahly mato that he 
has erte®unteeed tho worst eannditiens of lever e inn at 
icaat ene of thorn, 

This is ahnest eeaotly the pt<ahlonnn with whit& wo 
aie fated in toVting oil eirenit-break-er*, olgoopt that 
the wide fame of variation inn the ntmn--ipriorchikinig 
fee take plate 6t %áßi the baler itself, although the 

natatef exeiitatier,,, circuit .swot totot and in 
an afe ho pt constaflt, analyni% of a ikirogo 

11nk11hef of fewat tests on a given oil to?tit- oak -orr 

uudtf the ve cendttiions show% that ¡Ono onota 
libtfatcd at a, §ri4,gla b ale of a , i4 1e ale @hi@áàit 

bftaktf vafied triaRk abut t to ai. -.ut á® k - 4,taal1ds., 

and our experience indicates that the variation is ting of 

large on commercial breakers of about the same om the 
city. Hence a large number of repeat tests is req ' o quan 
before a rating can be checked even to within, ary con 

50 per cent of its true value. he circt 
expulsion 
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(a) General. 
Having indicated (by means of the simple ' ustra 

of a testing machine with variallrle fun aruumi) some 
of the magnitude and complexity of one problem, 
authors will now proceed to a consideration of da 
repeat tests which they have collected in their res 
work at Carville power station. They will show 
these data can be arranged in distribution diagra 
various types and how study of these diagrams Ilea 

certain interesting and startlin conclusions. 

(b) Conditions under which the texts were made.* 
In their investigations the authors started with 

simplest case, namely that of a shTnntecin unit be 
two poles of a given a..c. execrator of 5000 -laW 
phase ca i city at a fixed open-circuit voltage of I 

and with negligible external iinmpedan oe and low 
factor of about 0- 1, the circuit breaker 6, wing a 
break, opening at about NO an per sue., with a 

10 can head of oil and with negligible mastic blow 

(er) Note ass ff f of 4* riona1 #11'@l& ed arisjonsmaa ittBv of s 
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ion is ting of a circuit breaker, this criterion is of no use 
nie om the point of view of quantitative work. It affords 
reg ' o quantitative measure of the condition of the auxi- 

:hin, ary . 

contacts (which are the ones involved in clearing 
the circuit), nor does it take account of the possible 
expulsion of smoke, oil or flame which may be sources 

Dns °1 grave danger to operators in the vicinity. Since 
for their work a quantitative measure of efficiency is 
required, the authors have based their conclusions 

i a study of the magnitude * of the arc energy libe- 
ted between the contacts, which energy is the cause 

gas production, explosion, pressure -rises, oil- throw- 
g, etc., and may usually be considered amongst the 
ain causes of destruction of switchgear. This arc 
rgy can be definitely measured by means of oscillo- 

aphic records of the current through, and the voltage 
ross, the arc. 

Note on the test data on which the work in this 
paper is based. 

In the course of an extensive research on oil circuit 
eakers carried out at Carville power station, the 
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main conclusions of the paper by increasing, rather 
than decreasing, the number of repeat tests that would 
have to be made if such a method were used for rating 
purposes. 

Further, it must be understood that all that follows 
is derived from a distribution with an upper limit of 
50 kW- seconds, but the authors may state here that 
they are satisfied that any modification either in the 
limits or form of the distribution which might result 
from additional tests (under the given conditions) 
would not alter the general argument or conclusions of 
this paper. 
(g) Information given by Fig. 1 as to the probable 

number of tests that would have to be made before 
a bad one is encountered. 

Let us now consider Fig. 1. One item of information, 
for instance, is that the chance of the occurrence of, 
say, 30 kW- seconds or over is 1 in 14, i.e, that on the 
average about 14 tests would have to be ,made before 
one occurred that gave 30 kW- seconds or over. This 
at once shows that one cannot hope to get any reliable 

(a)Distribution of the tests actually obre 

ri 6N4 

Smoothed Smo (6) othed distribution 

red 

16 20 24 20 32 35 40 44 
Evaetgy, ira kW-seconds 

FIG. i.-Distríl.utígri of tests as regards energy. 
Nee.--,For cant, (i,+ô:p the centrai orxii.-ase of any sane of 2 kß5°-sc+owm3s measured tm the n,eni;icad scale gives the 7pevtcemtage laf the total 

mnnmalber of tests the mmerXy of arfuás&e fah arüitlblm that sangc. 

thors have obtained so much test data that they 
able to select a long series of cases in which the 

nditions were as stated in (31) (b) above, They have, 
fact, about 910) suc' seorate results which form the 
s of what follows and which have been utilized in 

nstructing the distlzfibantíon diagrams shown in Fig. 1, 
rve (a) inIlg prepared from the observed res i'ts 

hile (b) is a smooth carve drawn to facilitate subse- 
ent calculations, etc. 

) Note on the " weight" that may be attached t® the 
upper limit and to t , e share of smooth curve used 
to represent the data. 

It will be noted vnn curve 04 of Fig. 1 that the aintlnons 
ve chosen a somewhat arislsary aaaaxî.xnaanaro. of .519 kW- 
onds. Their justification for this is that their 
lysis of variables not AIeat with in this paper Shows 

early that the actual maximum of 44 kW-seconds 
orded would be exceeded if more tests were made. 
ty is a convenient 'aanare to work with, and if higher 
xima were actually em><eoaatmteared as the result of 
re tests it Ystvotlatlldl so much the more strengthen the 

* see AnduiiQr 1111 disl''" 1Cvde otottiwó of xe swaserg5f,'" 

information fom two tests. It will further be seen that 
the chance of getttii rg, say, 47 kW-seconds arc energy 
output or over is about 1 inn 1000, or on the average 
about 1000 tests would 9naare to be made before the 
worst cases wïOaAld osesxunr. 

Thus if a circuit breaker be rated at, say 10 000 kVA, 
and be on a ceiricmiiít where HI ta(*Q 110,7A is the maximum 
power aw-aida.lblte ttlnen. about 1 IffAQD tests would have to 
be made before one could be reasonably :sure that the 
ei.rcanit breaker had been subjected tto within a few per 
cent of its waaec»1t Omaha and that approximately the 
worst arc energy output had iç,mautuared. 

1f tl6iceinreaui.tlbreaker withstood the 1 000 tests without 
estme:exl`iarmg some given oríithennion of distress, then one 
cooanld be reatsoa»sbD.y satisfied to rate it at 10 000 kV19.. 

(h) The mangier of teats nepCpi:rd to make "reasonably sune 
that the worst af a.set exceeds ;ca specified rnirtï:rPZLarrt 

are energy mnnitpntct. 

The next question that arises is this :-In the com- 
mercial testing of heavy eciiscelaaiilt breakers it is obviously 
impossible, for reasons of expense, safety :of the machine, 
etto., to make 1 tOt9g tests or even AO or 1100 on a given 
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breaker, and we therefore want to know how near the 
truth we could get if we only make, say, 5, 10 or 20 tests. 

In other words, if, say, 20 tests are carried out, is it 
not highly probable that the worst energy output 
would be reasonably close to the possible maximum ? 

formed, assuming that the limits and distribution 
as in curve (b) of Fig. 1, it is found that for practi 

purposes * the maxima range from 6 to about 49 k 

seconds. The actual chance of getting either one 

these extreme results can be derived from a study 

12 16 20 24 28 32 36 40 44 48 
Energy, in kW- seconds 

FIG. 2.- Distribution of the maximum individual energy liberation in groups of n tests 
(n having the value indicated against each curve). 

Thus the hatched area divided by the total area under curve 5 represents the chance that the maximum energy in 
a group of 5 tests has a value between 12 and 15 kW- seconds. 

Note.-For all curves the central ordinate of each range of 2 kW- seconds, measured by the vertical scale, gives the 
chance as a percentage that the maximum energy in a group of n tests falls in that range. 

FIG. 3.- Distribution of the mean energy liberation in 
groups of n tests (n having the value indicated against 
each curse). 

Thus the hatched area divided by the total area under curve 5 represents 
the chance that the mean energy in a group of 5 tests has a value between 
12 and 14 kW- seconds. 

Note. -For all curves the central ordinate of each range of 2 kW- seconds, 
measured by the vertical scale, gives the chance as a percentage that the mean 
energy in a group of n tests falls in that range. 

12 16 20 24 28 32 
Energy, in kW- seconds 

This is a problem in probability and is amenable to 
calculation based on the initial smoothed curve (b) of 
Fig. 1. 

The results of the authors' calculations are shown in 
the family of curves in Fig. 2. These show the way 
in which the distribution of maxima varies with the 
number of tests. Thus if groups of 5 tests are per- 

36 40 44 48. 

the appropriate curve (curve 5, Fig. 2). Thus if 

tests are made, the worst that occurred may only 
Some arbitrary criterion of " improbability " of occurrence has to bi 

and for practical purposes the authors have selected those values oft 
energy such that the chance of getting greater than the upper limit or lee 

the lower limit, as the case may be, is 1 in 1 000. Tables 1 (A and H 

2 (A and B) show the results of taking 1 in 1 000 and 1 in 100 as the e 
of the limit. A comparison of these results and of the curves indicate 
no material alteration would be made in the figures if the chance were 

to1in10000. 
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of one -eighth the violence of the worst that might 
ave occurred. 
Table 1 (A) shows the way in which the range of 

ariation of the maxima decreases as the number of 

ests in a group is increased, but even when 50 tests 
re made the worst of the 50 to the same degree of 

TABLE 

Maximum Energy (kW- seconds) 

(j) The number of tests required to make reasonably sure 
that the mean of the set exceeds a specified minimum 
value. 

Since it has been shown above that a consideration 
of the maximum of a group of tests does not afford 
a satisfactory indication of the maximum possible, 

1.* 

in Groups of n Tests. 

No. of tests 
in group 

A 13 

Limits beyond which chance of occurrence 
of a maximum of n tests is 1 in 1 000 

Ratio of limits 

Limits beyond which chance of occurrence 
of a maximum of n tests is 1 in 100 

Ratio of limits 

n Lower limit Upper limit Lower limit Upper limit 

1 1 47 47 2 39.5 19.7 
2 2 48 24 4 42.5 10.6 
3 4 48 12 6 43.5 7.2 
5 6 48.5 8.1 9.5 45 4.7 

10 11 49 4.5 15.5 46.5 3.0 
20 17 49 2.9 21.5 47.5 2.2 
50 25.5 49 1.9 28.5 48 1.7 

100 30.5 49.5 1.6 33 48.5 1.5 

* See footnote on page 916. 

certainty may only have been of about half the violence the mean of the same group might be expected to yield 
that might have been experienced if more tests had been closer limits between which this quantity must lie. 
made. Fig. 3 shows the way in which the means of groups of 

TABLE 2.* 

Mean Energy (kW- seconds) in G 'oups of n Tests. 

A B 

No. of tests 
in group 

Limits beyond which chance of occurrence Limits beyond which chance of occurrence 
of a mean of n tests is 1 in 1 000 of a mean of n tests is 1 in 100 

Ratio of limits Ratio of limits 

n Lower limit Upper limit Lower limit Upper limit 

1 1 47 , 47 2 42 21 

2 2 43 21.5 3 34 11.3 

3 2.5 35.5 14.2 4 30 7.5 

5 4.5 32 7.1 5.5 26 4.7 

10 6.5 26 4 7.5 22.5 3 

20 7.5 20 2.7 8.5 19 2.2 

50 9 18 2 10 17 1.7 
100 9.5 17.5 1.8 11 16.5 1.5 

* See footnote on page 916, and Appendix III. 

x 

s 
In other words, with the testing plant arranged to repeat tests vary, and Table 2 (A) shows the limits o. 

i Ve, say, 20 000 1:VA (maximum) on short -circuit, the ranges of means of groups of different size. 
Rs Suit of 50 tests can only have established a rupturing It will be seen on comparing Tables 1 and 2 that 
e.aDacifirof 

,A- ,,,.,+ 1n nnn 1, TA ., ++1,. c,,,,o ...,l +000 +ha ro +in of +hu limi +c is rnahlw the same in hntl 
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cases, so that, considered alone in this way, the informa- 
tion regarding the distribution of the mean values does 
not materially reduce the limits of uncertainty. 

A word is necessary as to the method used in obtaining 
the curves given in Fig 3. Calculations * in connection 
with skew frequency distributions are at all times very 
laborious, and chances of error always present, and as 
we were desirous of showing the distributions of means 
for groups of seven different sizes (2, 3, 5, 10, 50 and 
100 tests) a mechanical method t of sampling was de- 
vised which enabled us to obtain the desired results in a 
relatively short time. 
(k) Study of the distribution of the maxima, means and 

minima of test results in groups of n tests. 
Some additional narrowing of the limits of the values 

obtained for the maximum energy of the range (i.e. 
50 kW- seconds in the conditions of test with which 
we are dealing) can be effected by considering in con- 
junction the curves in Figs. 2 and 3. Such improvement 
is, however, small and does not affect the arguments. 

A consideration of the distribution of the minima and 
modes in conjunction with the maxima and means 
might also be made and might lead to some slight 
further reduction in the uncertainty. 
(l) General conclusions from the above. 

Put in a rough- and -ready way, the authors' investi- 
gations indicate that if a single -phase single -break 
circuit breaker twice clears, without serious distress, a 
single -phase dead short - circuit on a supply capable of 
giving a maximum of, say, 10 000 kVA, all that can be 
assumed is that the circuit breaker is safe for operation 
on about 1 /24th the kVA, or say 400 kVA.$ If it 
clears :- 

5 tests at 10 000 kVA it is safe for operation on about 
1 /8th, or 1 200 kVA. 

10 tests at 10 000 kVA it is safe for operation on about 
1 /5th, or 2 000 kVA. 

50 tests at 10 000 kVA it is safe for operation on about 
1/2, or 5 000 kVA. 

This striking result indicates that there is little hope 
of being able to check the rating of an oil circuit- breaker 
by the methods usually accepted in commercial testing, 
even on three -phase work, without doing a prohibi- 
tively expensive number of tests. Moreover, the 
necessary number of tests would have to be greatly 
increased unless the arc energy output that will just 
cause a given criterion of distress is accurately found 
by some other means. Such means must allow of the 
stress- producing forces being rigidly controlled and 
increased little by little in suitably graded steps, but 
this is a problem still awaiting solution. The two 
tests specified by the B.E.S.A. Specification are thus 
seen to be totally inadequate. 

These results are quite contrary to commonly accepted 
opinion and have only been possible owing to the large 
number of tests available. 

Fer the calculation of the distribution of the means of samples see CHURCH, 
Biometrika, 1926, vol. 18, p. 335, and references given therein. 

t See Appendix III. 
$ The applied voltage and the power factor being the same in all cases, the 

contacts assumed cleaned up or renewed and the oil changed when required; 
and assuming also that the curves of distribution of the test -results at the 
different values of kVA as regards energy are of the same form and have their 
maximum and minimum values directly proportional to the applied kVA. 
This has not been established. 

i 
(4) FURTHER DIFFICULTIES . EXPERIENCED IN DETEabOut or 

MINATION OF THE RATING OF NEW DESIGNS, 
to be sal 

In their illustration of a testing machine with variatand is th 
fulcrum, and in all their considerations up to ti. Unfort 
stage, the authors have only dealt with the difficulthave not 
of checking a rating, but the difficulties multiply whááternall 
a manufacturer is faced with the problem of determintthe maxi: 
the rating of a new design of breaker. breaker i 

There are, at least, two distinct problems involved it might 
this, namely :- of tests t 

(i) The problem of what arc energy output and r 
on cure 

of output a given breaker will stand between 
contacts. 

(ii) The problem of determining the kVA and o 

external conditions which, when associated 
the operation of the circuit breaker, will nei 

result in a greater energy output within 
breaker than the safe limit determined under 

The ai 
hich we 

breaker 
terrain 
The or 

The complexity of the problem arises from the í ting al 

that, in considering (i), no satisfactory method is study of 
present available for releasing predetermined amount of arc e 

energy between a circuit breaker's contacts, so that the magi 
limiting stress cannot be rapidly reached by a sh tionship, 
series of predetermined steps. In (ii) it arises becaL a general 
as shown in (3) above, the arc energy output instants, st 

breaker for fixed conditions of external load varies o etermint 
an enormous range and one cannot be sure that 1 t a curt 
worst conditions within a breaker (corresponding tbut once 
fixed external load condition) have been met, unt be possib 
very large number of repeat tests have been made variation 
the given setting. breaker o 

In practice the maximum energy the breaker The Br 
ociatic 

reall 
aminati 
yeral ye 

d in v 
ccess s< 

hase) at 

stand would have to be roughly determined during 
progress of the hit- and -miss process mentioned in 
as will be shown in greater detail hereunder. 

In the absence of any other aids, such as 
B.E.A.I.R.A. is gradually securing, the manufac 
must start by making an intelligent guess at the ra 

before checking it by the process of repeat tf, 

mentioned at the end of Section (2) of this paper. certain cr 

Let us suppose the guess to be 10 000 kVA. He may be 
his machine to give this amount. He then carries formula t 
50 tests which, we will suppose, the breaker successf. In any 
passes, but he is then only sure to have developed i 

current a 
the possible kW- seconds that might be generated in be necess 

circuit breaker under the given test conditions. and heave 

If now he endeavours to subject the breaker ti to deten 
is of 

ting pl: 
In con, 

bservatit 
gh valu 
peration; 
lained f; 
om time 
ue to It 
ay simP 
perating 
curve, th 

more severe test and, say, sets the machine to 
double the kVA, he may at the very next test get 
times the above energy, which is quite likely to l' 

the circuit breaker. He will probably, therefore, ni 

a smaller step than this. It will be seen that a se 

of such small steps may have to be taken, each requ 
50 tests, and even then, when the distress limit 

reached, he cannot be sure that the energy released 

the switch in any test has been appreciably 
half the possible maximum corresponding to the c 

conditions in the series of 50 tests in which the dis 

was observed. 
He may, of course, have overestimated and mated ow 

breaker may show serious distress in the first 10 tc Many f 

in which case this may have been caused by 0f Partict 

i 
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DETt'about one -fifth the possible maximum energy, so that 
3NS. 

to be safe he must materially reduce the applied kVA 
L variatand is thus involved in a long series of tests as before. 

to tt Unfortunately, in the case of oil 'circuit -breakers we 
Lifficultihave not sufficient data to be certain that when the 
ply whexternally applied load, or kVA, is increased or reduced, 
ter-minithe maximum release of energy possible inside the circuit 

breaker is increased or reduced proportionately, so that 
volved it might be necessary to carry out even longer series 

of tests to determine the shape and limits of the distribu- 

and r,tion curves at various values of applied kVA. 

etween, 

tnd o 

ated 
will ne 

(5) GENERAL CONCLUSIONS. 

The authors have shown that the number of tests 
hich would have to be made to check the rating of 
breaker is very large, and that the number required to 

itlain tdetermine the rating of a new design is still larger. 
under The only solution of the problem of determining the 

L the hating appears to be the systematic discovery and 
hod is study of every variable entering into the production 

arc energy, the discovery of the laws governing 
e magnitude of these variables and their interrela- 
onship, and the crystallizing of this information into 
general formula. Such a formula would contain con - 
nts, some of which would undoubtedly have to be 

etennined by a few tests on each new type of breaker 
a current in the neighbourhood of its current rating, 
t once these tests had been carried out it should 
possible to determine by calculation the limits of 

ariation in arc energy that would occur in a given 
beaker operating under given circuit conditions. 
The British Electrical and Allied Industries Research 
sociation is the only body, so far as is known, which 

really appreciated the importance of detailed 
amination of the problem. It has been engaged for 
veral years on a careful analysis of variables with this 
d in view and is now within measurable reach of 

mounts 
> that 
r a s 

s beca 
:put in 

aries o 

that 
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t, until 

L made 

Baker 
luring 
ed in 

h as 
nufac 
the rat success so far as the range up to 20 000 kVA (single - 
oeat t phase) at 6 600 volts is concerned, but, in regard to 
)er. certain causes of variation, research at higher ranges 

He : m ay be necessary before the safety of applying the 
mula to such higher ranges is established. 
In any case, a limited number of tests at about the 
rrent and voltage ratings of the circuit breaker will 

necessary to determine constants in the formula, 
d heavy - current tests at low voltage may be necessary 

determine the electromagnetic and other stress 
is of the circuit breaker ; all this will need special 

sting plant of large capacity. 
In conclusion the authors would point out that their 

bservations regarding the probability of occurrence of 
igh values of arc energy after a certain number of 
perations give strong grounds for belief that unex- 
lained failures of circuit breakers, which are reported 
om time to time in various countries, may not be 
e to mysterious over -voltages or other bogies, but 

ay simply have been the result of the circuit breaker 
operating at the bad end of its energy distribution 
curve, the rupturing capacity having been overesti- 
mated owing to inadequate previous tests. 

Many false impressions as to the rupturing capacity 
of particular circuit breakers are now current, due to 
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the quite inadequate number of tests to which they 
have been subjected under given conditions, and 
inadequate records of the results obtained. 
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APPENDIX I. 

GENERAL CONDITIONS OF TEST. 

(1) Voltage (nominal) on 
generator voltmeter. . 

(2) Range of symmetry .. 

(3) 

(4) 

(5) 

(6) 

(7) 

Frequency .. 

kVA at separation, range 
Power factor .. 
Position of break 

Type of break .. . . 

(8) Least horizontal dis- 
tance from break to 
return lead .. 

Velocity of crossbar .. (9) 

(10) Head of oil 

(11) Volume of oil in tank .. 
(12) Kind of oil .. . . 

(13) Type of contacts 

5 500 volts 
Totally symmetrical to 

totally asymmetrical 
40 cycles per second 
9 000 to 16 000 (approx.) 
0.1 (approx.) 
Central in large tank of 

oil, diameter 3 ft. 6 in. 
Single 

33 cm 
100 cm per second 

(approx.) 
About 10 cm with free 

surface 
About 250 gallons 
Wakefield's " S u p e r- 

forma " 
Tongue and finger 

APPENDIX II. 

NOTE ON RATE OF OUTPUT OF ARC ENERGY AS A 

FACTOR IN RATING. 

Rate of output of energy is also a factor that might 
have to be considered in any final analysis. It will be 
seen that, for example, 20 kW- seconds liberated between 
circuit- breaker contacts by a low- current arc of long 
duration might not produce as much of a " bump " or 
as much distress as 20 kW- seconds produced by a 
heavy- current arc of short duration. 

This factor is, however, not one which materially 
affects consideration of the data, which have been 
obtained from tests in which the current did not vary 
by as much as ± 25 per cent, and its effect, if any, 
would be for rather than against the necessity of a 
large number of repeat tests. It is, however, a factor 
which would have to be watched when reasoning about 
conditions at widely different currents or voltages, and 
here again it would support an argument for more tests. 

* The circuit breaker used in these tests had no cover. 
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APPENDIX III. 

NOTE ON METHOD OF DETERMINING THE DISTRIBUTION 
OF MEAN ARC ENERGY IN GROUP OF it TESTS BY 
A ROTATING DISC. 

To calculate the distribution of the mean energy in 
groups of n tests (n having the values shown in Fig. 3), 

10 

oValues obtained using a 
spinning -disc graduated from 
the same original curve used 
in deriving curve (a) 

spun rapidly, " stabbed " with a sharp instrument, with new 
the range corresponding to the "stabbed " secand the 
noted. Ten thousand such " stabbings " or " tesiagain an 
were performed, and the means calculated and (Es' was at 
buted. called uI 

The results were plotted, and are shown in the curcame doi 
in Fig. 3. out a gre 

An indication of the accuracy of the above meowing to 
condense: 

o top of thl 
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maxima of groups of, say, 10 tests (obtained frorconsidera 
smoothed distribution curve by direct calculat made stro 

with that obtained from an examination of 1( 
of the oil 

" tests " obtained by using a disc graduated from 
óf oil in 

same curve. This comparison is shown in Fig. with fuse 

the agreement is seen to be good. surrounds 
the same 
short -circi 
broke tin 
This expe 

after it has passed the zero point. The authors r onfined 

to " mysterious over -voltages or other bogies " c. The 
causing breakdown of circuit breakers, but they s e the Po 
to think that these are not the real cause of the br d the cl 
down. From the experience we have had we which 
encountered more trouble in dealing with comparati inflame 

small currents in which there has been a certain am explosi 
of inductance and capacity than with large cu pour w 

supplying power, and I understand the Americans ear the 
experienced similar difficulties. About 16 years a 'uctors ni 
new oil switch was installed in connection with other t 

traction system. The normal current was about 

amperes, and at the same time there was a c 

amount of inductance and capacity. The first 
this switch was opened it exploded, destroying 
surrounding concrete and the steel door. As the d 

of this switch was exactly the same as that of the o 

switches in the generating station which had 
dealing with short -circuits for years, I concluded 
when this particular switch was installed no oil 

been put in it. The whole apparatus was reconstru 

(a) 

12 16 20 24 28 32 36 40 44 48 
Energy, in kW- seconds 

FIG. 4.- Diagram to illustrate the degree of accuracy obtained by using the spinning -disc 
method of determining the distribution of individual maxima in groups of tests. 

Curve (a) shows the distribution of maximum individual energy in groups of 10 tests calculated from distribution curve No. 1, Fig. 3. 

a circular disc of cardboard was divided into sectors 
proportional to the number of tests falling within each 
range of 1 kW- second of energy. * This disc was then 

s As read from the smooth distribution curve (No. 1, Fig. 3) similar to (b) 
of Fig. 1, which latter, however, represents the original test data slightly better. 
Though the authors' work on the means of groups is thus based on an earlier 
and slightly different curve from that on which their work on the maxima is 
based, the limits are the same in each and they are satisfied that their general 
conclusions are not materially modified thereby. 

is obtained by comparing the distribution 

DISCUSSION BEFORE THE INSTITUTION, 7 APRIL, 1927. 

Mr. G. W. Partridge : As I believe I was the original 
inventor of the oil switch some 35 years ago I am 
naturally very interested in this paper, particularly 
in the lantern slides and oscillograph curves. I am to 
a certain extent disappointed, as I thought that after 
this length of time, and having carried out so many 
tests, the authors would have been able to give some 
definite information as regards the improvement in 
design of oil switches. I have been closely connected 
with the Deptford power station ever since its inception ; 

and for about 15 years we have been giving h.t. single - 
phase supply for traction purposes, and during this 
time we have experienced literally thousands of short - 
circuits. On one day I remember we had over 50 
short -circuits practically across the busbars at power 
factors varying from 0.5 to 0.75, and in some cases 
lower. It is well known that the power factor of the 
circuit has a great deal to do with the rupturing of a 
circuit breaker ; the lower the power factor the more 
difficult it is to rupture the current, as the voltage 
remains available and tends to start the current again 
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ith new concrete, new oil switch, and new steel doors, 
d the first time this switch was opened it blew up 
ain and very nearly injured one of our men. As 

was at a loss to understand what had happened I 
lied upon the services of the late Mr. Duddell, who 
me down to the Deptford power station and carried 

ut a great number of experiments. It was found that 
metowing to the static character of the arc, due to the 

condenser effect, we were breaking the arc at or near the 
top of the current wave in about 0.002 sec., and got rises 
of five times the working pressure. The actual working 
pressure was 6 600 volts and the oscillograph showed 
rises up to 35 000 volts. It is well known that the 
opening of currents by oil switches or fuses is always 
attended with a certain amount of risk if the current 
is suppressed too suddenly and the energy stored in 
the self -induction of the circuit is not dissipated. The 
rise in pressure broke down the insulation of the switch, 
and the main current did the rest. We then tried 
experiments with carbon contacts to encourage the arc 
to persist until it had reached the zero point. The 
best results were obtained with a carbon -clay compound 
which we introduced into the auxiliary circuits. With 
this auxiliary contact no rise of pressure took place. 
As regards the actual break of an oil switch, I think 
that, if the difficulty of manufacture could be overcome, 
a horizontal break would be more satisfactory than 
the vertical break ; this I have confirmed in experiments 
with h.t. fuses under oil. I think also it would be better 
to increase the number of breaks, because the length 
of arc and the arc energy would be reduced. The actual 

n of 
strength of the oil tank is a matter requiring very careful 

:d frocconsideration. 
I believe that if the oil tank could be 

.lculat 
made strong enough and able to withstand the expansion 

of 10 
of the oil there would be no need for a large quantity 

from 
of oil in switches, which is a danger. I experimented 

g 
with fuses about 1 in. long under oil in a steel box 

4 
surrounded with 6 in. of concrete, and these fuses, of 
the same length as ordinarily used for 100 volts, were 
short -circuited across a 10 000 -volt generator and 
broke the circuit two or three times satisfactorily. 
This experiment went to show that if the oil is properly 

hors t nfined in the tank it will eventually damp out the 
)gies c. The chief difficulties to contend with in oil switches 
they s e the possible rises in pressure to which I have referred, 
the br d the chemical separation of the oil, a certain amount 

we which becomes carbonized and another turns into 
parati inflammable gas which, when it meets the air, causes 
in an explosion. This gas is very often mixed with copper 

cu pour which short -circuits all live metal anywhere 
[cans ear the switch. To overcome this difficulty all con - 
ears a ctors near an oil switch should be suitably insulated. 

with other trouble which may occur in an oil switch is 
abou at, although the switch may open a short -circuit 

a ce tisfactorily, it has been unable to withstand being 
first 'tched back on to a short- circuit. These conditions 
oying em to put a greater strain on the switch than when 
the d Opens a short -circuit under ordinary circumstances. 
f the o the capacity of our generating stations increases 
had om year to year, it seems to me that the cost and 
hided e of the oil switch will have to be increased, unless 
io oil e can have some quick- acting apparatus, which in 
onstru e event of a sustained short- circuit taking place would 

reduce the pressure of the whole of the generating 
station to some predetermined limits. If that were 
practicable I think it would be possible to reduce the 
cost of switchgear and the enormous strain which is 
put upon the generating plant when these short -circuits 
take place. Subdivision of the system by suitable 
reactances is in any case essential. 

Mr. H. W. Clothier : I enter on this discussion with 
diffidence, because I have to view the paper from two 
sides : in the first place as one having representation 
on the Research Committee, which gives me an amount 
of inside information ; and in the second place as a 
manufacturer with an amount of practical experience, 
which I feel is of greater value, as the matter now 
stands, in determining the breaking capacity of a circuit 
breaker. From both points of view I can appreciate 
the great care and patience that have been expended 
by the investigators in their endeavour to solve problems 
that - have puzzled users and manufacturers the world 
over. My general impression is that the paper does 
show that the extent of the variations met with in 
handling these problems is greater than most people 
would have been disposed to admit. To this extent 
the paper may be considered to be a revelation ; but 
from the outside point of view I feel that it is dis- 
appointing. It does not take the electrical industry 
into the confidence of theResearch Association. There 
have been so many rumours about a revolution in 
circuit- breaker design that users are rightly expectant 
of some signs of its maturing. The authors state that 
only 1 in 14 tests gave an arc energy of 30 kW- seconds 
or over, which is only two- thirds of the maximum arc 
energy. Further, I think I am right in interpreting 
the curve shown in Fig. 1 as meaning that 1 test in 50 
shows 44 kW- seconds, which is nearly the maximum ; 

and in 1 in 1 000 the authors got 47 kW- seconds or 
over, which is the maximum. The authors enter into 
a sort of game of chance, and it appears that 50 tests 
are required to enable one to be reasonably sure of 
getting half of the maximum arc energy that may be 
expected. They do not tell us enough, I think, in 
explanation of these variables. The place at which the 
circuit breaker opens on the wave in the maximum -energy 
record shows clearly the effect of the time function. It 
would seem that before the arc is extinguished at 
or near to the zero point of the current wave there 
must be sufficient time to allow the current to get into 
phase with the voltage. This is an example of the effect 
of the power factor. Then there is the " doubling " 
effect, that ìs, the effect of happening to hit on an 
asymmetrical wave ; but these are not sufficient to 
account for the large differences indicated in the paper, 
and I should like the authors to give more information. 
For instance, what part is the oil playing ? It is well 
known that the electric strength of oil varies consider- 
ably, and one has to take a large number of tests of the 
same oil, particularly if it is exposed, as this experimental 
switch is exposed, with an open top, and on the North - 
East Coast, where there is sometimes a very bad 
atmosphere. The authors' tests have been made on 
apparatus of altogether abnormal construction ; a 
laboratory instrument well chosen for the purpose of 
getting at the fundamentals. But we must not jump to 
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the conclusion that they have lamentably exposed the 
manufacturers' commercial designs of oil- immersed circuit 
breakers. It does frequently happen in research work 
on apparatus controlled by many variables that one 
strikes a zone of instability, which may not be so marked 
under other, perhaps more practical, conditions of work- 
ing. Let us consider in what ways this experimental 
switch is different. It is a single -break switch, whereas 
most commercial switches have two breaks. Again, 
the experimental switch has an open top; whereas 
commercial switches are closed in, and the wise switch - 
maker encloses them in a very strong mechanical con- 
struction capable of resisting any gas explosions that 
may occur. Then, again, in the authors' switch the 
arc is in the centre of a great oil bath, whereas a com- 
mercial switch enclosure is of comparatively small 
volume, which has a stabilizing effect upon the arc. 
Most of the failures of circuit breakers are - due to 
the bursting of tanks or top -plates. The test switch 
provides no equivalent, and the paper gives no par- 
ticulars of the static pressure sustained. This, I believe, 
is the most important factor in switch design. In the 
absence of available plant and stability, it is reasonable 
practice to test by an explosion of dynamite, gunpowder 
or rippite in the tank enclosure. If it is impracticable 
to have the right number of tests before we get the worst 
result, we want to know, as a result of these experiments, 
what are the maximum arc energies corresponding 
to certain kVA breaking capacities, and how these 
energies are related to pounds per square inch pressure, 
or impact within the switch tank. Some switchgear 
designers have set much store upon easements, tanks 
that yield to relieve the static pressure, explosion pots 
to reduce the arc energy, and so on. For my part I 
prefer the strong tank and top -plate enclosure. The 
easement may give out, as the explosion pots did in 
recent tests in America, and if that happens the weak 
tank must burst. Arrangements might be made that 
would have the beneficial effect of increasing the chance 
of an early break of the arc while the current is passing 
through zero, but there is always a chance that it will 
be prolonged past the first zero, and therefore the circuit 
breaker must be strong enough to withstand the worst 
condition, regardless of the easement securable in the 
lucky shots. Can the authors say, from a comparative 
examination of ordinary commercial circuit breakers, 
what is the reduction or increase in arc energy for two 
breaks in series as compared with one, and what is 
the maximum arc energy and range of variation at 
25 000 kVA and at 50 000 kVA ? Can they correlate 
the arc energy with the static pressures on the tanks 
of commercial circuit breakers of stándard rating, 
suitable for breaking, say, 10 000 or 25 000 or 50 000 kVA, 
derived respectively from generators of 1 000 kW, 
2 500 kW, and 5 000 kW output, with 10 per cent 
reactance ? Finally, does their experience enable them 
to say whether the variation is as large on commercial 
circuit breakers working on the same breaking capacity ? 

The Research Association have tested commercial circuit 
breakers at Carville, and the commercial ratings have 
not been shaken ; the tests have, if anything, appeared 
to warrant a higher rating, notwithstanding the fact that 
circuit breakers of a small size, with weak tanks, were 

deliberately selected to invite damage by the po 

available. I submit that - British manfuacturers 
a very good idea of what is required to deal with 
worst short- circuit conditions that arise in heavy p 

from time to time, and according to the laws of cha 
set out in the paper itself some of these are likely to I 
approached the extremes. In regard to the remarks 
the paper about the B.E.S.A. duty - cycle, it should 
remembered that this states a certain cycle of operati 
The switch must open, then close, then open again, all 

short- circuit, and still be suitable for going into se 
The B.E.S.A. does not attempt to say that this pr 
the switch ; the B.E.S.A. is not 'a proving house 
switches. The important factor . of stress on ' ` do 
on short -circuit " is not dealt with in the paper, hu 

is covered in the B.E.S.A. duty cycle. All that 
necessary is to make an addition to the B.E.S 
Specification acknowledging that the ' arc energy 
vary for a given kVA breaking 'capacity, and sta 
that the duty cycle is intended to cover oper 
under the maximum stress on the circuit breaker 
its rated breaking capacity. A paper by Sporn 
St. Clair,* on some definite practical commercial 
on large circuit breakers with a capacity up 

600 000 kVA, has, I think, a most important be 
on this discussion. Two pages of tests taken 
secutively are given in that paper, and they are 

practically consistent, and do not show the--1 -in -1 

chance variations. It is opportune here to men 

how necessary it is that we should have testing p 

of larger output. submit that we are 
with things ; we are only doing laboratory work 
5 000 -kW machine. Doubt may be cast on tests 
with the plant now available, and still more u 

deductions that may be drawn from them when 

attempt is made to apply them to determine 
design of the much larger breakers that matter 
in commercial practice to -day. Let us inquire 
progress is not being made in equipping this co 

with plant equivalent to, if not in advance of, tha 

other countries- America and Germany, for exa 
For several years the Electrical Research Associa 

have been making it known that they require 
plant to continue and confirm their tests already 
on a merely experimental scale. Why is it that in 

country we have to submit to the inconvenience, w 

ever we want to test a circuit breaker, of having to 

it to America or to Germany ? I suggest that 
Institution should convene a meeting of switch 

manufacturers to discover what prevents our 
equipped with testing plant equal to that possessed 

our commercial rivals. 
Mr. R. W. Gregory : The paper shows that alb 

nearly all the variables in the circuit, including 
circuit characteristics, the generator characteristics 
the various physical dimensions of the oil circuit -br 

are kept constant, yet 1 000 tests are required to 

sure that the circuit breaker is rupturing the m 
kVA. It has been realized for some time that 

circuit- breakers are erratic in their behaviour, b 

do not think that the extent of this erratic beha 
was ever thought to be so great as is shown in 

* Winter Convention (1927) of the American I.E.E. 

er. - B 
the be 
to be 

is havi 
yield I 

y exis 
0 -kVA r 

aker d 
filar ra 

ediate 
the accr 

g of 
ady e 

nufactt 
lite th 
tor of i 

duced 
indus 
does 

acity r 

mud 
fing the 

ces at 

wer sys 
are 

vice rec 
twork t 
ders. 
ring on 
ance agi 

a faul 
short -c 

ch mea 
'tch haN, 

one yea 
inst t 

mum 
00 -volt 

y one 
ditions 
e to inv 
1 chan 

0 circuit 
mber of 
ere is a 
rating 

num ag 
lying b3 
inst an 

ar under 
ce on th 
tisfactor 
rated r 
mated 

dergrour 
akers t] 

d these 
that the 
aker ha- 
1 000, i 

e circuit 
ditions. 

w obtai 



re p 
ers 
with 
Ny p 

f ch 
ytob 
marks 
hould 
)erati 
tin, all 

D se 
is pr 
louse 
" clo 

:r, bu 

1 that 
B.E. 
;rgy 
d sta 
pera 
reaker 
porn 
:cial 
y up 

t be 
ken 
y are 

1 -in -1 

1 men 
:ing p 

st t 
work 
ests 
lore u 

when 

:mine 
Ltter 
luire 
is co 

if, tha 

exa 
ssocia 
rite 
nady 
hat in 

nce, W 

ing to 

; that 
switch 
our 

)ssessed 

alth 
lu ding 

eristics 
uit -br 

ed to 
ma 

ie that 

Lour, b 

beh 
)wn in 

E. 

AN OÌL CIRCUIT-BRÈAK -ER : DÍSCUSSION. 923 

er. Before accepting the results as representative 
the behaviour of all oil circuit -breakers, I should 

e to be sure that the variations were not due to the 
is having been made under conditions approaching 
yield point of the breaker where a state of instability 

y exist. Supposing the generator had been a 
0 -kVA machine and the speed of break of the circuit 
aker doubled and the head of oil trebled, would a 
lar range of tests be necessary ? One of the 
ediate effects of this paper is to raise a doubt as 

the accuracy of the manufacturers' rupturing capacity 
ng of commercial circuit breakers. This doubt 

eady exists in America. The British switchgear 
nufacturer has, I think, sufficient " horse " sense to 
lize the necessity in this matter of using a large 
tor of ignorance, and it is fair to state that he has 
duced apparatus which meets the requirements of 
industry. I submit, however, tllat having done 

s does not necessarily mean that his rupturing 
acity rating is correct. Switchgear engineering is 

much an engineering of chances, and even neg- 
ting the 1 000 to 1 chance described in this paper the 
nces against any particular switch on an electrical 

wer system being called upon to do its maximum 
tÿ are very great. The following examples from 
vice records illustrate this point. (1) On a 6 000 -volt 

ork there are 500 circuit breakers connected to 
ders. The usual number of operations on faults 

g one year is five. Thus, there is a 100 to 1 

ance against any one circuit breaker operating at all 
a fault one chance 
short -circuit between phases is about 10 to 1 against, 

'ch means that it is a 1 000 to 1 chance against a 
'tch having to operate on short -circuit on this system 
one year. The authors point out that it is 1 000 to 1 

ainst this particular short -circuit providing the 
imum arc energy in breaking, so that on this 

00 -volt system it is a 1 000 000 to 1 chance against 
y one switch having to operate under the worst 
ditions in one year. How much money is it reason - 
e to invest in order to safeguard against this 1 000 000 
1 chance ? (2) On a 20 000 -volt systèm there are 

0 circuit breakers connected to feeders, and the usual 
mber of operations on faults is 30 per annum. Thus, 
re is a 10 to 1 chance against any circuit breaker 
erating at all on a fault, and a 100 to 1 chance per 
num against it operating on a short -circuit. Mul- 
lying by the authors' figure of 1000, it is 100 000 to 1 

inst any circuit breaker having to operate in one 
under the worst conditions. I know from experi- 

e on this particular system that it is possible to get 
factory service by using circuit breakers which have 

rated rupturing capacity considerably below the 
mated maximum fault. (3) On a 33 000 -volt 
derground cable system with 40 feeder circuit 
akers there have been about 20 faults per annum, 

d these faults have, in the main, been short -circuits, 
that there is only a 2 to 1 chance against any circuit 
aker having to operate on short -circuit. Multiplying 

1 000, in any one year it is 2 000 to 1 against any 
circuit breaker having to operate under the worst 

ditions. It would seem that the manufacturers are 
w obtaining their best experience on 33 000 -volt 

switchgear, but in any case there are difficulties in 
obtaining rating data from operating conditions owing 
to the very great infrequency of the operations. ' The 
soundness of the networks protected by these circuit 
breakers is against the obtaining of this data. Only 
when we have circuit breakers which are consistent in 
operation and will do exactly what they are expected 
to do can we be said to be out of the dark ages in this 
branch of engineering. Whether it is necessary to reach 
this state of perfection is another question, but the use 
of factors of ignorance is distasteful to most right - 
minded engineers, and the fact that it costs money 
makes it equally distasteful to all of us. We certainly 
look to the Electrical Research Association to provide 
us with the data for designing circuit breakers which 
are consistent in their operation, and we wish them real 
success in their efforts. 

Mr. P. R. Boulton : The information given in the 
paper is very valuable from the purely scientific point 
of view, but it is not really information regarding the 
capacity of an oil switch judging by its speed of break 
or size of contacts. The oil switch fails to operate 
because, just at the moment of operating, it is not an 
oil switch, the oil not having had time to get between 
the contacts, and if one could arrange that the oil was 
actually present between the contacts when they com- 
menced to separate, and that there was sufficient oil 
to keep down the temperature during the early stages 
of opening, one would get better results. Reasoning 
on those lines I arranged an apparatus which broke 
the circuit at about 000 ft. second, in addition 
to that it broke at as many as 20 points instan- 
taneously. It was also so arranged that the oil was 
not only present at the very moment the contacts 
commenced to open but was there under a high pressure, 
ready to force itself between the contacts. Further, 
the oil was arranged so as to be not stationary, ready 
to move under the pressure, but actually moving in the 
same direction that it would move a moment later when 
it passed between the contacts ; this was done in order 
to avoid the inertia of the oil. The pressure between 
the contacts at the moment of break ran up to some 
thousands of pounds per square inch. With that 
arrangement some millions of d.c. tests were made, and 
there was absolutely no sign of deterioration of contacts. 
That would appear to show that if we only get the oil 
there in time and also keep the contacts cool just at 
the commencement of break, before the metal has had 
time to volatize, we get good results. I found also that 
it did not matter whether the material was copper or 
some other metal having a lower conductivity. Steel 
was just as good. 

Dr. C. C. Garrard : I am very glad this paper has 
been presented to the Institution, because I believe that 
public discussion is very helpful to any work of co- 

operative research such as is being carried on by the 
Electrical Research Association. Hitherto, I under- 
stand, a policy of secrecy has been followed by that 
Association. This was, at the time, one of the effects 
of the war. Our late enemies had, it appeared, 
strengthened themselves by scientific research, there- 
fore we had to see to it, having at length done something 
in the same direction, that our efforts must only benefit 
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ourselves and not the rest of the world. To my mind 
this was a pettifogging idea and I hope this paper is 
but the beginning of many more. Of course no reason- 
able person would say that the people who pay for the 
research should not have the first benefit. This, how- 
ever, can be arranged by means of the Patent Laws 
and prior information. As early as possible, however, 
public discussion and criticism should be invited, and 
I am convinced that the benefits of such action will 
far outweigh the disadvantages. An Association such 
as the Research Association is different from the research 
laboratory of an individual company. The directors 
of a company can directly compare the results obtained 
from their own laboratory with the money it costs 
them. These results may be tangible or intangible, 
not the least of the latter being advertisement. For 
the same reason I believe it would do the British 
electrical engineering industry good if the Research 
Association which it supports would advertise itself 
more than. it does at present. I hope I shall not be 
misunderstood when I say that this paper shows the 
need of criticism and discussion. It is written in such 
an involved mathematical style that it is difficult to 
understand, but I take it that the gist of the matter 
is that it is practically impossible to test an oil circuit - 
breaker by setting it to do its work of breaking a 
circuit. This conclusion is arrived at by measuring 
the arc energy in an experimental switch (which bears 
only a very remote likeness to a commercial switch of 
a breaking capacity equal to that of the tests) and the 
discovery that the arc energy varies, ceteris paribus, 
over a range of 50 to 1. Now I am rather inclined to 
think that the fact that this variation exists shows that 
the arc energy is not the true criterion sought. For 
myself I believe that, apart from obvious mechanical 
and electrical defects, switch disasters are always the 
result of gas explosions. The arc energy decomposes 
the oil. The energy liberated by the explosion of these 
gases, if fired, is greater than the initial arc energy and 
is more difficult to deal with than the latter. I would 
urge, therefore, that a more practical view be taken of 
these oil- switch researches. There is, I am afraid, a 
tendency to divert the work in rather fantastic direc- 
tions. There is, after all, no difficulty in making switches 
of a breaking capacity of 10 000 kVA. If we knew 
their arc energy to 10 places of decimals we should 
probably not make them very differently. We should 
like some guidance, however, when we come to 1 000 000 
kVA. Unfortunately, owing to the action, or rather 
inaction, of those who control the capital invested in 
the electrical trade of this country the Association 
cannot make direct tests of this nature. I think, 
however, that some useful information could be obtained 
which could be extrapolated to the larger sizes. Such 
things as effect of speed of break come in this category. 
It seems to me that to say, as the paper in effect does, 
that field tests on circuit breakers are useless, is going 
too far. I think the authors have been led astray by 
following this " will -of- the -wisp " of arc energy. For 
field tests some less elusive criterion of successful 
operation is required, such as that suggested by the 
Sub- Committee on oil circuit- breakers of the Protective 
Devices Committee of the American Institute of Electrical 

Engineers, that " satisfactory operation of a br 
when opening at its rated rupturing capacity show 
without throwing burning oil outside the tank or ca 
permanent deformation of tanks or any of the e 
carrying parts." After all, oil circuit- breakers 
reached a fairly high standard. For a modern 
house they probably do not cost more than is 
kW of plant installed (taking into account the 
that there are several switches for each turbo -genet 
Failures can generally be explained if the full facts 
known. This development has taken place by 
tion aided by a small amount of direct experimen 
What rupturing tests have been made have 
extremely useful in spite of the authors' state 
that such tests only provide about 1 chance in 
of being of any use. I therefore conclude my re 
by saying that, while I fully appreciate the work don 

the authors, I rather doubt the conclusions they 
drawn. However, public discussion such as this s 

eventually settle the point. 
Mr. C. W. Denny (communicated) : I was very 

prised to see that all the tests were carried out 
single break in an open tank, when, as is well kn 

all modern circuit breakers rupture the circuit at 

or more points in series, it generally being admitted 
four or six points in series are more advantageous 
two ; in any case, they are certainly more advanta 
than one. It seems to me that the obvious thing 
have been to select the most modern and up -t 
breaker and contact system and subject it to 
rather than open the circuit at a single point in 

middle of a large, open tank of oil. Recent tests c 

out in America by the American Gas and Electric 
Co. at Sunnyside Substation, Ohio, were conduct 
a commercial circuit breaker with spherical con 
opening at four or six points in series in a closed 
and under normal working conditions. Surely 
tests are far more convincing that the record of 

given in the paper. Although the Patent records 
us that the authors are from time to time applyi 
patents for improved contact systems, they do not 
to them in the paper. 

Mr. A. T. Scott (communicated) : The paper 
very comprehensive analysis of the degree of v 
of one complex variable out of a multitude. 01 

fault conditions which may be reasonably t 
infinitely variable in practice, one is selected for in 

gation. The nature and size of the plant suppl 
fault, and its excitation (which exert in prac 
primary influence on the fault -circuit conditions) 
kept constant throughout. The authors' results, 
any commercial value at all, show the small de 

probability of any switch being called upon to 
duty, and these results, together with the figures 
in the discussion by Mr. Gregory (which appear 
representative of the number of switch operation 
switch -year) emphasize the importance of eco 

considerations with regard to switchgear. The n 

of the duty of a switch viewed from the operating s 

point is at least as important as the rating of the 
and while manufacturers may be justified in ca 

for immediate demands and developing on estab 
lines, research, and especially British research, is ex 
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go further. It would therefore be interesting to 
n whether investigations have been or are being 

ected towards providing data which will enable a 
itch to control the current -rush on switching in, and 
pressure -rise that will be experienced when switching 
such circuits as will have to be dealt with in the 

e. Do the authors consider that, in future, millions 
kVA will be dealt with by a glorified tumbler switch 
aking in a gaseous or vacuous space under oil as at 
sent ? Power station switchgear is generally referred 
as control gear. Control is most essential under 

It conditions, and future requirements in this respect 
surely more worthy of research than the provision 

data that will merely enable rupturing capacities to 
increased. Research has found electricity to have 

and inertia, and will find means to turn on or 
off the electronic stream instead of switching it 

or off as at present, so that resultant bumps and 
possibility of the stream bursting or disrupting its 

nds will be eliminated. 
r. W. M. Thornton (communicated) : I had a good 

1 to do at one time with the determination and 
culation of pressures in switch tanks and know how 

ult it is to predetermine the combination of con - 
ons which will give the maximum destructive action. 

ere is a certain similarity between oil switch operation 

NORTH -EASTERN CENTRE, AT 

r. H. W. Clothier : The paper emphasizes the 
culty of ascertaining the breaking capacity of a 

cuit breaker accurately by test methods, and leaves 
pretty much where we were before. That is to 
, we have still to be guided by practical experience, 

d must draw our conclusions from careful observation 
both successful and unsuccessful operation of running 

t under fault conditions. Whereas in the past a 
ufacturer of switchgear has had to rely upon vision 

d discernment, it might have been expected that 
eriments under more academic supervision would 
ve some empirical formulæ that might make matters 
er for the future ; but so far the investigations 

the Research Association that have been published 
ely .tend to confirm the previous conclusion that 
se choice of designs must rest mainly upon what 
eye can see on a drawing, and that mechanical 
ection can best be arrived at by a close inspection 

the parts that go to make up the movement and 
losure of a good circuit breaker. At one time the 
.S.A. were led to recommend, because it was then 
American practice, that for generators with 10 per 

t reactance a circuit breaker should be used with a 
g equal to 6 times the capacity of the plant. This 
mmendation did not secure unanimous agreement, 
use it failed to take account of the effect of asym- 

try and made no allowance for the likelihood that 
contacts of the circuit breaker would separate at 
worst part of the short- circuit transient ; it seemed, 

eed, to be based on the erroneous assumption that, 
g to the time factor of the mechanism, the contacts 

Id always separate under favourable conditions.. 
has taken many years to explode this fallacy, but 

, in the country of its origin, the manufacturers 

and ignition of explosive mixtures by transient arcs, in 
the sense that the critical conditions may be extremely 
sensitive. An explosion is the maintenance of flame 
by the atmosphere surrounding the arc ; in the switch 
case the arc is maintained by incandescent vapours of 
oil and metal which may change suddenly from a badly 
conducting to a highly conducting condition. Even 
then they are bound to obey statistical laws in the long 
run, but the variations may be much more violent than 
in operations where critical conditions do not arise. It 
is the uncertainty of being able to predict when these 
conducting states arise that makes standardization of 
switchgear so difficult, and makes the statistical 
examination of the authors valuable, including them, 
as it does, in their scheme of probabilities. The con- 
ducting state is reached when the dissociated particles 
of carbon form a dense cloud which continues to glow 
even when the turbulent state of the vapour envelope 
of the arc tends to sweep it away. This glowing 
sheath of carbon, once established, retains its 
conducting properties while the arc goes out and 
the voltage rises in the reverse direction, so that 
the arc may in an extreme case form what is 
practically a short -circuit with the switch fully open. 
The remedy is to break up the conducting path 
mechanically. 

NEWCASTLE, 28 MARCH, 1927. 

have boldly declared, apparently with unanimity, 
because the declaration is issued by the Power Club, 
that they will not give any guarantee of performance 
on what they say are unknown conditions when the 
critical moment of operation under short- circuit occurs. 
Some of the variations observed by the authors can be 
reproduced by anyone in his own home, if he has, say, 
a 10- ampere alternating- current radiator circuit con- 
trolled by a tumbler switch. If the cover of the switch 
is removed, so that the operation can be clearly seen, 
it will be found that sometimes the spark on breaking 
the circuit is Lcarcely perceptible, whereas on other 
occasions two arcs in series, each as much as half an 
inch long, may occur. Even under these simple con- 
ditions, then, we seem to be breaking the circuit too 
quickly ; and this is proved by using a protected plug 
instead of a switch to break the circuit. If the plug 
is pulled out at just the normal rate, no spark is seen 
at all. Although these cases. are not precisely similar 
to those dealt with by the authors, they will serve as 
illustrations. When the switch is used, it breaks 
quickly at a point that may be either near to or far 
from the zero of the wave. If it is near zero, the arc 
is short or even absent ; but if it is far away, the arc 
is long. On the other hand, when the plug is used the 
break is slower ; and even if only u in. separates the 
plug pins from the socket it opens the circuit better 
than a quick break 1 in. long in a tumbler switch. When 
it comes to commercial testing on a large scale with 
three -phase currents, the case is not so hopeless as the 
authors seem to show. It is true that, owing to the 
incalculable effect of the uncontrolled time -instant, 
the exact kVA expected at each shot were not obtained, 
but the results under similar conditions were really 



926 WEDMORE, WHITNEY & BRUCE : RUPTURING CAPACITY OF 

quite fairly consistent. I am not sure that the authors 
are on the right track in measuring their results entirely 
by the arc energy. They themselves say that the same 
number of kW- seconds may have a quite different de- 
structive effect according to whether the arc is of long or 
short duration, because of the variation in the rate of 
generation of energy. The thing that really matters 
in practical switch design is the mechanical shock of the 
impact, that is, the impulsive force tending to destroy 
the enclosure. It would have been better if the authors 
had used a switch of a more commercial form than the 
quite abnormal one on which their tests were carried 
out ; and it would also have been preferable if they 
had measured the forces that had to be withstood. 
Unfortunately, no one seems to have as yet devised a 
suitable means for measuring these forces. It cannot 
-be made too clear that ample strength of enclosure is 
the surest line of defence against trouble, because it is 
always available. Even if special means are adopted 
for reducing the arc energy, such as explosion pots, 
multi -breaks, serial breaks, resistance breaks, speed 
(in moderation), a vacuum, or a stabilized arc, any of 
these devices may fail, and the arc may get out of 
control, with the result that the tank, if it is too 
weak, will be likely to give way. An example of this is 
actually quoted, in a paper by Sporn and St. Clair before 
the American Institute of Electrical Engineers in 
February of this year, as having occurred in switches 
with thin tanks and- explosion pots. One important 
lesson to be learnt from the paper is that the per- 
formance of a circuit breaker is evidently more erratic 
on a single -phase circuit than on a three -phase circuit. 
The practical conclusion to be drawn from this is that 
a single tank containing all the phases is preferable to 
a separate tank for each phase, because the effects of 
asynchronism and the chance position on the wave 
are partially smoothed out by having the volume in 
the tank belonging to the lightly -loaded phase or phases 
available to ease the stress on the parts immediately 
affected by the heavily- loaded phase or phases. 

Mr. T. Carter : The paper contains an account of 
the results of much patient work done to clear the way 
to an understanding of the problem and to a statement 
of it from a fresh point of view. A correct statement 
of a problem often allows a long step to be taken 
towards its solution ; and therefore the authors' study 
of it has been a definite source of progress, even though 
it seems to lead to a very indefinite conclue ion. It 
proceeds by way of a calculation in probabilities, and 
I have the feeling that such a method is not to be 
trusted very far when questions of real fact are con- 
cerned. Chrystal deals very cautiously with the subject 
of probabilities in his " Text Book of Algebra," and quotes 
de Morgan, who said that his own impression, derived 
from many circumstances connected with the analysis 
of probabilities, was that mathematical results had 
outrun their interpretation. That is the danger : the 
result of the application of a rule in the calculus of 
probabilities may be regarded as having some counter- 
part in fact, whereas its actual connection with fact, 
if any, may be most remote. There are, of course, 
orders of verisimilitude. At one end of the scale we 
may put the ancient simple people who watched the 

highest point of the sun's path go lower in the 
every day in autumn, and prayed to all the gods 
knew that it might not vanish for ever. At 1. 

began to rise again, and the fears of those early wat 
disappeared. The resurrection of the sun beca 
last so certain that it ceased to be a matter of con 
and came into the category of sure things. At 
other end of the scale we may put the man who 

the day after he was 90 years old, said that he was 
for another year, because he had always found t 

lived over his birthday he lived also for the 
12 months. This kind of thing can be reduc' 
figures : How often, for example, must a man t 

penny in order that the odds may be 100 to 1 t 
gets at least one head ? The answer is that the ode- 

less than 100 to 1 after 6 tosses, and more than 100 

after 7. But does that mean that he will ce 
get one head ? By no means. After each toss, 
chances are equal that the next one will be h. 
tail ; any one toss has nothing to do with the 
All that I have said goes to show, to my mind, 
is far from safe to base conclusions about what is 

to happen on any theory of probabilities. The step 
stone from the authors' experimental facts to 
conclusions, as I understand the matter, is the sm 

curve in Fig. 1. I should like to be clear that the Si 

of this curve is justified. (Incidentally, I am not 
precisely what the percentage scale means ; for 

divide up the range from 6 to 8 kW- seconds into 
parts, the smooth curve seems to say that ea' 
the nine values, 6, 64, and so on up to 8 by qu . 
happened in about 11 per cent of the tests ; and so 

whole 100 per cent can be made up between 6 

kW- seconds. Perhaps it is a question of scale me 

or it may be that the whole range of kW- seconds s 

be divided up into definite short sections.) The s 

curve indicates that anything as large as 42 to ! 

seconds has a chance of occurring, on an average, 
in a few hundred times. But the fact is that en 

within that range actually occurred during the au 

tests approximately once in 50 times. It is true, 
authors point out, that if the maximum has 
increased their conclusions would only be strength 
but the kind of discrepancy I have referred to see 

leave me pretty much in the dark ; and I am 
little afraid of the dark. What would have hap 

if more tests had been made, and the steps had 

filled up ? Is it possible to say that there would 

have been some approach to the ordinary symme 
probability curve, which would have thrown the 
of the area much further to the right, and so 

have materially altered the conclusions ? The a 

say that if two tests are successfully withstood, 
circuit breaker may be safely rated for 1 /24th 
maximum kVA, and that that is all that 
assumed. It is true that it may have had a 
energy of only 2 kW- seconds as compared 
possible 50 (assuming for the moment that kW -s> 

are proportional to kVA) ; but it may have 

48 kW- seconds (who can tell ?), and the test, 
could be interpreted accurately, and not merely a 

ing to a probability, would then show the 
breaker to be safe for practically the maximum p' 
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eak- energy. Further, even if the probability calcu- 
tion is accepted, what is the corresponding probability 
at in practice the circuit breaker tested in this way 
' have to break under conditions of maximum 
ergy ?, If the circuit breaker operates successfully 
'ce, is there not-a good deal to be said for a conclusion 
at would maintain that whatever chance determines 
e break -energy during the test will equally determine 
in practice, so that the circuit- breaker may be put 

to a circuit with the sane maximum energy as the 
t circuit, and be considered ample for the work ? To 

e, the one important conclusion to be drawn from 
e, authors' work described in the paper is that, as 
often happens in, this changing world, it is impossible 
be sure of anything. . Their contribution to the study 
the subject is, in my view, of great value, because it 
es show the. uncertainties . that arise along the lines 
ey followed in their tests ; and so I fasten with all 
e greater eagerness on their statemént, on page 919, 
at the Research Association is within measurable 
ach of success in its analysis of the variables. Having 
epared_ the way by their present paper, they will 
oubtless let us have further information as soon as it 
xeady. We shall all hope, I am sure, that it may not 
long before it is published. 
Mr. L. C. Grant : It is probably fairly common 
owledge that, for given circuit conditions, the per- 
mance of an oil switch in rupturing the resultant 
wer is not consistent, but the paper tells us some - 

g different. It gives us in terms of chances or 
bability the value of a given test or series of tests 
the basis for gauging the subsequent performance 

der all conditions. It will be seen that, in order to 
tain .anything like surety of maximum duty, an 
ornions number of tests must be made. This is 
cisely the conclusion that I have myself come to as 
result of a long series of tests employing power of 
e order of 50 000 kVA. There was once a very 
evalent idea that if the power, voltage and other 
cuit conditions were kept unchanged, the duty on a 

ven oil switch should then be the same. Results 
ove how futile is such an assumption. There is, 
oreover, no reasonable basis to support the idea that 
e performance of an oil switch should remain 
hanged throughout a series of tests under the same 

nditions. The electric arc, whether in air or oil, is 
e of the most unstable things in nature. One has 
ly to examine a small arc to get striking proof of 

. An arc will dance about between the electrodes, 
can be blown into almost any fantastic shape with 
breath of air, it is sometimes long and sometimes 
ort, it can, with very little alteration, be made into 
generator of oscillations for wireless ; in fact, it can 
said of the arc, and with just as much justification, 

at it is as unstable as water. The authors give arc - 
ergy figures of 0.5 to 50 kW- seconds, representing 
esumably a nominal maximum short -circuit power of 
000 kVA (that is the product of the open- circuit 
tage and short- circuit current). My own tests show 
parallel inconsistency, but I think that we should 
ar in mind one or two special factors in the authors' 
is which I think may create a wrong impression, and 

think it is most important that an attempt should be 

made to assess the tests at their true practical value. 
They were carried out in an open- topped tank one a 
single -break switch, and a comparatively small head of 
.oil was used. It is clear from my tests that the per- 
formance of a switch in an open tank is very different 
from that of a switch in a closed tank. The compara- 
tively small static head of oil is of small importance, 
I think, and the absence of enclosure results also in 
the absence of that most important factor in the efficient 
interruption of electric circuits, i.e. the reactionary 
pressure of the oil upon the arc, which is very many 
times that of the simple " head." A single break, too, 
is apt to be misleading and, of course, results in increased 
arc energy for a given circuit power. The contacts 
used in the tests were of comparatively light con- 
struction ; this again is, I think, a matter having an 
important bearing upon the rupturing performance. 
Considerable improvements in the performance can be 
made by (1) total enclosure, (2) multi- break, and 
(3) the use of heavy contacts, and I accordingly disagree 
with the authors' remarks at the top of page 914. In 
practice, further improvements can be effected by the 
use of a resistance break properly applied, and possibly 
by other known means of reducing the aggregate arc 
energy. I mention these points because, although I 
agree with the authors' figures showing the enormous 
variation they obtained in arc energy, I think that in 
attempting to simplify the testing conditions they have 
rather got away from real conditions and, I think, 
somewhat unnecessarily so. It would probably be as 
difficult, if not more so, to apply their simplified testing 
conditions to practical power supply conditions as it 
would have been to have made the tests on a more 
practical form of oil switch, with possibly more difficulty 
in interpreting the results. However, after having 
adopted the foregoing suggestions and effecting all 
resultant reduction of the arc- energy range, there 
remains considerable inconsistency of operation which 
seems to indicate that under present conditions there are 
two courses available, (1) to accept the inconsistencies 
for what they are worth when the ratio of arc -energy 
limits seems to be from 1 : 10 which, of course, represents 
considerably lessened risk as compared with the implied 
risk in the paper, and (2) to attempt to eliminate or 
reduce the inconsistency. The importance of the latter 
is made plain when we consider that a manufacturer 
has the option of building a switch for a range of arc 
energy of possibly 1 : 50 (according to the authors' 
tests), or 1 : 10, as suggested above, which means that 
to build a switch to meet the worst conditions results 
in an expensive and somewhat unpractical design. Any 
method of reducing the range of arc energy would, 
therefore, be welcome, and to achieve any success in 
this direction it would seem necessary to control not 
the circuit conditions but the arcing phenomena. 
Some of my tests show that this can be achieved in a 
fairly simple manner, resulting in the arc- energy ratio 
and maxima being less than the figures obtained on 
a well- designed commercial oil switch and less still 
than those obtained in the authors' tests. Another 
point in the paper which I think will not stand criticism 
is their criterion for comparison, i.e. that of aggregate 
arc energy. Aggregate arc energy is not of much 
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value for comparing results unless it is taken with due 
regard to other conditions. To consider this point 
fundamentally, let us take the Research Association's 
own figure of 50 kVA of arc energy. Now, if the libera- 
tion of this were spread over, say, 1 minute, using the 
same oil switch, there would be no explosive effects at 
all. If, however, the time be progressively reduced, it 
will be found that the effects become more and more 
explosive, thus showing the vital importance of time 
and other factors. As a direct comparison, I might 
mention tests which I carried out under identical condi- 
tions and in both of which the arc energy was approxi- 
mately the same and even the time base was of 
approximately the same length. In the first operation 
the oil switch opened quietly ; in the second it was 
obviously stressed as a considerable amount of oil was 
ejected, accompanied by other unpleasant phenomena. 
The pressures set up, too, were widely different ; the only 
difference was in the character of the arcing phenomena 
as shown by the oscillograph record, and the important 
point emerging from this and many similar tests is 
that the rate and manner of release of arc energy are 
equally as important as, if not more important than, 
aggregate arc energy. To turn to the practical appli- 
cation of the authors' results to existing conditions, 
there appear to be two important points of view. 
The first is that, although the range of arc energy given 
in the paper is very considerable, yet we must not 
assume that a manufacturer designs for the lowest 
figures. Actually, it seems to me that manufacturers 
unconsciously design for somewhere about the average 
figure usually obtained, and in the majority of strong 
designs an instinctive feeling or possibly a process of 
evolution resulting from disastrous past experiences has 
resulted in the average arc- energy figure being recognized. 
Thus, even if an oil switch does have to deal with the 
worst conditions, the chances of it clearing are, at the 
worst, just about 2: 1 against it, and, as manufacturers 
often have what they call a factor of safety in the design 
of their oil switches, it seems that there is reasonable 
justification for expecting many of them to stand up to 
fairly heavy duty. I suppose that past disasters would 
have resulted in an even larger and stronger oil switch 
had economical factors not reacted so strongly and 
consequently resulted in the point of equilibrium being 
somewhat low from the technical point of view. From 
the authors' results it is easy to work out the chances 
against a given oil switch being able to meet its maximum 
duty, or the value of a small number of tests as a 
criterion for basing the chances of its handling maximum 
power. Other speakers in the discussion have shown 
rather an aptitude for laying the odds, so I will not 
attempt to duplicate their efforts. I refer to this 
matter only (1) to point out that in applying their 
results to practice, the number of operations on a 
power system per number of switch -years is rather 
surprisingly small, and upon correlating these figures 
with the chances of %aching maximum as given in the 
paper it will be found that the chances of a switch 
having to stand up to maximum duty are perhaps 
smaller than might be conveyed by the data in the 
paper, and (2) to emphasize again the fact that the 
results in the paper are of rather a theoretical 

character and that (perhaps unusually) the pra 
conditions are more favourable. It seems to 
reasonable engineering to weigh the chances of opera 
against cost when considering industrial switc 
and switchgear in non -strategical positions, but, 

course, for power station work and important swit 
centres I think it is beyond controversy that no e 

should be consciously taken and that the very 
article obtainable should be installed. 

Mr. J. A. Harle : I agree with the previous sp 
that from the point of view of the switch manufac 
the conclusions of this paper are very disappoin 
in that they practically mean that no circuit b 
can ever be tested completely for its breaking cap 
on a scientific basis.. While the phenomenon of v 
arc energy for a given kVA broken has been known 
many years, it has never been appreciated that so 
tests are necessary before a safe rating value can 

determined. The authors' analogy, of a varying ful 
shows that the problem is a difficult one, but I s 

think a great deal of trouble and expense would 

eliminated by instantaneously recording the ful 

position at a particular moment when the weig 
being taken and, from this record, correcting the re 

For example, on circuit -breaker testing we can ass 

that certain factors can be readily kept practi 
constant during the test, besides the other co 
factors which are inherent in the design of the 
breaker under test, leaving certain variables 
could be recorded by means of an oscillograph. 
variables would essentially consist of circuit varia 
with the possible exception of the cross -bar ve 
which would probably vary to a certain extent 
short- circuit current blow -out force in a manner 
would not be simply proportional owing to 
factors on which the blow -out force is superior 
With the above in view I should like to ask 

authors whether, given a record of these variabl 
the form of oscillograph records taken on a 
of tests, of which two consecutively have s 

the breaker up to a condition that all inter 
parties are agreed would be the worst condition 
stress that they would tolerate in practice, in accor 
with the performance duties laid down in the sp 
tion, they could not determine a probable rating of 

breaker in a more rapid and, I should say, safer 
than that indicated in the paper. For example, 
results would indicate the total arc energy set 

which, I assume, would be a measure of the stress 
this breaker would stand safely. With this arc e 

before them I should have thought that the informa 
they have obtained from the elaborate researches 

the E.R.A. would have enabled them to predict 
maximum kVA which would produce this arc en 

under the very worst arc -energy production condi 

The tests would, of course, be carried out at the ra 

voltage so that the short -circuit current value, 
metry condition, point of current wave on 
contacts separated, and circuit power factor wool 

the determining factors and these could be all me 

and, I should think, corrected to give the worst c 

rating condition mentioned before. I should reco 
the authors to give consideration to such contra 
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ork as this which would be of more use in interpreting 
t- results taken on a more commercial basis than the 

ying down of a number of test -results which in practice 
11 be impossible to obtain. In the above I assume 
at the phenomenon of arc energy has been reduced 

a relatively scientific basis and I should like the 
thors to confirm that this worst arc- energy condition 
not some indeterminate phenomenon but a hazard of 
number of the variable conditions mentioned before 
ing coincident. 
Mr. R. M. Longman : Whilst I appreciate the large 
mber of tests and amount of work put into this 
vestigation by the authors, I am somewhat disap- 
inted at the results put forward in this paper. The 
thors have used an open -tank switch, built up in 
any ways different from any of the general models. 
ould it not have been better to have made a complete 

ge of investigations on one well-known type, and 
this way to arrive at certain déductions which, 

ry possibly, may be common to other types ? One 
lizes that the reply may be that such a complete 
ge of tests would have to be made on all and every 
uit breaker, but I dó not agree that this would be 

cessary. As engineers we cannot accept the state - 
nt that 1 000 tests would have to be made on the 
e circuit breaker and under the same conditions, 

be reasonably sure that we have obtained the worst 
ditions possible. Surely something better than this 

uld be evolved, and the number of tests required be 
uced to 10. The arc energy is given in kW- seconds ; 

axial ould not kVA- seconds be of more value ? A further 
lanation of the method of arriving at this value 

ould be of interest. On a preliminary perusal of the 
per I felt very inclined to criticize the values of arc 

to e,' ergy given, and I should like to know whether a 
ccond oscillograph was used as a check on the other 

ask d whether substantial agreement was obtained. How - 

iableiTer, 
in the cinematograph films shown the amount of 

Inoke produced confirms in a way the amount of arc 
a 

ergy calculated. The authors state that if a circuit 

nteraker clears satisfactorily twice on a circuit capable 
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wing 10 000 kVA it is safe for operation on 1 /24th 
dis amount, i.e. 400 kVA. Is a rating of this nature 
iy to be acceptable to the switchgear manufacturers ? 

success of a circuit breaker depends largely on the 
gn for permitting a quick rush of oil between the 
facts. On operation the design should be such that 
movement of the breaker does not cause a vacuum 
een the contacts, but forces (almost squirts) the 

traight on to the contacts, thus preventing a vacuum 
cooling the metal. The authors refer to the manu- 

úrers' factor of safety in setting the capacity of 
't breakers, but this largely appears to be a 
for of luck," seeing that the chances are about 1 in 

0 that a breaker is ever called upon to operate 

under the worst conditions, and when the large number 
of breakers of high rupturing capacity that may be 
installed on a large system are considered, the chances of 
their having to operate under the worst conditions are 
extremely small. The question then arises whether it 
is possible to reduce the expenditure on such switch - 
gear. From actual experience we know that a certain 
range of circuit breakers could be relied upon up to 
definite values, whereas it has been found that certain 
breakers are decidedly over -rated (possibly these may 
be the unfortunate ones which have had to operate 
under the worst conditions -1 in 1 000). Referring to 
the tests recently carried out in America and already 
mentioned by Mr. Clothier, although the breakers in 
question operated under conditions of calculated 
rupturing capacities of approximately 1 000 000 kVA 
on several occasions, it is possible that the worst con- 
ditions, i.e. the conditions giving. the maximum arc 
energy, were not obtained and that equally or more 
severe conditions may be obtained with much less plant 
connected. 

Mr. G. H. Bowden (communicated) : The paper at 
first sight gives the impression that we have receded, 
not progressed, but as it tells us where we fail it is a 
definite step towards the solution of our difficulties. 
That the variable factors of the case give wide difference 
in test -results cannot be disputed, and this is ably and 
amply demonstrated in the paper. Perhaps efforts 
have been made in the direction that appears to me to 
be the most striking suggestion. I refer to the removal 
of the one indefinité quantity that makes its effect so 
pronounced, i.e. the instant that the contacts part on 
breaking the short -circuit. If the short- circuit is 
broken at various points in the current wave and at 
various times after development of the maximum 
amplitude of the short- circuit current, wide variations 
in the arc energy will occur between the parting contacts 
of the switch. I suggest that the application of the 
short- circuit can be timed more or less accurately to 
take place at a definite place in the pressure wave. To 
obtain the benefit of this controlled feature the time 
(in the case of a short -circuited alternator) of the 
parting of the contacts needs to be controlled also. 
This could, I think, be effected by providing a high- 
speed circuit maker in series with the closed oil switch 
under test. The closing of the circuit maker would 
be controlled by an electrical contact or mechanical 
arm operated by a rotating synchronous motor. The 
opening of the oil switch would be controlled by a 
specially accurate, definite timing device or by the 
synchronous motor referred to previously. Though 
high accuracy may not thus be obtained the suggested 
methods are a step in the required direction and should 
enable satisfactory results to be obtained with the 
performance of a reasonable number of tests. 

THE AUTHORS' REPLY TO THE DISCUSSIONS AT LONDON AND NEWCASTLE. 

essrs. E. B. Wedmore, W. B. Whitney and 
,. R. Bruce (in reply) : Our sympathies are entirely 

Mr. Partridge in his opening remarks and with 
rs who are expecting more information on the art 

of circuit -breaking. The paper can be described as an 
appetizer. Our real researches are concerned with the 
intensive study of these sources of variation, with a 
view to their control or estimation or removal, as the 
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case may be. As a result of that intensive study, we 
have already made some distinct and novel advances in 
the art ; these are covered by applications for patents, 
and when we have secured those patents we hope to 
bring forward another paper. 

Mr. Partridge kindly placed at our disposal some 
years ago his experience with oil circuit -breakers, and 
in the wide research we are carrying out at Newcastle 
we are already dealing with most of the points to which 
he has called attention. 

Mr. Clothier has asked a number of questions which 
bear on that aspect of our work, and Dr. Garrard has 
also indicated some. In the private files of the firms 
with which those two speakers are connected they have 
answers from us to most of those questions, but we agree 
that they are questions which should be raised before 
this Institution and freely and frankly discussed. 

TABLE A. 

Limits Beyond which Chance of Occurrence of a Maximum 
Energy in a Group of n tests is 1 in 10. 

n 
Lower limit 

Maxima 

Upper limit Ratio of limits 

1 

2 
3 

5 
10 

20 

50 

100 

4.4 27.4 6.23 

8.15 32.0 3.93 

11.0 34.4 3.13 

15.4 36.9 2.40 

21.45 39.9 1.86 

26.9 42.55 1.58 

32.85 45.05 1.37 

36.5 46.2 1.27 

We have established, we think, the main contention of 
our paper except on one issue -an important one. We 
have stated frankly in the paper that we have not 
.carried the tests beyond a certain range of power and 
other conditions, and the speakers rightly challenge us 
as to whether these same results would hold under 
different conditions. We do not know what would 
happen under very different circumstances, but since the 
advance copies of the paper were printed for distribution 
we have had several opportunities of examining tests 
under much heavier conditions of service. So far, the 
result of our examination, which included the paper 
referred to by Mr. Clothier, has been that no one has 
produced any evidence of materially different distribu- 
tion curves on commercial circuit breakers under higher 
power and voltage, except where the designs have special 
.features such as, for example, explosion pots. We have 
tested a number of commercial circuit breakers at 
Carville, and the experience which we have gained 
there also confirms us in the belief that the results as 
set forth in the paper are applicable to the usual com- 
mercial designs and to much more severe conditions 
of practice. 
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We do not apologize for the way in which the paper 
ias been presented. It is a scientific matter, and the 
henry of probability is the essence of the whole thing. 

We have not given quite sufficient data in the paper 
:o enable Mr. Gregory to assess the precise importance 
)f what he states in his contribution to the discussion. 
[n Table 1 we have worked out the results not only on 
he basis of a 1 000 to 1 chance, but on the basis of a 
[00 to 1 chance, and the results on the latter are not 
Featly different from those on the former. So we may at 

ce delete the last nought from Mr. Gregory's figures. In 
ew of his remarks, we give a table (Table A) showing 

ó 
e 10 to 1 chance, which will delete another nought. 
When we began our tests manufacturers were eager 
publish the results which we got on their small circuit 

q eakers, but we held our hand and the result has 
stifled the line we took. We hope that we have 

4) ally disposed of the idea that if, on .a particular day, 
particular circuit breaker breaks one million kVA, it 

v n therefore be properly rated at one million kVA. 

. e only persons who can properly rate circuit breakers 
e the manufacturers who have had a really extensive 
perience of their circuit breakers under severe service 
nditions. 

o Mr. Bowden thinks that greater regularity in results 
would be attained if the symmetry of a short -circuit 

F 
could be controlled and if the point in time at which 
arcing commences owing to the separation of the con- 
tacts could also be accurately controlled in relation to 
the point on the current wave and on the die -away 
curve of the short- circuit. He suggests the use of a 

o 
B 

s nchronous motor. Realizing the vital importance of 

E 
is question, before the researches were commenced at 

m 
ewcastle, the Electrical Research Association developed 

á 
ntrolling devices for the above purpose. By their 
d we are able to control with precision the initial 

°s rection of the current rush, the asymmetry of a short - 
circuit, and the point of commencement of arcing in 
relation to the current wave. The mean variation in 
asymmetry is only ± 5 °, or, in other words, the con - 

i ^ tactor which throws on the short- circuit operates with 
mean error in closing of less than ± 1/2800 second or 
out 1 /70th of a cycle at a frequency of 40 cycles. The 

me delay between the commencement of a short- circuit 
d the start of arcing can be controlled within a mean 

f f 1 /1000 second, or 1 /25th of a cycle. It was found, 
ontrary to what was expected, that control of these 
atures did not greatly reduce the total range of 

1 
ariation of energy. 

3 

E 

to 

r 

ti 

We welcome the support given by Mr. Grant and 
also his criticism, as he has carried out actual quantitative 
testing, but we cannot accept his dictum that the use 
of enclosures, heavy contacts and the like will reduce 
the range of variation to, say, 10 : 1. We had an 
idea for a long time that we were getting about this 
range and it was only on studying a series of tests 
unique in number and made under similar conditions, 
and applying the appropriate methods of mathematical 
analysis, that we found the real state of affairs. He 
challenges our selection of total arc energy as a criterion. 
We allow in Appendix II that in the ultimate analysis 
the rate of energy release should be studied, but we 
could not substitute this factor for total arc energy and 
retain any relationship with gas production which leads 
to static pressure -rise and to explosion, or with contact 
burning. We found further that a study of the maxi- 
mum rates of arc energy liberation led to much the same 
distribution as was given by total energy. 

Dr. Garrard also questions whether we are sound in 
taking arc energy as a criterion of the performance of 
the circuit breaker. We have pointed out that arc 
energy gives us a measure of gas production, and also 
of the burning of the contacts, and, generally speaking, 
arc energy is correlated more closely than any other 
single quantity to all the factors which are important 
in estimating the rupturing capacity of a circuit breaker. 
That is our justification for taking arc energy as a 
basis. He complains both that our methods are too 
involved and that they are not involved enough. These 
criticisms cancel one another. 

Messrs. Carter and Harle have missed the point that, 
even if one obtains the maximum energy on a particular 
test and record, one cannot tell that one has in fact 
obtained the maximum. Their advice is much like 
that given to investors when they are told to sell out 
on the peak of the wave. 

Mr. Boulton raises the question as to whether circuit 
breakers would not be improved if the oil could be got 
quickly between the contacts. The oil circuit- breaker 
may be defined as one in which the circuit is not broken 
in oil. It is, in fact, broken in the gas formed between 
the contacts. If the alternating -current arc is forced 
to go out, there will be a rise of voltage due to the 
inductance of the circuit. 

In conclusion, two drawings of oscillograph records 
are reproduced in Figs. A and B and show consecutive 
tests in which a range of 50 : 1 in total arc energy was 
actually recorded. 
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AN INTRODUCTION TO RESEARCHES ON CIRCUIT BREAKING. 
By E. B. WEDMORE, Member, W. B. WHITNEY, Ph.D.(Eng.), Member, 

and C. E. R. BRUCE, M.A., B.Sc. 
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SUMMARY. 

This paper is an introduction to the Electrical Research 
ssociation's researches on arc rupture which have been in 
rogress since 1922. 
An introductory section describes the genesis and aims of 

ie research. The problem of circuit breaking is far more 
implicated than has been generally supposed, and can be 
)lved only by separate study of the numerous variables 
evolved. The apparatus, controls, and general lay -out of 
u testing station at Carville are described. 
The investigators aimed at means for preventing the arc 

'om re- striking, rather than attacking the arc when heavy 
nrrent is flowing, which may cause heavy energy release. 
It is shown that, in oil switches, the arc is often broken 

' e the contacts are still within the gas bubble, so that, in 
eh cases, arc extinction is not due to the quenching effect 
the oil. Experiments have proceeded along two lines: 
Study of the gas formed and of its arc -rupturing pro - 
'es as compared with other gases, with a view to its 
'zation to full advantage in arc rupture; and (2) a study 

E the best methods of utilizing the good features of oil for 
ice purpose, the general aim being the utilization of each 
ethod separately or in combination in improved or new 
rpes of design. 
Novel methods of gas- sampling during arcing are described, 

ad the results are given of gas collection and analysis 
veering a wide range of currents and powers. 
The present paper deals mainly with arcing in gas. For 
ven gaseous conditions in the gap between the contacts 
current pause, the adequacy of the gap depends on the 

taneous value of the voltage gradient appearing across 
current zero, and it is found that, for arcs in hydrogen, 

length of critical gap is approximately proportional to 
sine of the angular displacement between current and 

al " voltage zeros. This differs radically from Bauer's 
lesions. In arcs in oil there are superimposed pheno- 
a, but in general the same law applies. 
ith asymmetrical currents in gas and oil there is a 
e- displacement effect which affects the available voltage 

ddition to the phase angle due to circuit conditions. 
xperimental results on arc -voltage characteristics are 

which indicate that Norberg's application of Steinmetz's 
ula, if used over the range considered in the present paper, 
d lead to large errors in the results obtained for arc 
gy, whereas his experimental results, though few in 
ber, are consistent with the results here described. 
formula for arc energy when arcing takes place in gas 
veloped, based on simplified assumptions arising from 
riment and theory. This formula illustrates the great 

plexity, more especially of certain known features of 
time and frequency factors, which may in certain circum- 
ces play a highly important part in affecting arc length 
energy production; these appear to have been omitted 
e previously published formulm of Bauer and others. 
e above work leads to certain practical applications. 

I.E.E. JOURNAL, VOL. 67, No. 389, MAY 1929. 

Certain effects of arc lengthening by mechanical and electro- 
magnetic means are discussed. This section concludes with 
some description of the principles of operation of a new 
device for arc rupturing by gas blast, which has been de- 
veloped as a direct outcome of the investigation of arcing in 
gas. Models tested show great improvement on recognized 
methods of arc rupture in oil, and show promise of a satis- 
factory solution of the problem of arc rupture in gas, which 
is the main subject of this introductory paper. 

In spite of the added experimental difficulties due to the 
presence of oil in oil circuit -breakers, great advance has been 
made and further details will be given when the patent situa- 
tion permits. 
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LIST OF SYMBOLS USED IN THE PAPER. 
E = R.M.S. line voltage. 
i = instantaneous current flowing in the arc. 
l = distance between contacts between which the 

arc is drawn. 
ea = total instantaneous voltage across the arc. 
ea = total voltage -drop at the two electrodes. 
ei = instantaneous voltage per unit length of arc 

proper { _ (ea - ec) /l, l being in cm} 
ep = value of el at the instant of peak current, ip. 
1p = value of l at the instant of peak current. 
le = " critical gap length " which the voltage avail- 

able at zero current is just insufficient to 
break down. 

6z, 60 = mean value of el, throughout a half cycle and 
test respectively, obtained directly from 
the values of el. 

6,', = mean value of ei throughout a half cycle and 
test respectively, obtained indirectly from 
the energy liberated. 

ep = mean value of ep throughout a test. 
Ix, Io = R.M.S. current in a half cycle and test 

respectively. 
JX, o = mean current in a half cycle and test re- 

spectively. 
f = frequency of the system, in cycles per second. 
v = velocity of contact separation. 

vm = mean velocity of contact separation through- 
out arcing. 

It = total arc length in a test. 
N = number of breaks per phase. 
vo = cross -bar velocity. 
B = " virtual " phase displacement, or angular dis- 

placement between the zeros of the current 
and " virtual voltage " waves. 

tx _ duration of a half cycle. 

(I) GENERAL NOTE. 
The E.R.A.'s researches on arc rupture are being con- 

ducted on behalf of British manufacturers of switchgear, 
to whom the authors are indebted for permission to 
publish the accompanying paper. 

These researches have been carried out at Carville 
power station, Newcastle, since July 1922 and have 
brought to light so much that is new and important 
that to deal at all adequately with the subject a series 
of papers will be required. 

This paper is introductory, containing some account 
of the nature of the problems, method of attack, and 
of some of the results achieved, with reference more 
especially to the medium in which the circuit is broken. 

(II) GENERAL INTRODUCTION TO THE NEWCAS 
RESEARCHES. - 

(a) Origin, aims, etc. -Our research on circuit br 
had its origin in the desire on the part of manufac 
of switchgear for information on the phenomen 
circuit breaking that would establish a solid found 
for new developments in design. 

Following a sound practice, too often neglected, 
starting experimental work on the subject all av 
information was subjected to critical study and a r 

prepared. This study, completed in 1921, showed 
knowledge was in a highly empirical state at 
time. 

In the past, for lack of the necessary facilities 
research on an adequate scale, the development of 

oil circuit -breaker throughout the world had 
gradual evolution, improvements being based 
on experience gained under practical working condi 
Proceeding on such lines, manufacturers had ac 
lated a mass of technical data relating to the develop 
of the oil circuit- breaker, and, as is well- known, 
breakers of British manufacture may be obtained f 
classes of duty, capable of giving satisfactory 
under commercial conditions and unrivalled for relia 
and good workmanship. 

With the development of co- operative meth 
research and being faced with problems of incr 
complexity, British manufacturers decided that the 

had come for a comprehensive scientific research 
fundamental attack should produce results appli 

to any design of breaker and to any power and 

circuit conditions. 
Large testing plants have been installed abroad 

empirical testing, but such plant is not required 
fundamental research, except for verification, at 

highest power, of designs based on the results of 

research. After consideration of what had been 
elsewhere on smaller plants and of the programme 
followed, the E.R.A. decided in 1921 that the 
economical unit would be one of a few thousand 
on which large numbers of tests could be made wi 

excessive expenditure. 
Through the courtesy of the Newcastle Electric Su 

Co., Ltd., testing facilities were obtained at C 

power station, Newcastle, and have been in use for 

last six years. These include the use of a 5 750 

5 000 -kW, 40- cycle, 3 -phase turbo -alternator,* toge 

with accommodation for instrument and testing e 

ment designed and installed by the E.R.A. 
As an indication of the amount of work carried 

to date it may be mentioned that nearly 3 000 

have been made, each of which involved recordin 
to 100 items of information on the test day itself, 

altogether requiring about 5 miles of oscillograph re 

(b) Nature of the problem, and method of attack. 
sideration showed that the problem of a.c. arc extin 

is something like that of damming the neck of an e 

The total resistance of conductor in single -phase tests between t 

A and B of the machine and the contacts of the experimental switch, is 

resistance of bolted joints, control switch contacts, etc., is appro 
0.03 ohm, and the internal resistance of phases A and B of the gen 
0.078 ohm. When the generator is excited to 5 500 volts and short 
through the above external circuit of 0.03 ohm, the maximum as 
peak instantaneous current is 7 000 amperes and the total symmetroil 
instantaneous value is 3 200 amperes. 
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WCAS which violent tides race backwards and forwards. 
e turn of the tide is the vital opportunity to be seized. 

it bre á. prior 
to these researches, it was the custom to speak 

lufa c quenching the arc in oil. The tendency was towards 

litac gher speeds of break and the use of magnetic blow -outs 

fomen d other violent methods of interfering with the arc 
something essentially and necessarily good. It is true 
at a small amount% of drawing -out and struggle is 
essary in preparation for the vulnerable period of 
o current, but the whole of the authors' work has 
e to show that the weight of the attack on the arc 
, in the past, been thrown in the wrong direction and 
in effect been directed on the arc when it was most 

able of resisting, rather than at the zero pause. The 
thors have therefore directed much attention to study - 

how the arc may be prevented from re- starting after 
has reached a zero pause. 
It was decided first to make tests, 'under controlled 
ditions impossible to obtain in commercial service, 
a number of different types of commercial circuit 

eakers, in order to verify their rupturing capacity and 
rformance characteristics both on single -phase and 
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at which breaker contacts separate, frequency, symmetry 
of short- circuit current, speed of break, number of breaks 
in series, head of oil, volume of air cushion, clearances, 
magnetic field, electric field, delay in contact separation, 
cooling properties of contacts, effect of venting, etc. 
The authors' experiments have since shown that altera- 
tion in any one of the above may result in marked change 
in behaviour of the circuit -breaking device. 

It is universally recognized that a given oil circuit - 
breaker will show a marked variation of performance 
on repeat tests under the same external circuit conditions. 
This variation, in the absence of any direct experimental 
evidence, was universally attributed to varying degrees 
of asymmetry of the short- circuit current and to the 
contacts having separated at varying points in the 
current wave, but these explanations have been found 
to be quite inadequate. It is believed that the main 
sources of such variations have now been traced, and 
this is supported by the fact that, on certain models, 
uniformity of operation can now be obtained. This will 
form the subject of a later paper. 

It was therefore decided to start with the simplest 

Vibrator`+ 
N91 N92 N93 N94 Volts Open- Volts 

({iéd 

acros circuit aross Amps. 
loa volts break PhaseA 

IiWi 
Exper te ntal switc_ 

/ Phase :_ 

C 
Contactor 52 Power 

Master station 
switch switch 

o c rú 
Generator 

1.- Circuit for tests on experimental switch No. 1 at different power factors (see Fig. 11), 

hase conditions of operation on short- circuit, in the 
ectation that with the recording apparatus available 
h data useful to designers would be obtained, data, 
eover, which would later enable more scientific tests 
be connected up with commercial practice. This 

urse has proved fully justified and, since 1923, British 
nufacturers have had the benefit of the numerous 
ervations on design made at that time, leading to 
ous improvements giving increased reliability. 

Many observations were made, by means of oscillo- 
phs and a cinematograph camera, of arc energy, 

Sion of oil and gas, pressure developed and other 
e features, and notes were made of contact burning, 
c. Empirical results obtained on particular tests of 

ular designs under given working conditions are, 
wever, in general, applicable only to those designs, 
ge of tests, and conditions, and add but little to 

owledge. They give no reliable indication of what 
II happen if any material change be made in design, 

or service conditions. Hence they give no adequate 
s for the development of improved designs, but 

Ovide mainly for the removal of previously unknown 
ects in existing types. 
Amongst the main variables involved were'the follow- 
-Current, voltage, phase angle, point on the wave 

possible circuit -breaking arrangement, with means for 
controlling as far as possible every variable and to pro- 
ceed by the slow but sure process of studying the effect 
of one variable at a time, using the results as a check 
on theory to be developed as the work proceeded. 
Progress has necessarily been slow as, until every vari- 
able is known and can be controlled, it is necessary to 
take the mean of large numbers of tests to establish 
each observation. 

(c) Circuit and general lay -out. -Fig. 1 is a diagram 
of the main circuit, etc., used for most of the tests at 
Newcastle, showing the position of the generator (A), 
power -station breaker (B1), master control (B2) ,* contactor 
(C), experimental switch (D), and the non -inductive 
and inductive artificial loads (E). Fig. 2 shows the 
general lay -out of the test house. 

(d) Experimental switch. -In order to start with the 
simple and work to the more complex, apparatus was 
designed which would give as complete control as 
possible of the known variables entering into the prob- 
lem. It was decided to employ an open tank of large 
capacity, holding about 250 gallons of oil t (see Fig. 3), 

Ì This circuit breaker was kindly loaned to the Research Association through 
the good offices of Mr. H. W. Clothier, and has been in continual use since the 
commencement of the research. 

t Wakefield's Superforma oil was used 
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and to commence with tests using a single -break opening 
in the centre of this large body of oil. The tank was 
3 ft. 6 inches in diameter and generally of such ample 
dimensions that very little surging of the oil normally 
took place, and the open top ensured that an approxi- 
mately uniform pressure on the surface of the oil was 
maintained, which would not have been the case in a 
closed structure. The centrally placed, isolated contact 
was practically * free from forces which would be set 
up by a neighbouring return circuit or neighbouring 
arc, and from any effects which might arise from 
small clearances, barriers and the like. The tank and 

[at e Bench 

WOR/rSHOP 

Bphase. 

LA - 

rperimenta/ 
/switch 

Alaste, 
c,S Contactar switch 

3 -core cable to 
(enerator 

ana'A 
Obrervationp/atform 
situated on roof of 
workshop 

JW/TCH 
HOUSE 

instrument 
transformer 

/oaD zsa0 2s001 / /ohms 
Astrament resistancesfr~) Pendulom or---Osc/Na(raph 

N°2 in.\ 

sio)': 
82 r-- rb-d- 

/NSTRUMEH 
ROOM 

=3 

/nstrument 
bendi 

UOperators- r-- -,Switchboard 
,oletform Iabave tonne/ ' Camera 

tonne /ta 
darkroom h' 

instrument 
cupboards 

' 

L__J 
amera /Dad / »( 

bench 

- DARKROOM' 
Dfik/»(tank 

Sink] 

J 

l. 

Dryin(ract 

Pr, »4»( 
machine ' 

Cam /canine II Orrin( rack, 

FIG. 2.- General lay -out of test house. 

contact controlling and operating mechanism will for 
convenience be referred to hereinafter as Experimental 
Switch No. L f 

A further advantage of the large tank, which has been 
frequently demonstrated as the work has proceeded, is 
that it affords ample clearance for the insertion of a 
large range of sizes and kinds of enclosures and the like, 
without disturbing the mechanism and general arrange- 
ment, and especially the carefully calibrated means for 
contact separation and control. It also gives room for 
the employment of horizontal and other breaks, gas - 
collecting hoods, pressure -recording apparatus, etc. By 
this means the authors have been able to make long 
series of experiments with many different arcing enclosures 
covering a number of radically different arc -rupturing 
devices. 

The field at break is only about 1 /10th that in commercial breakers fn 
general use on similar kVA. 

t The switch and contact controlling and operating mechanism was built for 
the Research Association under the personal supervision of Mr. S. Ferguson and 
Mr. G. Paflin, who made many useful suggestions in connection with practical 
details of the design. 

(e) Special controls. -The switch was so designed 
length of break, speed of break, point on the cu 

wave, head of oil and point on the current die -a 

curve could be controlled, and it is therefore po 
to secure repeat tests in which these factors are 
constant or varied as desired. 

It was also necessary to ensure that there shoe 
a correctly timed sequence of operation of all 

apparatus, for the safety both of the apparatus 
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Fro. 3.- Simplified sketch of experimental switch No 

indicating main features. 
B and C = h.t.leads. 

D = pigtail connection short- circuiting second break. 
F = insulated guide -rods carrying accelerating- springs bearing 

second cross -bar (not shown) at right angles to main 
bar H. 

G = arcing contacts. 
H = main cross -bar. 
J = raising and lowering rods shown in greater detail in F 

and operated. by gear shown in Fig. 13 (see Plate Iß 
K = insulating rod supporting cross -bar. 
L = trip rod. 
M = jack for closing switch. 

and of the operator. This was achieved by the 
a pendulum (F in Fig. 2) which was released from 

initially deflected position by the withdrawal of a 

electrically interlocked to operate with the closing of 

main circuit control switch. The pendulum, as it 
from right to left, opened or closed small switches 
auxiliary circuits controlling the various appara 
be referred to more fully later -so that the 
sequence of operations took place automatically 
one second and independently of the operator. 

In addition to control of the above factors, an 
ment was devised for controlling the asymmetry of 

initial current -rush, so that a current might be 
tamed totally symmetrical or with any degree of 

asymmetry required in a long series of tests.* 
An indication of the accuracy of control employed is given by the 

figures: The mean variation in asymmetry is ± 5 °, or, in other w 

device which throws on the short -circuit operates with a mean errorincl f less than ± 1 /2800th sec., or about 1 /70th cycle at 40 cycles, and the 
between the commencement of a short- circuit and the start of arcing 
controlled within a mean oft 1 /1000th sec., or 1 /25th cycle. 

in 
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ntrols have proved invaluable, as without their aid it 
ould have been impossible to secure repeat tests 
thout having to discard large numbers in which the 

wired conditions did not happen to be met. 
It was also felt to be of importance to be able to vary 
e power factor of the circuit while maintaining current 
d voltage fixed at a desired value. This was achieved 

y the design and erection of a load (E in Fig. 2) con - 
sting of about 25 ohms resistance and 16 ohms reactance, 

resistance being as far as possible non -inductive and 
reactance being made up of air -cored reactors. In each 
case tappings were provided so that any combination 
of resistance and reactance in decimals of an ohm could 
be easily obtained. With this apparatus the authors 
were able to study the effect of power factor at constant 
current and voltage, which, so far as they are aware, 
had not been done before, except over an inadequate 
range, as in the past such tests have always, through 
lack of suitable apparatus, involved change in either 
current or voltage as well as power factor. In the past, 
too, results have been expressed in terms of the power 
factor of the circuit without reference to the machine 
which forms part of the complete circuit. 

(f) Instrument equipment and test -day routine. -In 
rder to obtain adequate records of the various electrical 

d other phenomena, a battery of four double -element 
scillographs capable of taking eight simultaneous records 
as installed. Thus it was possible to record current 
d voltage in the three phases of a circuit, together with 
o other records, say, of switch movement and pressure; 

o that in a case single -phase operation a large number 
f vibrators were left free for recording any other pheno- 
ena of interest. The scale employed in the oscillograms 
as large enough to enable accurate calculations of arc 
nergy (see Fig. 4 on Plate I, the figure being 4-ths the 
ize of the original photograph), and a study of phenomena 
t the critical time of arc extinction to be made. 
By putting a 6- string Einthoven galvanometer in 

lace of one of the double -element oscillographs, it was 
ossible to increase the number of simultaneous records 
o 12. 

In addition to the oscillograph apparatus, the authors 
ave in the course of the research obtained numerous 
cords of pressure phenomena. A number of different 
ethods of recording have been developed and the 
uthors have been able for some time past to obtain 
ontinuous records of variations in oil pressure in such 
way that they can be correlated with arcing and other 
henomena in the same experiment. 

The question of pressure is not being dealt with in 
e present paper, but it may be of interest to note in 

assing that a pressure as high as 1 000 lb. per sq. in. 
n the walls of a closed experimental model has been 
ecorded. This occurred when tests were being made 
'th initial pressures in the air cushion. A higher 
essure would have been reached had not the arcing 

ylinder exploded. Fig. 5 (Plate I) shows some of the 
mage done to the arcing cylinder. The bottom of the 

ylinder, a plate of insulating material 1 in. thick, 
arrying the oil -tight gland and moving- contact rod, 

sheared and blown completely through the bottom 
lamping ring. The sheared -out portion is shown on 
he right -hand side of the photograph, with the initially 

straight contact rod bent so that the two ends are 
practically touching, exactly as found after the explo- 
sion. The stoutly built cross -bar of the switch (not 
shown in the photograph) was twisted and wrecked, and 
the control rod snapped. 

In addition to the various recording means mentioned 
above, a novel high -speed camera capable of working at 
upwards of 1 000 pictures per second was designed and 
built.* By means of it the authors have obtained 
information of great value on the phenomena of the 
development of the arc globule. It was arranged to 
correlate in time the high -speed camera records with 
the oscillograph records so that' the electrical phenomena 
at any instant could be studied in conjunction with 
what was going on in the oil. The development of this 
camera presented some difficulty because oil normally 
cuts off most of the actinic rays which are so necessary 
to obtain good records at high speeds, and it was 
impossible to employ artificial illumination for studying 
the arc itself. 

A brief description of the routine on a test day may 
be of interest. Before testing is commenced each 
morning, a careful check is made, with diagram in hand, 
of all the h.t. oscillograph leads and of the main circuits 
to see that nothing has broken or slipped out of place. 
In addition, all oscillographs in use are recalibrated. 
Just before each test, some 50 items in connection with 
settings, auxiliary switches, etc., are checked against a 
list, as omission to attend to any one of the items would 
lead to loss of some portion of the test record or to 

the test. 
After various warning check -bells have been rung to 

ensure that each member of the staff of seven is at his 
station, the circuit operator closes the main control 
switch (see B2 in Fig. 1) and the following sequence of 
events takes place automatically. 

The main control switch begins to close and at the 
same instant the camera shutters open, recording zero 
reference lines, and the control pendulum (F, Fig. 2) 
described above also commences its swing. As soon as 
the main arcing contacts of the control breaker make 
contact (making the circuit alive up to the main con- 
tactor gap), auxiliary contacts in the l.t. circuit of the 
camera clutches close so that the cameras begin to 
traverse. At the same instant an auxiliary shutter on 
each camera (which up to this time has screened one 
end of the camera aperture from certain timing t and 
identification flashes) opens fully and the flashes begin 
to be recorded on the respective films. The pendulum, 
in its swing, then closes the trip circuit for operating 
the contactor which, on closing and switching on the 
current, operates in cascade other time -delaying devices 
and trips controlling the instant at which the arc com- 
mences to be drawn. As the pendulum continues its 
swing it closes the trip circuit of the main control switch 
(B2, Fig. 2) which opens the main circuit and then 
through auxiliary circuits closes the camera shutters 
just after the main circuit has been cleared. The main 
circuit trip is, in general, set to operate well after the 

See Reference 1. 
t These " timing flashes" are shown in Fig. 4 and are represented there as at 

intervals of 0.01 sec. This is not strictly accurate, as the actual unit of time 
is the distance between alternate flashes (= 0.02 sec.), this unit in general being 
unequally divided by the intervening " time flash." 
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experimental switch (D, Fig. 2) has cleared. The whole 
of the above sequence, including many other minor 
operating details, is thus gone through automatically in 
one half -swing of the pendulum. 

As soon as the circuit has been made dead, the cameras 
are lifted out of position, placed in turn on a trolley and 
pushed through a light -proof trap (H, Fig. 2) into the 
dark room (J, Fig. 2), where they are reloaded in readi- 
ness for the next test and the films are developed. In 
the meantime, various measurements on the experimental 
switch, etc., are being made, and general preparation for 
the next test is going forward. 

The whole organization works so smoothly that before 
the re- setting and checking for the new test is complete 
the oscillograms of the last test have been examined, 
and such items as arc duration, arc length * and arc 
energy have been roughly measured and recorded on 
small sketched copies of the oscillograms. 

In this way it is possible to carry out from 10 to 20 
full -scale experiments per test day with complete oscillo- 
graph and cinematograph records of each test.t 

(III) THE MEDIUM IN WHICH ARCING TAKES PLACE, 
AND EXPERIMENTS THEREWITH. 

(a) Introduction.-At an early stage of the research 
it became apparent that, in spite of careful control of 
known variables, there was still a very serious variation 
in the results of repeat tests, indicating that other 
important factors were entering. This made progress 
very difficult and costly owing to the large number of 
repeat tests required. Photographic and other evidence 
obtained pointed strongly to the conclusion that in many 
cases the cause of arc extinction was not, as is generally 
supposed, an inrush of oil between the contacts but that 
the arc was broken while the contacts were still within 
the bubble which is formed. between them during arcing. 

Fig. 6a (Plate I) shows one of the high -speed photo- 
graphs of such a bubble taken just before arc extinction, 
while Fig. 6b (Plate I) shows a second photograph taken 
in the same series, actually at the instant of arc extinc- 
tion. The two contact tips in the latter case were well 
inside the arc globule as indicated by the key diagram. 

General consideration of the phenomena of arc rupture 
in oil, in conjunction with certain other experiments 
which have been carried out, indicates that it occurs 
under three heads I:- 

(1) Cases in which the arc goes out when there is no 
oil in the arc path between the contacts. 

(2) Where both oil and gas are present together. 
(3) Where the whole path is filled with oil. 

The measurement of arc length involves the determination of the exact 
instant of contact separation and of the contact position at arc break. The 
instant of separation of the contacts, together with the cross -bar and contact 
position at a number of successive instants, is signalled to one of the recording 
oscillograph vibrators during each test by means of the closing or opening of 
what are in effect a number of switches. The moving elements of the switches 
are formed by thin conducting studs fixed at frequent and known intervals 
through the insulating rod which supports the cross -bar, moving with it when 
it open or closes. A pair of brushes are attached to the framework and press 
one on each side of the insulating rod, completing the 2 -volt d.c. circuit of the 
recording oscillograph through each stud in turn as it passes them, thus producing 
an easily recognizable " kick " or deflection on the oscillograph record. 

t For help in connection with the work, the authors would like to mention 
Messrs. E. G. Brunker, S. F. Follett and L. Gosland, in addition to other members 
of the E.R.A. staff mentioned in acknowledgments at the end of the paper. 

$ The case where there is a vacuum in the container in which arcing takes 
place might be considered as a fourth condition. It is not met with in oil 
circuit- breakers. 

The experiments show that condition (3) is an ex 
ingly rare occurrence in the operation of an ordi 
free -break oil circuit -breaker, while (2) -the cas, 

which oil and gas are present together in the bub 
introduces a large ineradicable factor of chance, 
it is impossible to foretell how much oil or gas 
present in the arc path at any instant in any test 
hence work with such mixtures does not pro 
hopeful line of attack on the main problem. 

Manufacturers therefore decided to pursue two 
of research simultaneously: - 

(A) The study of the case in which no oil is pr 
between the contacts, with the further si 
fication of considering only the case in 
the whole container in which arcing takes 
is full of gas. 

(B) Such aspects of the more complex pro 
of arcing in gas and . oil'. as became ripe 
examination as the study of (A) progresse 

The authors therefore proceeded to simplify th 
ditions by working on gas alone and thus obtain' 
firm basis for the attack on the more complicated 
lem of arcing in oil where the gas is surrounded by 

envelope of oil. They feel therefore that the simp 

aspect of the problem, namely, arcing in gas along 
the natural and logical one to deal with in this in 

ductory paper, which will be confined to a considera 
of some of the experimental results obtained in 
field of inquiry, leaving the more complex problem 
arcing in oil and a wider consideration of theory 
later papers. 

(b) Tests to determine the nature of the gas in se 

the arc is drawn, in order to carry out further tesi, 

the gas alone. - Before any serious and effective 
could be carried out on the problem of arcing in g 

was necessary to determine the chemical nature of 

gas produced by arcing in oil and to find to what ext 

if any, the gas varies in composition when currents 
different magnitude are flowing in the arc or when i 

subjected to different mechanical pressures. The 
also the further question of the effect of the the 
composition of the oil on that of the gas evolved. 
first step was, therefore, to collect the gas formed 
arcing, and for this purpose an apparatus was desi 

consisting of a cylinder lined with insulating mat 
and firmly bolted to a metal cover plate, thus formirr, 

kind of diving bell. which was initially filled with 

(see Fig. 7). The lower end of the cylinder was o 

and was 10 cm below the general level of the oil in 

experimental switch, and at the level of the point 

contact separation. Owing to its depth, the u 

portion of the bell was well above the oil surface and 

bell was provided with a glass gauge to enable meas 

ments of the oil -level to be made after the test, 
check observations (to ensure that no air leakage t 

place) before the test. The arc was thus drawn in 

with a free surface (except for the portion in the Coll 

ing bell immediately above). 
In order to draw off the gas after the test, the 

was lowered downwards by means of special Will 

gear until its top was well below the general oil su 

Fo 



an ex 
s Or 
te c 

bub 
ance,.; 
;as 
7 test 
pro 

Plate 1. 

two 

is pr 
her s 

in 
sakes: 

s pr, 
e ri 
;ress 

'y th 
bt.' 
sated 
tded by 

ie shop 

s along 

this in 

asidera 
ed in 

arobles 
theory 

s in w 

!er tests 

tive 
;ing 
sure of 

tat ext 

.urrents 
when i 

Theo 
e ches 
Lved. 

formed 
s des' 
g mat 
for 

d with 

was o 

: oil in 

e point 

the u 

.ce and 

e meas 

test, 
Lkage t 

awn in 

:he colt 

FIG. 4.-Portion of an oscillogram of current and voltage waves (arc in oil), 5ths the size of the original. 
Current scale: -1 cm = 2 250 amps. Voltage scale: -1 cm = 1 250 volts. 

t, the 
tl windi 

oil su 

FIG. 6.- Damage to experimental model after test No. 1708. 

(a) (b) 

FIG. 6. -Two of a series of high -speed 
photographs of an arc bubble: (a) just 
before, and (b) at instant of, arc break, 
showing contact tips within the gas. 

Top contact 
Arc bubble 

'Tip of 
bottom contact 

e 

Pointer 

Notched 
scale 

KEY TO FIG. 6(b) (Not to scale). 
Length a measured off contact. 

b , photograph, using notched scale. 
c= a b- 2cmapprox. 
e = 2 cm approx. 
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he switch. The cock in the top was opened and the 
drawn off through a rubber tube (initially full of 
and collected in Winchester bottles inverted over 

er in the usual manner. Considerable difficulty was 
t experienced in getting this apparatus gas- tight, 
gas escapes easily through joints which are for all 

ctical purposes impervious to air. 
number of tests were made in which arcs were 

wn at currents varying from 250 to 2 000 amperes 
.S.) in order to study the effect of current magnitude 

the composition of the gas evolved. Analysis of the 'I 

i 

Main contact 
rod 

Cock for 
tapping off 

gais 

0 

Bottom of 
top contact 

entre -line of 
A utgoing lead Centre -line of gas cylinder 

o tank 
FIG. 7.- Arrangement of gas -collecting cylinder. 

É 
pies * gave, the 

tage composition 
following average figures for per - 
by volumet:- 

Acetylene .. 23 per cent 
Ethylene .. 3 

Hydrogen .. 69 1, 

Methane .. 5 

will be noted on comparison with the figures given in 
ependix I(c) that the acetylene content observed is 

c ch greater than has been generally noted by other 
estigators. $ The authors think that this may be 

.0 e to the fact that acetylene is soluble in water and 
-' and that previous investigators may not have made 
órrection for the amount absorbed in the process of 

lection and analysis. The highest percentage of 
etylene so far recorded is 31 per cent, and there is some 
deuce for a gradual increase in the percentage of 

etylene as current increases. Pure acetylene is known 
e be capable of being detonated at a compression of 

This and the analyses in Appendix I(A) and I(n) were carried out by Dr. 
Michie and Dr. W. B. Davidson, consulting chemists, of Newcastle-upon- 

e, whom the authors take this opportunity of thanking. 
Fuller particulars are given in tables in Appendix I(A) and I(c), together 
figures obtained by other investigators for comparison. 
Magrini (see Reference 16) has collected and analysed the gases liberated 

low -power arcs in oil, and he also has found values of the order of 25 per cent 
the acetylene content [see Appendix I(c)]. 

w 

a few atmospheres, in the absence of oxygen, and to 
give rise to very high pressures, but the authors have so 
far no definite evidence that such detonation takes place 
in arcs in oil. 

The effect of the chemical nature of the oil on the 
chemical composition of the gases evolved therefrom 
appears to be small, as shown by the analyses [given in 
Appendix I(c)] obtained by other investigators with 
other types of oil. 

The question arose whether gas, as collected after 
arcing and after a considerable amount of cooling and 
contact with carbonized oil had taken place, was of the 
same chemical composition as gas existing in the arc 
bubble or globule during the time that arcing was in 
progress, and a high temperature existed. To obtain 
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Guillotine 

Evacuated 

gambottles 
le 

Fixed 
contact stem 

.-Top contact 
Bottom 

Moving 
contact stem 

Stirrup insulated 
from crossbar 

FIG. 8.- Diagram of apparatus used for sampling gases 
during arcing. 

a rough check on this, the apparatus shown in Fig. 8 
was devised. This consisted of a number of evacuated 
glass tubes each of about 4 cm3 capacity and with necks 
drawn out to a fine bore and sealed at the ends. These 
tubes were arranged in a frame one below another placed 
parallel with the path of the arc, so that the sealed ends 
lay at various points in the path where the current 
might be a maximum or near zero as the moving contact 
drew the arc past them. An insulated guillotine was 
provided (see Fig. 8) which moved in such a way that 
the sealed ends of the necks were cut off as the contact 
tip passed them. As each end was knocked off, the gas 
present in the surrounding arc bubble was sucked vio- 
lently in, oil then sealing the capillary entrance shortly 
after.* 

Analysis of a number of these samples showed reason- 
able agreement both with each other and with the main 
gas sample subsequently collected for each test, jf especi- 
ally in the main constituent, namely hydrogen. 

(c) Volume of gas produced by arcing in oil.- Before 
leaving the general subject of gas collection it will be of 
interest to record some data on gas volumes. When 

s See Appendix II. t For tables, see Appendix I(n). 
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correction is made for the proportion of energy absorbed 
by the contacts,* which can only be done approximately, 
the volume of gas produced under the general conditions 

Sealed here File scratch sothat 
after guillotine breaks 

evacuation neck here 

0.2 em internal dia. 
0.35cm external 

I-4 em internal dia. 
i5cm external 

3.0em 

i 
0.6cm 

1 
3.6cm 

0.6cm 

NOTE- Neck dimensiens are co stantas 
given above; ether dimensions 
varied slightly 

FIG. 8A.- Sample gas -collecting tube 
(scale - size). 
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FIG. 10. -Curve showing relation between volume of gas liberated and arc energy in oil in Experimental Switch 

No. 1. In each casé allowance was made for energy dissipated at the contact surfaces. (In one further test with 

49.9 kW- seconds 3 960 cm8 of gas were obtained.) 
Number of breaks = 1; R.M.S. voltage = 5 500; R.M.S. current = 270 -2 000 amps. frequency, bead of oil and speed of contact separation constad 
Particulars of oil used (Wakefield's " Superforma," supplied in accordance with B.S.S. No. 148-1923):-Flash point (closed) 174° C.; specific gravit 

at 15° C. 0 856; viscosity at 15° C. 220 sec.; sludge value 0 04 per cent. 

already described averages about 70 cm3 t per kW- 
second of arc energy (see Fig. 10). This is rather 
higher than figures obtained by other investigators on 

* The tests indicate a voltage -drop ranging from 20 to 50 with a mean of about 
30 (total) at the two contact surfaces. This, multiplied by the current and 
arc duration, gives a measure of the energy absorbed at the contacts. 

t Corrected to 0° C. and 760 mm pressure. The authors have done a consider- 
able amount of work on the effect of pressure on the quantity of gas evolved 
per kW- second of arc energy and on the effect of pressure on the composition 
of the gas. The work is, however, not yet ripe for report except to state that, 
as suggested by Kesselring (see Reference 8), there is a tendency for volume to 
increase with increase of pressure and that changes take place in the gas 
composition. 

(d) Experiments with arcs in gas alone. 

(i) Arcs in hydrogen and other gases. -It will be 

from the analyses given that hydrogen, while subject 

some variation in percentage, forms the major pal 

the gas given off by arcing in oil. This led to the ca 

ing out of tests in hydrogen alone, and results of i 

siderable interest and importance have been obtain 

* See Appendix I(c). 
t Some proportion of this energy may, however, ultimately be used 

ducing gas. 
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Xperiments in hydrogen verified that there is a 
onable correspondence between the lengths of arcs 
hydrogen and in oil circuit- breakers after allowing 

superimposed phenomena which occur in the latter, 
s showing incidentally that the presence of the oil is 

essential for arc extinction. 
Tests were then made to see whether arcs could be 

tinguished in certain gases other than hydrogen, but 
was not found possible to rupture arcs in the three 
es tried, namely, air, nitrogen and argon, under 
ilar conditions without very much longer breaks 

an were required in hydrogen. This characteristic of 

ydrogen has certain advantages, which are thus present 
the commercial oil circuit- breaker. 
(ii) The two stages of arcing. -The authors' study of 

of different types has been extensive and is still 
progress. Some further preliminary observations 

y, however, be useful. 
he phenomena of the alternating -current arc may 
convenience be divided into two main stages, firstly, 
period when current is flowing, and secondly a brief 

use when no current is flowing and the gap between 
contacts is filled with hot gas. 

(iii) The period of current pause and factors affecting 
re- ignition, such as temperature, pressure, ,voltage, 

wer factor, etc. -Consider firstly the period of current 
use. The time between the fall of the current to zero 
d the recommencement of current flow is small and, 
cases where the arc restarts in a highly inductive 
circuit, is rarely longer than 0.001 sec. at 40 cycles 

r the range of currents with which the authors have 
erimented. During this stage the gap between the 
tacts is filled with gas which is cooling. 

The following briefly indicate the main conditions 
h determine whether the gap will or will not break 

wn: Instantaneous value of the voltage gradient; 
ssure, temperature and nature of the gas; and cooling 

operties of the contacts and surroundings. 
Other things being equal, the length of gap across 

hich the arc is just unable to re- strike (described as the 
' tical arc gap or critical arc length) should be dependent 

the magnitude of the instantaneous voltage available 
the zero current pause. 
In considering the voltage available to re -start the 

, it is important therefore to note the effect of change 
power factor of the whole circuit. It is to be expected 
t, in the simple case where the circuit is free from 

Itage surges, the voltage available should be propor- 
nal to the sine of the angle of lag. If the power 
tor of the circuit were unity, the voltage and current 
uld pass through zero together, and hence the avail - 
le voltage would be zero at the moment of current 
o. On the other hand, if the power factor were zero 
voltage would then be at its peak value as current 
ed through zero.* If the conditions in the gap 
een the contacts could be kept uniform, one would 
t that the critical arc gap would be a function of 

Instantaneous value of the available voltage. Tests 
re made in hydrogen under controlled conditions to 
k this. 

n actual practice we are not dealing with sinusoidal 
A theoretical treatment of the instantaneous voltage available at current 
under a number of typical conditions of circuit and illustrated by diagrams 
yen by E. Zachrisson (see Reference 4). 
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current waves, so that it is desirable to try to obtain a 
more direct measurement of the above -mentioned instan- 
taneous voltage than can be obtained with the aid of 
calculated angles of lag based on circuit constants * 
and assuming sinusoidal quantities. 

The voltage available at each current zero was there- 
fore estimated in the following manner: The open -circuit 
voltage wave before the start of current -flow was con- 
tinued graphically through the period of current -flow, 
to join that which appears on the oscillograms when 
the current is broken, allowance being made for decrease 
in the amplitude of the voltage wave with time. The 
angles between the zeros of this " virtual voltage " 
wave and the actual current wave were measured just 
before the commencement of arcing and are used as 
abscissæ in Fig..11. It will be seen that the arc duration 
at constant velocity of contact separation is approxi- 
mately proportional to the sine of this angle, the curve 
drawn in Fig. 11 being the best sine curve drawn through 
the test points.t 

Another factor complicating the determination of the 
available voltage is the variation in the latter quantity 
according to the point on the voltage wave at which 
current flow commences. In the case of a short- circuit in 
which the current wave departs from symmetry, the condi- 
tions with respect to the virtual voltage wave are different 
at alternate current zeros, which means a difference in 
the available voltage at the two sets of zeros (see 
Appendix IV for a fuller description of these and other 
complicating factors). 

It may be mentioned in passing that similar tests 
which the authors have carried out in oil have given a 
curve of the same general shape but showing differences, 
the causes of which have been traced but belong to 
another section of the subject. The only published 
test data which the authors have found on the subject 
are in papers by Stern and Biermanns $ and those by 
Dr. Bauer § and Kesselring,Il all for arcs in oil. The test 
data of Stern and Biermanns and Bauer, when plotted 
to give arc duration or arc length as ordinates against 
angular displacement as abscissæ, result in curves which, 
starting at small angles, rise rapidly at first, then flatten 
out and finally begin to rise at a steeper angle again. 
In the case of Dr. Bauer's curves this last rise soon 
becomes almost vertical. On the empirical basis of the 
above results Bauer evolves. a formula for arc duration 
in which the latter increases in proportion to powers 
of the tangent of the angle of lag. This, it will be seen, 
will lead to an infinite arc duration for a current lagging 
90 °, or in other words an arc in such a circuit could not 
be extinguished, according to Bauer's formula. Stem 
and Biermanns express the opinion that the slight end - 
rise given by their data is due to changes in current and 
that the curve would have flattened out at large angles 
of lag if the current could have been left constant. 

* Such calculations are further complicated by changes in the self -inductive 
reactance of the machine, which varies with armature current over a wide 
range, being relatively low at initially heavy currents, then increasing rapidly 
as the initial current values are decreased, but probably reaching a low value 
again at very low initial current values. 

t Points at low " phase angles " tend to be above the curve owing to the 
fact that a larger voltage than em. x. sin a is almost immediately available, 
where O is the angle described above. A value of the voltage may thus be 
attained which is sufficient to break down the gap some little time after the 
current has reached zero, even though the electric strength of the latter may 
have increased somewhat since the cessation of the arc. 

$ See Reference 5. § Ibid., 6 II Ibid., 8. 
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Kesselring's curves (Fig. 10 of his recent paper) * do not 
show any indication of the abnormal increase in arc 
length at low power factors, though no actual test points 
are given and the load arrangements for varying the. 
power factor are not described. 

As will be seen from Fig. 11,t there is no indication in 

that hydrogen requires a longer gap than gases s 

air, if sparking at any given voltage is to be prey 
across an initially cool path between cold elec 
On the other hand, the authors' experiments with 
arcs show that the reverse is the case at current- 
just after a heavy current has been flowing in the 
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Fin. 11. -Curve showing relation between arc duration (to middle of last half cycle) and initial " virtual phase 
displacement "$ in hydrogen at approximately atmospheric pressure. 

Conditions of test: -Single break; open -circuit voltage 5 500 (R.M.S.); current approx. 260 amps. (R.M.S.); frequency 
40 cycles; approximately totally symmetrical. Velocity of contact separation constant. 

the authors' results of the occurrence of the phenomena 
observed in Bauer's experiments at large angles of lag. 
Other lines of investigation, however (which do not fall 
within the scope of the present paper), indicate that such 
phenomena might be observed in switches having certain 
faults in design. 

Fig. 11A shows the mean arc energy in oil at each 
of a number of different reactor settings (" virtual 
phase displacement "), the figures against each point 
being the number of tests for which the value shown 
is the mean energy. The abscissa to the curve are 
determined in the same manner as in Fig. 11. It will 
be seen that the right -hand end of the curve does not 
give any indication of a rapid increase of arc energy 
which would result if arc duration increased in propor- 
tion to powers of the tangent of the angle of lag as 
suggested by Bauer. 

Besides voltage, the authors have mentioned other 
factors which determine whether a given gap will be 
long enough to prevent an arc from being re- established. 
The question of the cooling effect of surroundings, 
terminals and general arrangement has formed the 
subject of many of the experiments. Most of this work, 
however, lies outside the scope of this paper. 

It is generally accepted in connection with the electric 
strength of gases that spark potential is a function of 
the length, pressure and absolute temperature,§ and 
that the higher the pressure and the lower the tempera- 
ture, the shorter the critical gap will be. 

As regards the effect of the nature of the gas for a 
given pressure, applied voltage and temperature, the 
authors' experiments on breakdown voltages confirm 

See Reference 8. 
t In Figs. 11 and 11A the highest" virtual phase displacement" as measured 

by the method described was 75° ; calculation by the usual method, from care- 
fully checked circuit constants, gave 86 °. The discrepancy is not yet fully 
understood, but if the higher figure be substituted the authors' arguments are 
strengthened. 

t For explanation, see Section (III) (d) (iii). 
Paschen's law (see Reference 7). 

and that the critical gaps are thus shorter for 
tinction in hydrogen than they are in, say, 

nitrogen or argon, under the same initial 
conditions. 

For an explanation of this we must now consid 
second period of arcing, namely, the period of c 

flow. 
(iv) The period of current-flow.-To utilize the 

there must be a gap between the electrodes, and 

-o 4 

R.M.S. volts 5 500 
w current 270 amps. 
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FIG. 11A. -Curve showing variation of arc energy 
" virtual phase displacement "* in oil. Tests ma 

experimental switch No. 1. 
Numbers against points indicate number of tests for which 

mean. 
Frequency, symmetry (totally symmetrical), speed of break and 

oil constant. 
R.M.S. voltage = 5 500; R.M.S. current = 270 amps. 

creation of this gap introduces serious problems. 
first place, the gap takes time to make and in p 

involves separation of the contacts while tune 
flowing, i.e. release of energy between the con 

The release of this energy involves, amongst 
factors, time and resistance. 

Some consideration of the problems arising is 

under three headings ; firstly, " Effect of the pen 

current -flow on the condition of the gap at the 
* For explanation, see Section (III) (d) (iii). 
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t ' zero pause ' " which influences arc length and 
uration, and secondly, " Volt- ampere characteristics 
e arc," which will cover a brief consideration of the 
ge characteristic of the arc preparatory to the 
section dealing with " Arc energy," which is of 

Kcal importance in connection with the determina- 
of the pressure on arcing enclosures. 
e authors are not dealing here with possible external 

is of arcing such as fire risk, safety of operators, 
on running of synchronous machinery of time 

e arc extinction, effect in causing voltage disturb - 
on the system, and other matters external to the 

't breaker proper. These are beyond the scope of 
esent paper. 

) Effect of the period of current flow on the condition 
e gap at the subsequent " zero pause. " -It has been 
oned that if contacts could be suddenly separated 
, at the zero pause of current, to a sufficient distance 
to prevent re- striking, there would be no appreci- 
heat evolved and the conditions between the 
cts would be much as they were previously in 
as immediately surrounding the contacts. If the 
cts begin to form a gap only just before zero current 
ached, appreciable energy is liberated and the 

er the instant of separation in relation to the zero 
e the greater the amount of energy liberated between 
ontacts. 
has already been mentioned that in an initially cool 
the critical length for a given applied voltage is 
in hydrogen than in gases such as air, whereas the 
e is the case at current -pause just after the gap 

tions have been disturbed by the passage of a 
arc current. It is suggested in explanation of 

hat, owing to its better cooling properties,* hydro- 
s nearer its original conditions of equilibrium at 
nt zeros than are the other gases mentioned, and 
the critical gap for a given voltage is shorter. It 
ed likely, however, that the other gases could be 
e to give 'results as good as, or better than, hydrogen 
y could be caused to cool the arc path sufficiently 
as, for example, by blowing the gases into it. The 
que required to accomplish this cooling involves 
rer knowledge of certain phenomena during the 
-current stage and can be more conveniently dealt 
later in this paper. 
ore passing to a brief consideration of the arc 
cteristic, something must be said as to the effect 
ent magnitude on the subsequent condition of the 

at zero pause. The results of a few experiments 
the authors have made with arcs in hydrogen at 
les with fixed voltage and low power factor and 
erent currents ranging from 260 to 1 600 amperes 

S.), indicate that over this, the only range investi- 
in hydrogen, change in R.M.S. current has no 

eciable effect on critical arc length. In other words, 
the above range the conditions at the zero pause 
t appear to be affected by the magnitude of the 

S. current in the preceding period of current - 
though, as has already been shown, they are 
d by the fact that current has passed. The exact 

played by the magnitude of the R.M.S. current is 
eing investigated by the authors, but the subject is 

* See Reference 9. 

not ripe for fuller report at this stage. Such an investiga- 
tion is complicated by the difficulties involved in main- 
taining unchanged such conditions as wave -shape and 
applied voltage over a sufficiently wide range of currents. 

(B) Volt -ampere characteristics of the arc. -The period 
of current -flow, which usually occupies at least 90 per 
cent of the total duration of an arc, is of great importance, 
as it is during this time that the contacts are pitted or 
burned and energy is released in the gap between them, 
accompanied by a rise of pressure tending to burst the 
walls enclosing the arcing space. 

Since energy involves voltage and current as well as 
time, it becomes of importance to study the voltage 
characteristic of arcs in gas as a first step towards the 
calculation of arc energy. Study of arcing characteristics 
is also of importance in that it gives clues to what is 
happening in the arc path (a matter which is difficult to 
explore by other means owing to the high temperature, 
etc.). 

The authors' researches have provided them with a 
comprehensive collection of oscillograms of arcing under 
a wide range of conditions, and they have devoted con- 
siderable attention to the study of their voltage charac- 
teristics. They find, for example, that after corrections 
have been made for other effects, the arc -voltage record 
of certain types of arc subjected to fluctuating mechanical 
pressures yields a continuous record of these fluctuations. 
The arc thus becomes its own pressure recorder. In this 
paper, however, it is proposed to deal only with the 
main characteristics of the arc affecting arc -energy 
calculations in the simple case where arcing takes place 
in such a large gas container that the general pressure is 
not materially increased thereby. 

During, the period between the zero pauses, when 
current is flowing, a certain voltage -drop is required to 
maintain this current across the arcing space. This 
total voltage-drop includes a part which is approximately 
constant, namely, that occurring at the contact surfaces, 
and another part which is proportional to the length of 
the arc. The expression for the arc voltage must, 
therefore, involve a constant term, and another which 
is proportional to the árc length. Such a general form 
has always been found and assumed since Mrs. Ayrton's 
classic researches on the electric arc, and indeed had 
been suggested by S. P. Thompson and others. 

As to the form of the latter term that proportional 
to the arc length- agreement is not so general. Mrs. 
Ayrton's work * was done on d.c. carbon arcs less than 
1 cm in length and currents up to about 30 amperes. 
She found that her results were best fitted by an expres- 
sion of the form 

c-{-dl 
e4 = a -}- bl -} . (1) 

in which ea is the total voltage across the arc, a, b, c and 
cl are constants, l is the arc length and i the current in 
the arc. Such a form for the arc characteristic has 
since been found to fit several sets of results, such as 
low- current d.c. arcs between magnetite terminals and 
some cases of short, low- current arcs between copper 
terminals, in addition to carbon arcs. 

The next important research on the subject was that 
See Reference 10. 
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of Steinmetz,* who found his results on the magnetite 
arc to be closely fitted by a characteristic of the form 

c(l 8) 
ea =a+ 1/i 

where a, c and 8 are constants and 1, ea and i are as 
above. In this, Steinmetz has been followed recently 
by Norberg.t The latter in his work on heavy- current 
arcs in relation to arcing in circuit breakers has used 
the Steinmetz characteristic in its simple form 

k 
ea = kl + Zl 

where k1 and k2 are constants. The point that the 
authors would emphasize is that in equations (2) and 
(2') the whole of that part of the voltage which depends 
on the length of the arc depends also on the current 
in the arc. With long arcs when the contact -drop 
becomes relatively negligible, the voltage across the 
arc should thus, according to equations (2) and (2'), be 
approximately inversely proportional to the square root 
of the current. The authors' test results indicate, 
however, that for the case with which we are dealing 
[namely the initial stages of a power arc in gas or under 
oil over the range 150 to 1 500 amperes (R.M.S.)], such 
an expression for the arc voltage does not hold. 

To explain the form of the voltage wave in the neigh- 
bourhood of the current zero the characteristic must 
include a term depending on the current, but elsewhere 
in the half cycle such a term is relatively unimportant. 
The authors find it necessary to introduce a term inde- 
pendent of current, t. namely ßl, the characteristic 
becoming 

. (2) 

(2') 

k ea=ec+ l+ ßl (3) 

in which the term involving both i and i is assumed to 
be of the same form as that given by Steinmetz. For 
purposes of arc energy calculation the term involving 
Vi may be treated as negligible, so that ß is practi- 
cally equal to el, the voltage per unit length of the 
arc path proper, allowance being made for the contact 
drop of potential. The means of the values of el found 
by three different methods as designated by the symbols 
&o, Fp and ep in Appendix II (Table 3) lie between 46 
and 55 volts with a mean of approximately 50 volts for 
the authors' tests in hydrogen at approximately atmo- 
spheric pressure and over a wide range of current values. 

Such a difference in the arc characteristic between 
the earlier equations of type (2) and that suggested in 
equation (3) above, leads to a considerable difference in 
ep § to be expected over the range of currents examined, 
where ep is the value of the voltage per unit length of 
the arc path (e1) in each half cycle at the instant of peak 
current, or 

ep 
lp 

ea (at peak current) - ec 

See Reference 12. t Ibid.,13. 
$ Such a characteristic has also been noted by the authors in tests in air 

and is confirmed by results recently published by R. Ackermann (see 
Reference 14). 

§ This value is given as it is the one used by Norberg in his calculations. 

where ea = voltage ordinate as measured on 
grams. (In the case of the fo 

table it is measured at the time 
sponding to peak current, ir). 

ec = total voltage -drop at contacts, and 
1p = arc length in cm at the instant w 

occurs. 

Equation (2) as developed by Norberg would 
to expect a change of the order of 3 to 1 betty; 
mean values of ep observed in the tests at 1 

1 600 amperes (R.M.S.), whereas no such diffe 

observed, the mean values over the range me 

differing little, if any, as shown below for a series 
in hydrogen.* 

Test No. 
R.M.S. current 

(frequency 
40 cycles) 

ep (mean) 
during arcing, 

ip 

ep 
half c 

amps. volts 
1542 140 49 44 

1543 260 49 4. 

1544 460 48 
1545 455 54 5! 

1546 730 45 51 

1547 1 075 53 3! 

1548 1 590 44 4! 

The authors have carried out a larger number 
in oil over about the same range of currents 
mentioned above, and these also show no change 
mean arc voltage per unit length over the whole 

Norberg's own values for the voltage ordi. 
corresponding to peak current in the last half, 
tests in oil quoted in his tables Ì over the range 1 

2 000 peak amperes, show no indication of any 4 

with current when ep is divided by the corres' 
arc length in accordance with the above equation 
that over the small range of currents given in 
his test -results are in accord with the new charaa 
in equation (3). 

To explain the form of equation (2'), the arc ! 

sidered to be a highly conducting cylinder, of 

sectional area proportional to the current, su 
by a sheath in which energy is dissipated. This 
being proportional to the surface, would be prop" 
to i/i, and the corresponding voltage would 
quently be proportional to 1 /Vi. 

It seems that in this treatment, except at 

currents, the importance of the sheath is being 
at the expense of that of the conducting core. 
is, however, the important feature at higher c 

and since the cross -sectional area of the core is 

tional to the current $ the specific resistance of 

path apparently remains unchanged at differentC 
and we should therefore expect the required vol 

to remain unchanged. Conductivity has, as it 

See also Appendix II. 
t See Tables 47 and 48 of his paper (see Reference 13). 
$ That cross -section is approximately proportional to current is 

by approximate measurements of the arc burn in the authors' own 

the result found, or usually assumed, in such work by other investilat 
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ed an optimum condition, and no further reduction 
ltage occurs as the current is increased.* 
variation of voltage with current, however, still 

pears in most cases over the range of currents used in 
and e authors' experiments, but only at the ends of half 
nt v:,leS when the term k//.Vi in equation (3) becomes of 

ljor importance. The presence of such a term in the 
characteristic would lead to a condition of instability 
prelude to the zero pause. 
e departure from the main characteristic ell of 
tion (3), introduced by the above term, is associated 
such relatively low- current values that the authors 
that it can be safely neglected in a formula for arc 

tage to be used in the calculation of the energy released 
e arc path per half cycle, over the range of their 
invents in hydrogen f, and to an even greater extent 
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middle of a half cycle, in which case arcing will continue 
to the end of that half cycle when, if the conditions have 
remained the same, the arc will go out. 

It is clear, too, that were and el to remain unaffected 
by speed of break, there would be a best speed of break 
corresponding to the frequency of the system,* and 
resulting in least energy liberation in the arc. For at 
low speeds it would take unduly long for the gap to reach 
the length ici while at high speeds the increase in the 
length in the portion of the half cycle after le is reached 
would be unduly great. 

So far as the authors' experiments go, the optimum 
speed is not a very critical figure, and they find that the 
designer has reached appropriate figures in most cases, 
but their observations clearly show that high speed 
per se is not necessarily good as had been generally 
supposed and as would be inferred, for example, from 
Norberg's formula. $ 

Time .a> .- 

0- o 
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3 000- 
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° 
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FIG. 12.- Oscillograms of arcs in hydrogen at different currents. 

ors have dealt with, up to at least 1 600 amperes, 
consists of practically straight inclined portions in 
'd- regions of the half cycles, bordered by regions 

hich the voltage changes rapidly, as in Fig. 12. 
latter becomes more marked as the arc length 
ases, which is to be expected, as shown, for ex- 
e, in the paper by Norberg already referred to.$ 

) Arc energy. -The important factors connected 
a power arc are thus the instantaneous voltage 
nit length of the arc, which we have called el, and 
ritical gap, i , which the voltage available at zero 
nt is just insufficient to break down. It is clear 
this length 1e will seldom be the full length of the 
as the chances are that it will be reached in the 
seems probable that the Ayrton and Steinmetz characteristics, over the 

ent ranges with which they deal, are in their own low range sufficiently 
proximations to a general law which would hold throughout the whole 

of currents, but that each in turn has ceased to be applicable before that 
the range of current with which we are concerned is reached. The 

eristic which the authors propose is a close approximation over the 
range studied. 
main underlying variable is almost certainly the state of ionization in 
Path, as indeed has been suggested in a recent paper by Nottingham 

ferente 15), an ionic saturation having, as it were, been attained in the 
rent arcs. 

Appendix II, showing agreement between ë, and 6ó and er and i . x 
Reference 13. 

e1, or rather its mean value throughout a test, which 
we denote by is is fairly constant in gas and in oil, but 
the critical gap le is subject to considerable variation, 
depending as it does on the conditions instantaneously 
existing between the contacts at the current zero. 

When using oscillograms to find the energy liberated 
in a test, we plot on a time base the product of corre- 
sponding current and voltage ordinates obtained from an 
oscillogram taken across the arc, and measure the 
resultant watts curve by planimeter. The area so 
obtained is a measure of the energy liberated, and this 

Let frequency of system = f, velocity of contact separation = u, and 
assume that do remains unchanged by a change in v. On an average, the 
critical gap will be attained in the middle of a half cycle, so that the actual arc 
length will be greater than 1, by the distance moved by the contact in a quarter 

cycle. The arc length will be la + fv, and the arc duration vlc + 4 f A 

worse case occurs when the length corresponding to the critical value at zero 
current is reached just after zero, so that the arc continues for practically a 

complete half cycle in this case. The arc length will be 1, + fv, and the arc 

duration -10 + f The arc energy for a given current and applied voltage is 

proportional to the product of these two quantities and this product will be 
found to be a minimum for the average case when v = 4f/c, and for the worst 
case when e = Vic, assuming always a symmetrical wave. Such simplicity 
does not hold in practice, however, especially in oil when other factors enter 
to complicate these considerations. 

t See Reference 13. 
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is the quantity which the authors' formulm aim at 
estimating. 

If such energy be divided by the duration of the half 
cycle or test under consideration, together with the 
mean current therein, a value for the mean voltage 
results, which, as we have seen, can be analysed into a 
constant portion (voltage -drop ee at the contacts) plus 
a part proportional to the mean length of arc over the 
periods dealt with (half cycle or test). 

This factor of proportionality (voltage per unit length) 
is found from experiment to be practically independent 
of current, and it is this value which we denote by 
&o for a test * (or &x with the appropriate suffix in place 
of the x, when it refers to a particular half cycle). In 
view of the fact that ¿o is independent of current, it can 
be found more simply, directly from the voltage wave on 
the oscillogram. To do this we find the mean value of 
the voltage in the central i regions of the half cycle by 
planimetering or by taking equally spaced ordinates. 
From this the contact voltage is subtracted, and the 
result divided by the mean length in the half cycle gives 
Sx for the half cycle and 

E&ztx - Etx = &o 

where tx = the duration of the half cycle in question. 
The total energy liberated in the arc path proper over 

the range with which we have been dealing can thus 
be given approximately by the equation:- 

Energy (watt -seconds) in arc 
(Mean current) x (Mean voltage per unit length 

of arc path) x (Mean length) x (Arc duration) 

i ge &oltt 

2 
dooVmt2 

where It is the total arc length and vm is the mean velo- 
city of contact separation, and, as before, t is of the form 

= lc 

vm J 
where qff denotes some fraction of a cycle. 

To arrive at the total energy liberated, we must add 
to this the energy ecJot dissipated at the contacts, where 
ee denotes the combined voltage -drop at the two contacts. 
The value of l, in the above expression we regard for 
simplicity as dependent simply upon the dielectric 
properties of the gap at the current zero in relation to 
the applied voltage and, to a first approximation, inde- 
pendent of the magnitude of the current. 

Thus with the simplest assumptions and noting that 
the energy eagot dissipated at the contacts is left to be 
added if required, we obtain the following equation:- 

Watt- seconds liberated between the contacts, neglecting 
contact -drop 

Clé 2lcg 

g2 

= 1 
2 0g0 v m v + vmf +,Î2 

(4) 

See description of table of values of 6. and given in Appendix II. 
t That is, neglecting the portions of short duration at the ends of the half 

cycle in which the current is so small that the energy calculated therefrom would 
be negligible compared with the total energy of the half cycle. 

If there is more than one break, say, N bre 
phase, 

vtm = N x ve 

when ve = the cross -bar velocity. 
Also le, under the simplest assumption, should 

k4em,,mx sin 0, where k4 is a constant, erne,. - 
voltage, and O = angle of displacement men 

earlier. It is thus seen that, even under the s 

assumptions, the factors affecting arc energy 
more complex than is generally realized. 

It would be expected that since &o and lc each 
on path conditions, some relation will exist 
them. There are indications from the authors' 
that, in the case of arcing in a large body of 
may approach a constant value k5, though such a 

relationship is not found in conditions more 
approaching service conditions. This will be deal 

in a later paper. 
It will now be evident that the apparent simpli 

such an expression for arc energy as that propo 
Bauer is misleading. The expression* derived 
latter for the energy liberated in a circuit breake 
the form cElot, in which c is a " switch const 
is the line voltage, Io the effective current and 

duration of arcing. Comparing this expression 
those given above, it will be seen that this " con 
has to absorb, as it were, the variation in energy 
the varying position in the cycle at which the cri 
is reached, as well as that due to the variation 
product &ole. The expression also fails to diffe 
between that part of the energy dependent on arc 

tion (contact losses) as against that which depe 

the product of arc length and time. 
(v) General applications. -It is obvious that 

contacts could be mechanically widely separa 
at the moment when the current becomes zero, 
far that the arc could not re- strike, the problem 
be solved, as at zero current the energy stored 
magnetic field is zero. In circuit breakers as 

constructed, very large amounts of energy are 
in the opening process. If only the arc were int 

with sufficiently while the current is heavy, alm 

whole energy of the generator and circuit might 
be made to appear in the switch tank. 

The application of a magnetic blow -out has the 

of speeding up the lengthening of the arc. In 
of a d.c. circuit this may be all to the good, 
rupturing of the circuit depends upon incre 
resistance of the arc. In an a.c. circuit the use 
magnetic blow -out may be a convenient way of ob 

a high speed of arc -lengthening. The use of 
blow -outs and other forms of electromagnetic 
tion has been effective but has to be justified 
particular case. Magnetic blow -out is not a pana 

We have now reached the stage where we 
with the technique required for shortening the 

arc length by the cooling gas blasts ref 
earlier. We have seen that lengthening of 

beyond the critical length, unless accompanied 
sufficient decrease in arc duration, is, in gen 

Such a form has been assumed more recently by Ke 

Reference 8). 
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bre., tends to create unnecessary energy release between 
contacts, which makes cooling more difficult at the 

pause. It is therefore important to direct the 
g gas blast in such a way that it cannot produce 
a lengthening of the arc between the contacts as 

d happen if the blast were applied laterally to the 
e path, or if it came in through or around one contact 
escaped radially outwards into the arcing vessel. 

13 (Plate II) shows' the set -up for experiments 
hich the gas blast could be directed either down-. 

ds into the arcing vessel through the socket contact 
p through the latter and away from the arcing 

el. The photograph shows some of the controls and 
ections necessary for obtaining adequate records of 
various phenomena. Experiments showed that 

arcing resulted when the blast was directed into 
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8 250volts 

to the current asymmetry) with great regularity at all 
currents available on the test generator at Newcastle, 
on a gap never exceeding in. Fig. 15 shows typical 
oscillograms of two such interruptions, with symmetrical 
and asymmetrical currents respectively. When separa- 
tion of the contacts occurs at the same point on the 
wave there is very little variation in arc energy in repeat 
tests, and such energy release as exists is never sufficient 
to raise the pressure in the container above the initial 
value which it had when movement of the switch started. 
Contact burning under these conditions is negligible, and 
upwards of 15 to 20 repeat tests in a highly inductive 
circuit with currents of from 1 000 to 3 000 amperes 
have been made without attention to the contacts. The 
tests have been so uniformly successful that the authors 
have now built a larger model for 3 -phase operation on 

0.02 sec. - -- - --+ 

Contacts 
separate 

Are 
breaks 

Test N9 2186 

Voltage 
zero Fixed 

zero 

8 300 
volts 

4 600 amps. 

Start of 
short -circuit 

Time 

Voltage Start of 
zero short -circuit 

0.02 sec. 

Contacts 
Arc 

breaks 

I 

Current 
zero 

Current 
zero 

Test N 92192 

7 900 amps. 

Fixed zero 

Fro. 15.- Oscillograms showing interruption of symmetrical and asymmetrical currents by gas blast, in a highly 
inductive circuit. 

arcing cylinder, as was to be expected from the 
'derations given above. 
was found that excellent results on the Carville 
rator could be obtained with an apparatus in which 
re could be drawn in about 0.01 sec. to a distance 

bout I in. between a socket electrode forming the 
t of a venting passage and a plug electrode forming 
ead of the moving contact. In these tests the arc 
subjected to a powerful blast of gas which was 
d so that it passed over the arcing surface on the 
eleectrod and flowed in the general direction of 

axis into the throat of the venting electrode, thus 
g the whole of the arc path between the electrodes 

e preventing the arc from looping or extending in 
direction. Any tendency of the arc to extend up 
elating passage by looping was prevented by the 
Jading walls, which were at the potential of the 
g electrode and were so near together that they 
circuited any portion of the arc which began to loop. 

merous experiments on a single -break experimental 
embodying various improvements in design have 
that arcs at 5 500 volts can be extinguished by 
of hydrogen, air or other gases in the theoretical 
um time (which varies from to 1 cycle according 

much larger powers (see Fig. 14 on Plate II). In this 
model, glass ports are provided so that the arc flash 
may be observed and photographed if desired. 

(e) Functions of the oil in oil circuit -breakers. 

As already explained, the authors' researches have 
shown that arcs can be broken in gas without the presence 
of oil. The question therefore arises : What is the 
function of oil in an oil circuit-breaker ? It has already 
been explained that this introductory paper is intended 
to clear the ground and give a survey of simpler aspects 
of the problem of arc rupture, without entering into the 
greatly added complexities of arc rupture in oil . A brief 
indication of the answer can, however, be given here by 
cataloguing some of the disadvantages and advantages 
of the use of oil as follows 

(i) Disadvantages. 
The presence of oil introduces factors such as local 

gas production, surging, fortuitous contact of oil 
with the hot arc crater or the arc itself, etc., 
which are difficult to control in ways which may 
assist and not hinder arc quenching. 

Fire risk. 



572 WEDMORE, WHITNEY AND BRUCE: AN INTRODUCTION TO 

(ii) Advantages. 

Amongst these are the following: - 
The breaking up of the oil by the arc results in the 

presence of hydrogen gas, which has much better 
cooling properties than air. 

The oil effectively insulates the contacts from each 
other and from earth after the arc has gone out, 
and reduced internal clearances are possible 
owing to the relatively high electric strength 
of oil. 

Oil presents a cooling and condensing surface 
closer to the arc than would be safe with unpro- 
tected insulated surfaces in like situations, which 
rapidly lose their insulating properties by 
becoming covered with deposited copper. 

Thus the presence of the oil introduces a number of 
new and important factors which may have bad or good 
effects, according to the way in which they are con- 
trolled by the designer. 

The authors have shown how arcing can be con- 
trolled when gas alone is used; they propose in their 
next paper to show how control can be exercised in the 
more complex case of arcing in oil. 

(IV) PRINCIPAL CONCLUSIONS. 

(1) The problem of circuit breaking is far more compli- 
cated than has been generally supposed, and can be 
solved only by separate study of the numerous variables 
involved. 

(2) Arc extinction in oil circuit -breakers often takes 
place in a body of gas between the contacts with no oil 
in the path of the arc. 

(3) The breaking of a.c. circuits is mainly a problem 
of bringing about such conditions that the arc will not 
re- strike after current zero. 

(4) Some interference with the arc when current is 
flowing is necessary in practice in order to bring about 
requisite conditions for arc extinction at zero current. 
This involves energy release. Mere increase of the 
degree of interference with the arc, as by speeding -up 
breaks or increasing magnetic blow -outs, is not neces- 
sarily and essentially good but requires justification in 
each new set of circuit conditions. 

(5) Hydrogen is the principal constituent of the gases 
produced by arcing in oil. 

(6) A relatively large proportion of acetylene is found 
in the authors' experiments, the maximum being about 
30 per cent. This is much more than has been generally 
noted by previous investigators, who may have over- 
looked its solubility in water. 

(7) The gaseous products of arcing in oil in relation 
to energy are found to be substantially uniform in 
composition and quantity over a wide range of power 
after correction has been made for contact -drop, being 
approximately 70 cm3 per kW- second at normal tem- 
perature and pressure, the quantity showing some 

tendency to increase with increasing pressure and 
being also slight change of composition. [The ra 

current was 250 to 2 000 amperes (R.M.S.).] 
(8) Ceteris paribus, arc length in gas is found 

substantially independent of current value ov 

range examined, viz. 200 to 1 600 amperes (R.M.S! 
(9) The instantaneous value of voltage appe 

the zero pause of current is a determining fac 

the breakdown of the gap under given conditi 
gap content and of the electrode surfaces. 

(10) In hydrogen gas the critical arc length is ap 

mately proportional to the sine of the angle of 

the current zero in relation to the open -circ 
" virtual " voltage zero. This is in contradiction 
conclusions of Bauer. 

(11) In arcs in oil there are superposed pheno 
but in general the same law applies. 

(12) With asymmetrical currents in gas and oil 

is a phase -displacement effect which affects the a 
voltage in addition to the phase angle due to 
conditions. 

(13) The following equation is put forward f 

voltage characteristic of the arc. In it the efi 

heat capacity is neglected. It contains an ad 
term ßl, as compared with that due to St 
which last applies only to arcs with low currents 
equation is 

ea = ee + -1 + ßi 

The last term is generally the important one in 

arcs, the characteristic reducing in this case to 

= ec -f- e11 

for purposes of arc energy calculation. (For value 

see page 568.) 
(14) Working on the lines indicated, it has 

shown to be possible, in a highly inductive cire 

rupture arcs of approximately 7 000 amperes (peak 

at 5 500 volts in air with a single gap not ex 

in. Arc rupture takes plaice with a great reduc 
arc energy and of contact burning as compared 
those obtained in the common form of oil 
breaker. 
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ME 

APPENDIX I(A). 

AND ANALYSIS OF GASES PRODUCED DURING 

ARCING IN OIL. 

lysis of Gases from Arcs in E.R.A. Tests in 
Superforma Oil at Different Currents. 

TABLE 1. 

nary of Mean Percentages of Gases by Volume at 
Different R.M.S. Currents. 

E.R.A. 

. Held 

s. 
nt 

Number 
of tests 

Acetylene 
(C2H2) 

Ethylene, 
etc.* 

(C2H4) 

Hydrogen 
(H2) 

Methane 
(CH4) 

0 5 19.7 2.8 73.1 4.4 
0 6 21.0 3.4 71.6 4.0 
0 3 24.8 2.8 67.6 4.8 
0 3 14.6 3.7 75.3 6.4 
0 18 25.8 4.2 63.9 6.1 
0 6 24.1 5.3 63.9 6.7 

F "Ethylene etc.," indicates ethylene and higher hydrocarbons. 

TABLE 2. 

Test No. 

Percentage volumes of various constituents 

Acetylene 
(C2H2) 

Ethylene, 
etc. 

(C2H4) 

Hydrogen 
(H2) 

Methane 
(CH4) 

Mean R.M.S. current = 260 amperes. 

1280 

1281 

1282 

1283 

1288 

percentages 

26.0 3.7 65.9 4.4 
21.9 3.2 71.1 3.8 
11.9 1.3 81.5 5.3 
9.7 1.9 82.4 6.0 

19.8 2.8 73.4 4.0 

19.7 2.8 73.1 

Mean R.M.S. current = 490 amperes. 

1299 

1300 

1301 

1302 

1303 

1304 

percentages 

19.1 
20.9 
18.7 
25.1 
21.3 
22.6 

21.0 

4.3 
3.1 
2.2 
3.4 
3.0 
3.8 

3.4 

73.8 
72.0 
75.7 
66.7 
71.8 
68.1 

71.6 

4.4 

2.8 
4.0 
3.4 
4.8 
3.9 
5.5 

4.0 

TABLE 2 (continued). 

Test No. 

Percentage volumes of various constituents 

Acetylene 
(C2H2) 

Ethylene, 
etc. 

(C2H4) 

Hydrogen 
(H2) 

Methane 
(CH4) 

Mean R.M.S. current = 700 amperes. 

1305 22 5 2.6 70.7 
1308 21.0 1.4 73.7 
1309 26.8 3.2 64.8 

Mean percentages 24.8 2.8 67.6 

4.2 
3.9 
5.2 

Mean R.M.S. current = 1 110 amperes. 
1331 19.8 3.5 72.0 
1332 12.4 3.5 77.9 
1334 17.1 3.9 72.0 

Mean percentages 14.6 3.7 75.3 

4.8 

4.7 
6.2 
7.0 

Mean R.M.S. current = 1 650 amperes. 

1341 24.8 4.4 65.3 
1344 25.6 6.9 62.7 
1345 24.7 3.0 67.0 
1346 23.8 3.8 68.1 
1347 23.2 3.0 69.3 
1501 26.5 3.4 62.3 
1502 24.8 3.7 63.9 
1503 20.7 2.8 69.9 
1504 27.0 2.4 64.6 
1505 30.9 4.4 59.2 
1506 24.2 5.1 63.5 
1507 30.0 2.7 62.3 
1508 26.5 3.4 64.7 
1509 31.2 2.7 61.0 
1510 25.7 2.5 68.0 
1511 29.9 3.2 60.1 
1512 24.7 3.3 65.2 
1513 16.0 2.0 77.8 

Mean percentages 25.8 4.2 63.9 

6.4 

5.5 
4.8 
5.3 
4.3 
4.5 
7.8 
7.6 
6.6 
6.0 
5.5 
7.2 
5.0 
5.4 
5.1 
3.8 
6.8 
6.8 
4.2 

Mean R.M.S. current = 2 150 amperes. 

1343 
1348 
1349 
1351 
1352 
1354 

Mean percentages 

25.8 
17.7 
24.6 
24.9 
22.5 
26.6 

5.7 
5.0 
3.0 
6.1 
5.7 
4.3 

63.3 
71.7 
66.5 
62.3 
63.4 
62.3 

6.1 

5.2 
5.6 
5.9 
6.7 
8.4 
6.8 

24.1 5.3 63.9 6.7 

VOL. 67. 38 
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APPENDIX I(B). 

Analysis of Samples Collected in Small Tubes* during Arcing in Superforma Oil,t 

Test No. 1301. 

R.M.S. current = 490 amperes. 

sis 

Arcin, 
Invest 

Schro 
(a.c.) 

on an 
h is eq 
and 71 

hydr 
hydra 

Hanel 
erent 
the f< 

otage 
ingredi 

Gas Analysis of 
main sample 

65 70 

Acetylene .. 18.7 10.4 16.7 
Ethylene, etc. 2.2 1.4 1.4 
Hydrogen .. 75.7 77.9 77.1 
Methane 3.4 10.3 4.8 

Small tubes,§ Nos. 

66 68 6l 

12, 

2, 

80' 

4, 

Test No. 1309. 

R.M.S. current = 715 amperes. 

Gas Analysis of 
main sample $ 

Small tubes,§ Nos. 

71 73 72 74 

Acetylene .. 26.8 11.6 23.6 24.5 26.7 23 

Ethylene, etc. 3.2 1.7 3.5 2.2 3.1 2 

Hydrogen .. 64.8 79.2 68.3 68.3 63.5 67' 

Methane 5.2 7.5 4.6 5.0 6.7 

Test No. 1334.11 

R.M.S. current = 1 170 amperes. 

Gas Analysis of 
main sample $ 

Small tubes,§ Nos. 

77 79 78 80 

Acetylene .. 17.1 17.6 17.2 15.8 17 

Ethylene, etc. 3.9 2.9 2.4 3.0 3 

Hydrogen .. 72.0 74.9 73.9 75.2 74 

Methane 7.0 4.6 6.5 6.0 

Small tubes are given in the order used (see Fig. 8), the first in each case being at the top. 
The figures represent percentages by volume of the various constituents. 
Collected in main apparatus and transferred to Winchester bottle after test. 
See Fig. 8. 
See Fig. 9. 
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APPENDIX I(c). 

sis and Volumes of Gases Produced during 
Arcing in Different Oils as Obtained by Various 
Investigators.* 

Schrottke t in Germany, using 50 kW at 10 000 
(a.c.) for the manufacture of gas from oil, found 
on an average he obtained 222 litres per kWh, 

is equivalent to about 56 cm3 per kW- second at 
and 760 mm pressure, and states that the gas con - 
hydrogen, methane, acetylene, ethylene and other 
hydrocarbons. 
Bauer $ carried out extensive tests on a number 
erent samples of arc gas from switch oils and 
the following averages over about 60 tests for the 

12 ntage of combustible ingredients (the incombus- 
2, ingredients varying from 5 to 25 parts per 100) :- 

80 

4 
Gas 

Percentage 
volume 

Hydrogen .. 70 
Methane .. .. .. .. 10 
Heavy hydrocarbons, ethylene, etc. .. 20 

e stated that the predominance of hydrogen and 
lene was the main feature of the investigation, and 

it appeared probable that the hydrogen content 
eased in some measure with the magnitude of the 
ch energy. The authors find the reverse of the 

uer obtained about 42.5 cm3 per kW- second of arc 
at 0° C. and 760 mm pressure. 

23 
a results were obtained on rupturing 800 kW at 

2 

volts (d.c.) with arc durations ranging from 0.08 

01 
12 sec., a switch velocity of 55 cm per sec., and 

0 

energy liberated ranging from 1 to 8 kW- seconds. 
Mr. H. Rainford has analysed the gases liberated 

two types of switch oil when a 220 -volt d.c. circuit 
i broken, with initial currents of from 100 to 180 
peres. 

he average analysis of the air -free gas s: 

11 

3 

19 

Wakefield's Superforma oil. 

was as 

Gas Percentage 
volume 

Acetylene 11.4 
Ethylene 
Hydrogen 

2.1 
78.1 

Methane 3.3 
Carbon dioxide . . 0.8 
Benzene and higher olefines 1.3 
Oxygen.. .. 1.8 
Carbon monoxide .. 1.2 

allowance for energy dissipated at the contacts appears to have been 
a any of the tests given in this sub -section. Such allowance would 

the figure representing gas volume per kW- second. 
Reference 2. 

I. 

(b) Shell Kl oil. 

Gas Percentage 
volume 

Acetylene 10.2 
Ethylene 2.1 
Hydrogen .. 78.9 
Methane .. 3.3 
Carbon dioxide 1.1 
Benzene and higher olefines 0.9 
Oxygen .. .. .. 2.2 
Carbon monoxide .. 1.3 

The average volume of gas produced per kW- second 
of arc energy was 41 cm3 at 0° C. and 760 mm pressure. 

(4) Dr. F. Kesselring * has investigated the volume of 
gas given off per kW- second in tests in which the maxi- 
mum energy was about 4 kW- seconds. He finds a 
liberation of 60 cm3 per kW- second of total arc energy. 

(5) Magrini t in a recently published paper records a 
liberation of approximately 53 cm3 of gas per kW- second 
of total arc energy, and gives the following as the mean 
analysis of the gases produced: Hydrogen 70 per cent, 
methane, etc., 5 per cent, and acetylene 25 per cent. 

APPENDIX II. 

ARCING VOLTAGES IN HYDROGEN. 

In Table 3 will be found values of Fo and £,, 60' and Fx 
for tests in hydrogen at different currents. These values 
have been found by the two methods described under (C) 

" Arc energy" (see pages 569 and 570), 60 and Fó for the 
whole test and 6, and £z for each of three consecutive 
half cycles near the beginning and for the last half 
cycle in each test. The 6, values were found from the 
voltage wave direct, and the 6; values using the total 
energy liberated per half cycle. 

In addition, the instantaneous value of . the arc 
voltage per unit length, el. at the instant of peak 
current in the half cycle is shown, denoted by ep. This 
value is given since this ordinate is similarly situated 
for all half cycles, and is the one used by Norberg to 
determine k2 in his formula (2). This ordinate is 
selected by Norberg as it is that which is least likely to 
be affected by the heat capacity of the arc if and when 
present, as discussed fully in his paper. $ 

The mean value of ep for all half cycles, denoted by 
ep, is also given. 

It will be seen that the values of £z, Fz and ep are 
reasonably similar as found by the three methods and 
that they remain fairly constant throughout a test, and, 
further, are practically independent of the current over 
the range (140 to 1 600 amperes) examined. 

s See Reference 8. t Ibid., 16. $ Ibid., 13. 
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TABLE 3. 

Voltage* per Unit Length of Arc in Tests in Hydrogen. 

(Pressure approximately atmospheric.) 

Test No. Io d°, etc. dx, etc. Values of Gx, d; and ep in three of 
first half cycles y 

Values in 
last half 

cycle cycle 

ill MO 

i Me 1 

rent zel 

een the 

leeriod I 

in the 
amps. 

R.M.S. volts /cm 
&0 53 6x 

volts /cm 
56 

volts /cm 
50 

volts /cm 
59 

volts /cm 
49 

1542 140 60 49 6; 59 47 53 49 ire cond 

ep 49 e1, 60 51 40 44 ' e 16, i: 

period r 

'o 51 6y 41 69 39 48 
11 be se 

depend] 
1543 260 4;0 55 6; 49 72 47 47 6einsta 

ep 49 ep 52 68 42 44 

60 50 6, 66 51 56 51 

1544 460 &0 53 &z 62 49 50 51 

Bp 48 ep 66 46 57 49 

&0 53 'z 47 56 58 50 

1545 455 £p 51 6; 42 58 53 49 

el, 54 ep 37 68 60 52 

60 46 6x 59 35 39 53 

1546 730 £0 45 &x 60 35 36 50 

ép 45 ep 61 46 41 51 

'o 53 6x 50 67 46 47 

1547 1075 Úp 48 6; 54 66 43 45 

e9 53 ep 68 65 41 37 

ates in 
&0 45 6, 62 44 45 42 differen 

1548 1590 / 40 6; 63 47 43 38 , as the 
Bp 44 ep 62 44 48 42 is move 

ge wave 

* The total contact -drop e°, not included in these figures, was taken as 30 volts. 

APPENDIX III. 

EXPERIMENT TO DETERMINE THE RATE OF FILLING 

OF INITIALLY EVACUATED SAMPLING TUBE. 

It was important to determine the time occupied by 
a sampling tube in filling, and the following experiments 
were carried out to obtain data on this point. 

An evacuated tube was securely attached to the cross- 
bar of the experimental switch and so arranged that the 
neck struck a guillotine at a known distance above the 
oil- level. Since the cross -bar travelled at a known rate, 
the time from breaking of the neck to immersion in oil 
was known. The tubes were weighed empty, with the 
oil sucked in and also when full of water, and the volumes 
of the bottle and of the air sucked in in the known time 
were thus found. 

Using a tube of internal volume 4.0 cm3 (see 

on page 564) the results were:- 

Volume of air drawn in in 0.01 sec. = 1.6 c 

Volume of air drawn in in 0.02 sec. = 3.7 c 

Experiments carried out in other apparatus a 

relative velocities of flow of air and of hydrogen tr 
a given aperture at a given initial pressure shoe 

hydrogen flows at a velocity many times that 
It therefore seems probable that a 4 -cm3 samplirt 

which took about 0.02 sec. to fill with air viou> 

with arc gas in well under 0.01 sec., i.e. under1 

cycle at 40 cycles, so that the samples of arc gas ob 

in any given test are probably distinct in that the 

probably very little, if any, overlapping in the 

of arcing during which they were collected. 
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APPENDIX IV. 

VOLTAGE AVAILABLE AT CURRENT ZEROS. 

effect, referred toin III (d) (iii), may be described 
in more detail, together with other factors which 

inrmine the voltage available to re -start the arc at 
If 

lent zeros. It concerns the phase displacement 
Tween the zeros of the " virtual " voltage wave during 

period of current -flow and the zeros of the current 
ve in the case of an asymmetrical short- circuit. 
Che conditions in such a short- circuit are illustrated 
Fig. 16, in which the " virtual " voltage wave * during 
period of current -flow is shown by the dotted line. 

will be seen that the voltage available to re -start the 
depending on the value of the virtual voltage wave 

the instant of current zero (indicated by the vertical 

;m 

Another effect complicating the voltage conditions at 
the zeros is the change in symmetry of the short- circuit 
produced by the extinction period at the current zero. 
Each re- starting of the arc at the current zero is, as it 
were, a new short- circuit, and the wave thereafter may 
be more symmetrical or more asymmetrical. Thus in 
Fig. 16, had there been a zero pause at zeros (3), (5), 
(7) or (9), the new point of short- circuit would have 
moved towards the zero of the " virtual " voltage wave 
and the short- circuit thereafter would have been more 
asymmetrical, whereas at zeros (4), (6) and (8) it would 
have departed further from asymmetry, since in these 
cases the point of short- circuit would tend to move 
towards the " virtual " voltage peak. 

Another factor determining the value of the voltage 
available at the end of a test is the diminution of the 
open -circuit voltage due to demagnetization of the 
machine by the short- circuit current. This depends on 

Open- circuit Virtual voltage 
voltage 

i 
_ -1 Current 

i \ 

3 / 

i \ - 
8 

Virtual voltage \ 
Cont 

o¡ \ \ 
J 

Current - 

/ 
í Open- circuit 

voltage 

\ / 

Fro. 16.- Diagram showing change in voltage available at current zeros at different symmetries. 

ates in the diagram at the current zeros), will be 
different at successive zeros. It will also be seen 

3 t, as the current becomes more symmetrical, its zero 
is move with respect to those of the " virtual " 

tage wave until, at symmetry, each is displaced from 
latter by the same amount. 

cases where there is arcing, the last- mentioned 
acement changes somewhat with the insertion of 

c " resistance " which alters the power factor of 
circuit, but the displacement seldom falls below 
t 60° from an initial value of approximately 75° 
° lag, under the conditions with which we have dealt. 
change of power factor due to the arc " resistance " 
me cases considerably alters the symmetry of the 
-circuit current wave. Thus, had considerable 

ce been inserted in the circuit during half cycles 
E, etc. (Fig. 16), the current zero would have 

ed earlier, and the current wave after the zero 
d have been more symmetrical. Resistance inserted 

cycles B, D, F, etc., would produce a short- circuit 
nt of greater asymmetry. 

L3 (see 

, 1.6 cu 

3.7 co 

tratusl 

rogen 
ire she 

s that 
samplii 
air viol 

under 

c gas Ol 

;hat tht 

in the 

should be noted that the " virtual voltage " wave does not represent 
voltage generated in the machine while current is flowing, as the actual 
e Is altered from a true sine wave by demagnetizing and cross-magnetiz- 
ects associated with the flow of current. 
dotted wave in Fig. 16 serves as a construction for indicating the voltage 
10 be available at the instant that current -flow ceases and the forces 
Bing the flux distribution are withdrawn. 

the magnitude and duration of the short- circuit current, 
and in the cases of tests at 270 and 1 750 amperes and 
of approximately the same duration (about half a dozen 
cycles) the values of the ratio of the final to the initial 
open -circuit voltages differ by about 10 per cent, for the 
test generator Al at Carville. 
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DISCUSSION BEFORE THE INSTITUTION, 20TH DECEMBER, 1928. 

Mr. W. A. Coates : Those of us whose business it is 
to analyse the public results of tests and to study our 
own tests will have found in this paper a novelty -a 
novelty because the authors have been making their 
researches in a truly comprehensive and scientific man - 
ner. It is, unfortunately, true that all the tests which 
have been made in that field and published so far have 
definitely missed out something of major importance. 
We have been told that this paper is merely one of a 
series; consequently it is, perhaps, a little rash to criticize 
it. If there is any criticism to be made, I would direct 
it at the very casual reference made to the special 
apparatus developed for the purpose of making records. 
The tests at Newcastle have been made with a small 
plant - financial limitations rendering it impossible to 
obtain a larger -and it is absolutely essential for us to 
be able to check the extrapolation of the curves showing 
the results of these tests. We can only get such checks 
from field tests. As an example of the peculiar things 
which are being done, I may refer to a paper read before 
the American Institute two years ago, in which the 
authors quite naïvely admitted that they had used an 
ordinary engine indicator in an attempt to record the 
pressure of the gas. We had gone a long way past that 
stage almost before the Electrical Research Association 
started working on this problem. If considerable details 
of such ingenious devices as have been developed could 
be published- devices for recording gas pressures ; the 
pendulum device, which ensures proper sequence of 
operation on all recording instruments ; the device which 
was developed so as to enable a short- circuit to be applied 
at any instant of the voltage wave -it seems reasonable 
to imagine that at any rate the richer firms making field 
tests in the future would attempt to get corresponding 
apparatus, and so bring us nearer to obtaining useful 
check data on the pure research work which is now being 
done. As I have already remarked, it is perhaps danger- 
ous to make criticisms or to draw conclusions, but I 
think that possibly in Fig. 6 we can find a suitable 
explanation of one of the mysteries surrounding the 
explosion pot. It is fairly well known that at very high 
voltages the explosion pot gives results which are 
comparable with a snap -break circuit breaker, and, in 
fact, the engineers responsible for the design of circuit 
breakers with explosion pots usually refer to them as gas 
springs. In such a case the gas formed during the first 
few cycles of working creates inside the pot a pressure 
which acts on the end of the plunger as on a piston, and 

accelerates the cross -bar. On lower voltages 
know that the explosion pot works, but there 
numbers of different explanations as to why it 
Conceivably we have the explanation in this 
namely, that the pot is actually full of gas under co 

able pressure and merely acts as a mechanical m 
holding that gas definitely in place, surroun 
contacts. Equation (3) in the paper seems, a 

glance, to provide a plausible argument in favour 
multiple -break switch, since there is one factor 
depends upon the number of contacts. Actually, 
ever, the argument is not particularly good, 
multiple -break switch is not a commercial pro 
except for high voltages. Historically, that 
switch was first produced as an easy way of getting 
break while using mechanisms which had reall y 

developed for triple -pole switches at a lower 
They were not designed with the idea of the 
break being necessarily ideal. When we consi 
voltage- ranges in which multiple -break switc'> 
used, we find that the terminal-drop factor amo 
about 5 per cent of the total in applying this equ . 

that is to say, it is hardly worth considering. S 

important does the relationship appear when we 

that in very high- voltage circuit breakers the 
difficulties of design are concerned with insulati 
mechanical strength. It is not a question of 
with the volume of gas generated, since the pro 

between gas generated and total oil volume chang 
considerably as the voltage increases. A great n 

of tests have been published, but such as have been 

at really high voltages give a hint that possib 
multiple -break switch as it is built to -day is rather 
than a switch with an explosion pot or a snap 
There is certainly no reason why, from a me 

point of view, the three switches should not be 

equally effective. Reference is made in the pa' 

the gas -blast switch, and we are told that it does i' 

but I think we should do well to remember that 
members of a conservative profession. The oil 

breaker, bad though it is, has given very good 
as a rule, and it is installed in such a vast nu' 
places that it is bound to be used for many years to 

During those years it is possible that a gas -blast 
perhaps like the one shown in the lantern slide- 
serving its apprenticeship in a limited installation 
We must not run away with the idea that beca' 

now know it is possible to break 5 000 or 10 000 
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a very small piece of copper with a separation of a 
millimetres, all the switchgear that we know to -day 

oing to be scrapped next year. That is not the case. 
e paper's greatest value lies in what it has taught us 
ut what is happening in an ordinary oil circuit - 
aker. The work which is now being done is tending 
change the design side of our profession from an art 
a science; and that is, first and foremost, the problem 
ch is ahead of the E.R.A. research staff, namely, to 

d out exactly what is at the back of such troubles as 
experience with circuit breakers, and to enable us in 
near future to design a circuit breaker which will 
give us any trouble at all. 
r. H. W. Clothier : This is a paper written for 
British manufacturer, and as such it must be 

sidered on different grounds from the previous 
er by the same authors,* which created, perhaps, 
ething little short of consternation among those 

o had , previously had considerable faith in oil 
uit- breakers. That paper dealt with problematical 
a and laws of chance. On the present occasion one 

congratulate the authors on producing a really 
ntific statement. They have recorded, truthfully and 

II, the consistent parts of the research that they have 
d in hand, in an endeavour to place the results of their 

to seven years' apprenticeship, as it were, into 
thematical formula. The paper delicately avoids 
practical issues of the day which centre upon the 

break switch. The experimental air -break switch, 
which so much good work has been done, can only be 
ked upon really as a means to an end -a device 

h was made in search of data to lead us to an under - 
nding of the more complex problem of the oil circuit- 
aker. The paper contains only a brief note to remind 
of the important subject of pressure phenomena, and 
re is only a passing reference to an experience in which 
essure of .1000 lb. per sq. in. was obtained in a closed 
sel. I am satisfied that, however the quiet quench- 

g of the arc at the zero pause is achieved, the oil 
closure must be retained. The oil is essentially an 
arc arrestor." It is essential for insulation, and for pre - 
nting arcs from flashing in all directions. The greatest 
uble with oil circuit- breakers occurs when an insulator 
s inside the breaker, and the fault that the breaker is 

deavouring to clear is transferred to the breaker 
elf. Then the breaker becomes a furnace, and we 
ve the worst experience. The oil will always be an 
ential to avoid that. The present methods of break 
large circuit breakers and high voltages, as explained 
Mr. Coates, are the explosion pot and the multi-series 

eak. In either case there is at present the necessity 
a strong boiler -plate tank and a strong steel top -plate. 

the results of the authors' work have had any effect on 
actice so far, it has been the elimination of what was 
ce explained as an advantage, namely, the use of an 
tank with thin sides which would yield to pressure. 
e the authors' tests we have heard less of the thin - 

ded tank which yields and has too often yielded too 
uch. Manufacturers will have to refer to other proofs 
an the academic research work described in this 
per, but it will always be well to compare their 
"A Contribution to the Study of the Number of Tests required to establish 
Rupturing Capacity of an Oil Circuit- Breaker," Journal I.E.E., 1927, 

1.66, p. 913. 

practice with the theories which have been developed 
by the authors' research. At the same time we must 
bear in mind that their tests have been restricted by the 
limited amount of power available. The explosion pot, 
considered in the light of these researches, seems to be 
working on the wrong lines. It appears to be blowing out 
gas instead of sucking it in. The air -break switch described 
as being so successful exhausts the product of the arc 
up the chimney. Then, as Mr. Coates, who seems to 
favour the explosion pot, has said, the pressure of gas 
formed inside the pot tends to speed up the operation of 
the break. Is it not possible, as indicated by the authors' 
researches, that the explosion pot may tend to " exceed 
the speed limits " ? I was impressed by a statement 
made by Mr. Coates in comparing the relative advantages 
of the explosion pot with those of the multiple break. 
He said that the explosion pot had advantages owing 
to its insulation. Comparative tests with large powers 
which were made between the explosion pot and the 
multiple break were very adequately recorded in Sporn 
and St. Clair's paper read before the American Institute 
of Electrical Engineers. There, curiously enough, the 
tests on the explosion pot were very much delayed 
owing to the fact that the insulation of the explosion pot 
failed, causing the tank to burst. In reality the multi- 
series break is much easier to insulate than the explosion 
pot. It has the point in its favour that it can be made 
with a predetermined speed of operation. The arc 
energy is dissipated in several small gas -globules, with 
smaller surfaces in contact with the oil than is usual with 
single or double breaks ; and, moreover, it has the feature 
that at least one of the multiple contacts has a good 
chance of effecting a final separation of the circuit under 
the most favourable conditions, thus enabling the arc to 
be broken quietly. I should be glad if the authors would 
deal in their reply with these features from their data, 
for I am sure that this would be of great value alike to 
manufacturers and users who have to make a decision 
on the question. In conclusion, I should like to show 
four slides which I think will help to indicate the other 
work that manufacturers are doing on the subject of this 
paper. The slides illustrate, respectively, a metal -clad 
form of air circuit -breaker in commercial use ; a metal - 
clad air -break panel designed as nearly as possible on 
the lines of a metal -clad, oil- immersed circuit -breaker 
panel; what we are doing nowadays in the way of field 
tests on supply systems in the absence of facilities for 
heavy testing; and the present method of checking the 
ability to resist breaking- capacity stresses in very large 
oil- immersed circuit breakers by explosives. For details 
of these illustrations I would refer to the contributions 
to the discussion of some of the speakers at Newcastle 
(see page 582). 

Dr. C.C. Garrard: I have heard some doubt expressed 
as to whether it is possible to justify the cost of co- opera- 
tive research. The best answer to these doubts is this 
paper. There is, I think, some misunderstanding as 
regards the functions of a research worker. A research 
worker is not necessarily an inventor. The capacity for 
invention is inborn. The principal function of the 
research worker is to provide the materials which enable 
inventions to be made. Inventions are, moreover, not 
only a matter of patent specifications. Invention or 
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initiative is active in a live manufacturing organization 
right through the concern, in the workshops, the drawing 
and design offices, and the administrative staff. Inven- 
tion, however, is not possible unless knowledge of the 
facts is available. Thus if we know, as this paper shows 
so well, exactly how an arc behaves in oil, and if this 
knowledge is widespread, it will in time become known 
to somebody who will be able to produce the idea or 
invention required to apply the information to advan- 
tage. This brings up the question of publicity. Under 
the system where all these, data and knowledge are kept 
in voluminous reports, only available to a very small 
number of people, the greater part of their potential 
value is lost. In my opinion the Patent Office provides 
sufficient safeguard for the Research Association, and 
the sooner the Association can produce more papers like 
this, which spread the facts among people who can use 
them, the better it will be for our industry and for the 
Association itself. Another point which I should like 
to make is prompted by the paragraph on page 570 
regarding magnetic blow -outs. It seems to me that the 
authors hardly have the courage of their convictions in 
this matter. As a matter of fact, all oil circuit -breakers 
have a magnetic blow -out effect, whether they are 
specially designed for it or not. It does not follow that 
because a particular design has a feature in it which 
is not supported by the researches of the Association, 
it is necessarily a faulty breaker. All designs are com- 
promises, and as in every electrical mechanism 90 per 
cent of the success or failure depends upon mechanical 
design, it is very likely that a circuit breaker which may 
have a theoretical fault, if it has a good simple mechan- 
ical construction may be far better than one designed on 
perfectly correct theoretical principles but complicated 
and bad mechanically. In all designs simplicity should 
be the first and guiding rule. I should like to be able to 
apply formula (4) to finding the relationship in arc 
energy between the circuit breaker with 2 breaks per 
phase and that with 4 breaks per phase, assuming the 
same velocity of the cross -bar. I presume that lc, the 
critical gap length, varies in either case. It would be 
interesting if the authors could work out this formula, 
applying it to a 132 -kV circuit breaker. Personally I am 
doubtful whether the arc energy can be taken as a 
criterion of the duty imposed upon an oil circuit- breaker. 
Have the authors ever had experience of an oil circuit - 
breaker which was quite satisfactory for rupturing a 
large load and yet failed to rupture a small load ? I am 
informed that this has actually occurred, and it seems to 
me that any explanation on the basis of the arc energy 
would not lead to such a result. . I believe I am correct 
in saying that practically all oil circuit -breaker disasters 
which are on record can be traced to explosions of the 
gases formed by the arcing. It is easy to show by calcula- 
tion that energy liberated by explosion of the gases is 
greater than the arc energy which has produced the gases. 
As, moreover, the explosion pressure is reached in a very 
much quicker time, it is easy to understand why its effects 
are more serious than those due to the liberation of the 
arc energy itself. The authors state that high speed of 
break of an oil circuit -breaker is not necessarily good. 
Would they go so far as to say it may be bad ? If the 
speed of break is the same as that of the moving cross- 

bar and the mechanism of the breaker it is 
without introducing undesirable mechanical stye 
get a speed of break greater than -about 5 ft. 
The view I have held hitherto is that this is about t 
speed, and it is curious that it agrees with that fix 

mechanical considerations. In view of the fact 
many devices, such as explosion pots, retrieving co 

and the like, are used to get a much higher s 
would be very valuable to know whether this is w 

in the wrong direction. 
Mr. W. Wilson: Perhaps I may single out specid 

a feature of the paper which I particularly adm' 
description of the tests upon which the conclusion 
based. This is an interesting recital of difficulties 
come. It is such that it gives great confidence 
results which have been obtained, and it is an in 
to others who are working on this particular sub 
improve their own methods. There is only one p 

which I want to refer in the paper itself, and 
based upon the fourth paragraph of the summ 
which the authors state that "the arc is often 
while the contacts are still within the gas bubble, so 

in such cases, arc extinction is not due to the que 
effect of the oil." That last clause does not seem 
very happily expressed, and in its present form it 

think, inaccurate. I should therefore like to deal 
with the fundamental aspect of the subject, 
consider especially the effect of the surrounding 
on the arc. Very often the most important result 

research is that the fundamental theory is very 
simplified. It may be found, for example, as the 
of some of the data which have been obtained, that 

previously opposing theories are really identical, 
the design of apparatus based upon these theo 
very much improved thereby. Now in connection 
the suppression of arcs, designers have been 
handicapped by false theories as to what takes p 

an arc. I will only refer to one, namely that an arc 

an elastic thread which is stretched until it sua 

one point, and the ends then collapse. This th 
not in accordance with what takes place, as I ho 

illustrate by means of one or two lantern slides. 

objection to the statement which I have read is 

rather implies that unless the oil is able to intern 
arc at one point, it is not doing any useful work 

opposition to this I am going to suggest that the 
tion of an arc is exactly the same process, whether 
carried out in an envelope consisting of air, or o 

even a solid material. The arc constitutes a cold 

which is being heated by the current passing t 
it but cooled by contact with the ambient medium 
the temperature is steady, then the power given to 

arc by the electric circuit is equal to the power 

owing to the cooling effect of the medium. If the tern 

ture is falling, then less heat is being given 
abstracted. An arc persists as long as its tempera 
maintained above a high critical value, and it can 

be extinguished if a falling temperature condition 
be brought about, such as by increasing the s 

of the arc or the cooling effect of the surroundings, 
contention is that the fundamental difference be 

liquid and a gaseous medium lies in the superior 
absorbing powers of the liquid. In the case of o 
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cific heat is much greater than that of the gas, and 
addition it is able to absorb heat through chemical 
oxposition. There are thus two factors involved in 
cooling of the arc. First, there is the arc surface, 

ch is almost equivalent to saying that the cooling of 
arc is proportional to its length, so that lengthen - 
is always a feature in its suppression. The second 

tor is the heat - absorbing power of the surrounding 
dium. If the authors accept the theory suggested, 
ill effectively answer the question of the chief func - 
of the oil, namely the great increase in heat absorp- 
which brings about a falling temperature for much 

extension of the arc. . The snapping theory does not 
orm with what I have just stated. If the arc dies 
as soon as the temperature falls below a critical 

ue owing to the amount of heat that flows into the 
being less than the heat that can be abstracted, the 
will not cease at one point but will fade out through - 
its whole length, and it is not essential for the oil 
op it during a zero pause. It seems scarcely possible 

t the pressure which we know to exist in the oil 
ld move the liquid fast enough to enable it to fill up 
space during the very short interval of its passing 

ough one of the zero pauses. There is another factor 
h is often considered in connection with arc sup - 
ion, namely the effect of pressure of the oil. 

ording to the theory I have mentioned, an increased 
d of oil should not be beneficial, as its immediate 
t would be to compress the arc and thus reduce its 
ce, directly lowering the emission of heat. Coming 
to experimental proof of the general dying -out of an 

, I have examined by means of a high -speed camera the 
ction process in connection with arcs from a.c. and 
fuses, from contactors, lighting arrestors, and, on 
ger scale, from the flash -over of rotary convertors, 
have found that in every instance they exhibit this 

racteristic, the arc persisting intact and of even 
nsity until a certain length is reached, and then fading 
over the whole of that length. The greater ease of 
guishing a.c. arcs (which is common to both air -break 
oil -break apparatus) is due to the temperature 

tuating regularly during reduction instead of decreas- 
by a smooth curve as with direct current, with the 
It that the critical temperature is reached much 

lier with the former. In conclusion, I should like to 
w four lantern slides from high -speed camera records 
strafing the general fade -out, both with direct and 

alternating current. 
. P. D . Morgan: On page 570 the authors refer to the 

that the magnetic blow -out is not always favourable. 
argument they use is that, with the design commonly 

pted, the mechanical force on the arc is proportional to 
square of the instantaneous value of the arc current. 
force is thus least when the current is in the neigh - 
hood of zero value and conditions are most favour - 
for arc extinction, and greatest when the current 
maximum, when any undue lengthening simply 

Its in increasing the amount of arc energy produced. 
as occurred to me to ask whether any attempts have 

made to blow out the arc in one phase by means of 
currents in the other two phases. There are three 

of acting on the arc by means of the currents in 
other phases taken either separately or together, and 

three additional ways when these currents are combined 
with the current in the arcing phase, giving a total of 
six possible current combinations. When the current in 
the arcing phase is passing through zero, the currents 
in the other two phases have appreciable values, and it 
might be possible to produce a much smaller force on the 
arc when the current in it is large, and a much larger 
force on it when it is in the neighbourhood of zero value. 
It is, of course, impossible to produce any force at all 
when the arc current is zero. As an example I have 
made some preliminary calculations of the force between 
two sinusoidal currents differing in time phase by 240 °. 
This force alternates in direction and is much greater in 
the neighbourhood of zero value and smaller near the 
maximum value of the lagging current than is the case 
in the ordinary form of blow -out. The actual effect on the 
arc is something like- a number of puffs before and after 
each passage through zero. It is realized that in practice 
the problem is complicated by the effects of asymmetrical 
currents and non -sinusoidal quantities, but the example 
is sufficient to give an idea of what is possible theoretically. 
With such an arrangement it is conceivable that better 
results might be obtained than when an attempt is made 
to blow out the arc with the current in its own phase 
alone, and I should like to ask the authors whether any 
experiments have been made on this question. 

Mr. A. G. Collis (communicated): I have formed a 
theory in connection with this research work. While I 
admit the adequacy of such tests, I think that we want 
a means whereby all engineers can prove their theories 
by a proving house on new design work, not merely for 
the privileged few but for all. The research work, however 
valuable, as now conducted falls below the ambitions of 
the trade. I was, I think, one of the first to conduct a 
series of tests on opening and closing a.c. and d.c. 
breakers, employing the oscillograph. Those tests were 
published, but naturally they introduced new ideas and 
designs. Further tests carried out by the courtesy of 
Manchester Corporation and the Manchester School of 
Technology were conducted on the premises of the first 
named. From these were evaluated further improve- 
ments, and in order that the most efficient progress may 
be made it is necessary to continue them. It is interest- 
ing to note that the theory of oil quenching is exploded. 
I formed this conclusion in 1915, and in my paper on 
"Arc Phenomena " in that year I said* : "There exists a 
hypothesis that an arc ruptured in oil is immediately 
damped out by the oil rushing between the contacts 
intercepting the current flow at the zero point. An 
analysis of the above proves that this is not the case. 
The formation of the arc sets up a vaporized space 
around the contacts, the intensity of which is proportional 
to the volume of force liberated." The paper confines 
itself to arc eruption and the series of tests in connection 
therewith. Modification of its design would introduce 
variables inconsistent with these tests. For instance, 
in testing a 100 000 -kVA switch with two 20 000 -kVA 
turbo sets on short- circuit, a slight modification in 
construction increased its effective rupturing capacity 
from 80 000 to 130 000 kVA. I should like to hear the 
authors' views on the critical value of cavitation in 
relation to this force, or their exposition on the formation 

Transactions of the American I.E.E, 1915, vol. 84, p. 1927. 
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of coreless vortices by the motion of a solid through a 
non -viscid incompressible fluid. Some firms appear to 
have adopted compression dampers with appreciable 
results. There appear to be two distinct schools of 
thought on the rupturing capacity of an a.c. circuit. 
Some prefer to open the circuit with rapidity, and others 
prefer to wait for the reduced value of short- circuit, due 
to the demagnetization of the machine. I should be 
glad to know how the tests affect these two schools of 
thought. No doubt many will try to envisage the relation 
of the tests to those effects which appear under practical 
conditions. Alternators in parallel of, say, 20 000 kVA, 
having automatic regulators with full excitation and an 
internal reactance of, say, 10 per cent, will produce in 
the neighbourhood of the arc an effect totally different 
from those cited by the authors. Hence, while the figures 
are of very great value, the designer has to explore a 
field in regard to which there appears to be very little 
data. The WA rupturing value of a switch may be 

increased, for instance, by the use of watr. I beli 
authors have some valuable information on this 
Personally I am of the opinion that the design 
switches will go through important changes in th 
few years. They will be much reduced in size and 
changes will be made in the arc fluid. The stress o 

petition and incompetency under employment 
trade has retarded progress in the evolution 
switch design. The high percentage volume of ace 
which is given as 23 per cent, should be reduced 
is serious under arc rupture. Norberg's formula su 

rapidity of movement at the instant of opening, and 

designers aim at this. I shall be glad if the auth 
give us their experience of the use of the magnetic 
out and its effect on the system. My own research su 

transition effects on the system with surge phen 
which latter are serious on large interconnected s 

[The authors' reply to this discussion will be fo 

page 590.] 

NORTH -EASTERN CENTRE, AT NEWCASTLE, 10TH DECEMBER, 1928. 

Mr. L. C. Grant: The rather sudden step from 
the authors' investigations on gas collection and the 
subsequent analyses, to an experimental switch operating 
in a gaseous atmosphere, is somewhat difficult to under- 
stand. If it is intended as an experimental demonstration 
of the action of arc extinction in gas, the step is probably 
justifiable, but it is not clear whether the authors intend 
this or whether they are putting forward this switch as 
a gesture to indicate that they have done all that they 
believe possible or justifiable in connection with switching 
in liquid media. I hope, however, that they have not 
overlooked the useful function of the oil and its vital 
importance in connection with oil switches. I think it 
has been realized for many years that the actual process 
of arc rupture does not and could not take place in oil: 
the process would be paradoxical, and in this connection 
I find some difficulty in understanding what the authors 
mean when they state that the rupturing process can 
take place (1) in oil, (2) in oil and gas, and (3) in gas alone. 
Surely (3) is the only course. If oil is present there can 
be no arc, and vice versa. Oil, with all its disadvantages, 
remains to this day the only reasonably successful liquid 
insulation for use in circuit- breaker tanks and for many 
other jobs, and its importance is perhaps best illustrated 
by considering what can happen when oil is not present. 
I remember a few years ago inspecting the result of an 
accident which, through an arc straying a few inches 
from its proper path, subsequently resulted in that same 
arc striking bare metal work 20 ft. away, with disastrous 
consequences. That was at 6 kV. Again, quite recently 
some experiments were carried out on 110 kV in which 
attempts were made to break 20 amperes load current 
by means of an air -break switch with a break about 
20 ft. in length. Actually it proved to be impossible to 
break this current and even smaller currents, because the 
arc strayed no less than 65 ft. away from the switch 
itself ; in other words, it must have been at least 130 ft. 
in length. It is very difficult to prevent an electric arc 
wandering and penetrating solid insulating material. 
However well a device may function experimentally as 

a circuit breaker in air, it will require a great a 

of work to be done before a liquid such as oil, 
manifest advantages as an insulator and as a m. 
localizing the arc and gas area, can be replaced. 
tion is a very difficult problem indeed at high v 

the insulation of a hot body of the nature 
electric arc is even more difficult. Two points 
to me in connection with the oscillograph records s... 

the operation of the gas -blast switch: 

(1) The operating time is the same as the arcing 

and, as the total time during which the c 

is passing through the circuit is comn 
with the time periods one usually as 

with specially designed high -speed 
breakers, and as the experimental switch, 
the description and its appearance gene 
not of such a design, there appears to be 

thing irreconcilable. Can the authors exp 
(2) Although the voltage across the arc is lower 

given conditions as compared with an oil 

yet the old variability of arc voltage -form 

and consequently the variation of arc 
under fixed circuit conditions must s 

vary in much the same way as the voltage 

oil switch, except probably that the ag; 

of the variations is of smaller magnitude 
other words, the performance during the 

period seems to resemble that of an oil 

in that the arcing conditions appear 
independent of the pre -arcing conditions. 
of course, means that one of the greatest 
backs of the oil switch is retained in 
blast type described by the authors. 

I find it difficult to understand the statement 
there is no gas pressure -rise set up during the 

period. The oscillograph records indicate that 
gas pressure exists. The arc voltage record 
indicates the pressure conditions during the arcing" 
and it is my experience that the authors' records 
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h a pressure -rise. I am not sure that Fig. 11 is the 
t word to be said on the question of phase angle. The 

of the curve between 0° and 40° appears to be 
erally in accordance with the usual views, but work 

ich I have carried out seems to indicate that greater 
e angles produce neither a rise nor a straight line 

allel to the horizontal axis, but rather that the curve 
ms to droop and that quite a new .phenomenon is 
, oduced, namely, that of frequency of occurrence 
high gas pressures. What exactly does. Fig. 11A 

icate? Are we to take it that in this and Fig. 11 the 
Fors continue to put forward arc energy as a measure 
distress as in their previous paper ? It is difficult to 
tify arc energy as a measure of distress, and it is my 
perience that a given arc energy produces a gamut of 

sure records from the lowest to the highest, which 
rws that arc energy is not a reliable indication of 
ernal pressure. Furthermore, for given fixed circuit 
editions the arc energy itself runs through a similar 
II ut. Personally I think we must abandon arc energy 

possibly also any attempt at using calibrated pressures 
an indication of the ultimate effect on the oil- switch 
tainer. I am entirely in agreement with the authors' 
arks on the subject of magnetic blow -out. This 

eject requires considerably more investigation before 
method can be applied with confidence to any type 

switching appliance. On page 566 there appears to 
some confusion between arcing and sparking, which 

of course, quite different. Finally, would not 
her a different complexion be put on the question of 
hydrogen content in arc gases if the authors gave 

alyses in a form different from that of volume, in view 
the low specific gravity of hydrogen ? 

i'rof. W. M. Thornton : Only those who have 
owed the literature of the subject in the publications of 
ottke,Bauer,the Reports of the Swiss Commissions and 
ers can appreciate the scope and thoroughness of the 
sent investigation and its far -reaching consequences. 

ere is nothing quite like it in the scale on which the 
rk has been done and the thoroughness with which 
h stage of the very complex phenomena has been 

3lored. It started out as an oil- switch research, but 
eems that the oil is mostly of use as a means of supply- 
hydrogen to extinguish the arc and then to restore 

e seal and prepare for the next break. This greatly 
piffles the conception of the action and in fact throws 
back on the mechanism of break of a circuit in air, 

h is still very little understood. Now there is one 
rt of the operation of such a break that does not appear 
have been investigated by anyone, and that is the 
perature or thermal state of the poles while the current 
ses through zero. It is clear that, unless the vapour 
onized or conducting, the voltage across the arc is not 
dent to strike across the gap when it has opened 

ire than a few millimetres. How is this ionized state 
intained ? The answer is, by the thermionic discharge 
m the incandescent metal of the poles, which emit 

ense numbers of electrons and some positive ions 
e they are hot. Carrying the matter a step further, 

w can an arc be self- maintained ? Consider each 
le in turn at the moment of separation. The negative 
le or cathode emits negative - electrons under the 
mbined influence of the thermionic discharge and the 

strong field. These electrons, once free from the metal, 
are accelerated by the field, and their velocity increases 
rapidly on account of their small mass. When this 
velocity reaches a certain critical value the energy of the 
electrons is such that when they strike a neutral molecule 
they ionize it by collision -an electron is driven off and 
two ions are produced, one positive and the other the 
new electron. Such a process, if it were maintained and 
sufficiently intense, would cause a true spark to pass as 
in a magneto discharge, but for an arc to be maintained 
this is not enough. Light has been thrown on this 
recently by the researches of J. Taylor, who has shown 
that when a positive ion is driven towards the cathode 
it encounters the electrons at the end of the cathode fall 
of voltage where they have their highest velocity, and 
the two opposite charges, combining, set up intense 
radiation like a miniature oscillator or radiator. This 
radiation falls on the metal of the cathode and in so doing 
starts a further emission of electrons, aiding and increas- 
ing the thermionic discharge. The combined electron 
stream continues to increase in intensity by compound 
interest until the total number of electrons emitted per 
second is equal to the circuit current. The arc is then 
fully established. [Prof. Thornton here exhibited a 
slow -motion projection of an alternating arc.] Hydrogen 
has two effects: (1) it cools the metal of the poles, or the 
gas between them as Langmuir has suggested, for a 
molecule of hydrogen at air temperature and pressure 
has a velocity 3i to 4 times greater than that of the 
oxygen or nitrogen of the air; (2) it is not so readily 
ionized, the relative volume ionizations by ß and 
y rays being : Air = 1 ' 0, hydrogen = 0.16, and 
oxygen = 1.16. We can take advantage of these 
properties by imitating or accelerating the cooling action 
of hydrogen by cooling the poles themselves by a current 
or blast of gas, or by using a gas even less easily ionized 
than hydrogen. Such a gas, for example, is helium. 
Has helium been tried in this switchgear research ? If 
one can find enough in Canada to fill an airship, there 
should be plenty available for enclosed switchgear, 
provided that it can be used on more than one occasion. 
Arc length is independent of current value, because the 
effect is dependent only on the temperature of the surface 
of the poles. Has there been any investigation of the 
connection between arc length and temperature of the 
electrodes ? Another line of attack would be to investi- 
gate d.c. arcs only and to find whether an air blast or 
suction has the same influence in extinguishing the arc 
when the polarity is positive or when negative -one would 
expect that by cooling the negative pole it might be 
more readily extinguished. 

Mr. B. H. Leeson: The tests upon commercial oil 
circuit- breakers indicate that no radical change is 
necessary in the construction of typical British designs 
in everyday use, provided they are fashioned upon 
simple and straightforward lines and incorporate the 
practice of employing robust tanks, top plates and 
fixtures. Improvements, therefore, are most likely to 
be effected by a better understanding of the physical 
laws governing the arcing produced during the process 
of making and breaking circuit. Side by side with this 
academic research, manufacturers realize the importance 
of practical consideration and experiment being given 
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to its application to commercial designs of switchgear. 
As an example of this, Fig. A illustrates a design of 
draw -out type metal -clad switchgear incorporating a 

Bus BARS 

UNION 

AIR BUS PIPE 

AIR COCK &NON RETURN 
VALVE 

Fig. 14 of the paper. In Fig. A, the circuit -b 
tank forms a compressed -air reservoir fed by an air 

pipe which supplies the whole switchboard from 

FLEXIBLE CONNECTION. 

GAS CHAMBERS 

AUTOMATIC VALVES 

VALVE OPERATING MECHANISM 

PNEUMATIC OPERATING MECHANISM 

COMPRESSED AIR CNAMBER 
& RESERVOIR 

"..+ OUTGOING CABLE. 

FIG. A.:-Metal-clad air circuit- breaker. 

OUTLET FOR COOL CASES 

AIR INLET 

SECTIONAL FRONT ELEVATION 

AIR ORIFICE. 

Fro. B.- Outline of 

metal -clad air circuit- breaker which was prepared to 
embody, in a commercial form, the principles of the gas - 
blast switch described by the authors and illustrated in 

SECTIONAL ENO ELEVATION 

WITH CASE REMOVED 

"Blow-arc " contactor. 

reservoir connected to a small automatic air -comp 
plant. A non -return valve is provided to ensure a su 

of air to each individual circuit breaker being av 
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event of a cessation of supply from the air bus pipe 
to repairs or adjustments to the compressor plant. 

e gas chambers are at earth potential and the auto - 
tic valves controlling the air blast through the hollow 
ductors are operated by cams, so that the air flow is 
lated in a correct manner for both making and 

aking circuit. The air cock and union on the flexible 
ection enables the circuit breaker to be withdrawn 

a truck in the customary manner. Switchgear to this 
ign has never been manufactured because it has 
red no economy in cost compared with the alternative 
circuit- breaker. Further, particularly in unattended 
fions, engineers at present favour the use of oil as an 
ulating and arc -restricting medium, upon the grounds 

hat they are confident that it will be available for per- 
mining its duty at the critical moment, whereas they 
ear that compressed air may be absent despite all 
uecautions taken to ensure its presence. In addition 
o this, one of the chief objects of employing oil is the 
eduction in clearances it permits owing to its insulating 
)roperties. In view of this, the insulating and perform - 
lace of high- voltage heavy -duty air circuit- breakers 
vithin commercial limitations of cost and dimensions 
s a problem which is not yet solved. On the other hand, 
?ig B illustrates a form of double -pole air -blast con- 
actor *.for heavy duty in its own class which has been 
n extensive commercial use for a number of years on low - 
and medium- voltage circuits up to 250 amperes carrying 
rapacity. This entirely metal -clad contactor generates 
ss own air blast which removes any conducting gas from 
he contacts, prevents the arc re- striking, blows the 
fas up the ducts in which it is cooled, and ultimately 
?asses it harmlessly into the atmosphere. This simple 
evice has been found to be a great improvement with 

Erect currents and quite effective with alternating 
urrents, although the air blast operates in a somewhat 

Brent manner from that described in the paper. The 
iuthors rightly point out that a particular empirical 
est does not help to produce fundamental formule. 
,onversely, general formule cannot be applied usefully 
to a given design without knowledge of its particular 
instants, and hence practical tests carried out under 

ce conditions on commercial circuit breakers are 
ually necessary. The lantern slides (not reproduced 

ere) show circuit breakers under test in this way on 
ply undertakings' systems offering facilities for tests 
to about 800 000 kVA and voltages up to 132 kV. 
a result of these field tests, commercial oil circuit - 

eakers may be said to have justified their performance 
.lues up to 750 000 kVA. Analysis of the oscillographic 
d other records obtained on such tests form most 

aluable data for the manufacturer, provide the necessary 
nstants for the academic formula, and inspire users 
th confidence in the switchgear. Some of the tests 

rred to are recorded in Sporn and St. Clair's paper 
ore the American Institute of Electrical Engineers. 
k that the subject matter of the paper should have 

bled the title to include circuit making, because the 
g capacity of a circuit breaker is equally as impor- 

t as its breaking capacity, and the two require joint 
ideration. A useful term to embrace these is 
tching capacity." The proposed issue of the revised 

* Patent No. 13122 -1925. 

B.E.S.A. Specification 116 for oil circuit- breakers should 
stabilize the method upon which circuit breakers can 
be rated in this respect, and show how oscillograph 
records of tests may be expressed in performance values 
for comparison with the rating ascribed. International 
agreement upon this subject is most desirable and I hope 
that the new specification may form a British lead in this 
direction. The valuable scientific work carried out by 
the authors, the mutual co- operation of electrical under- 
takings and manufacturers in carrying out practical 
tests, and the new method of rating circuit breakers 
about to be issued in B.S.S. No. 116, form a sound 
progressive policy which, I think, will go a very long way 
to advance British prestige and reputation for first -class 
switchgear still further. 

Mr. J. A. Harle : I agree with the authors that the 
variables are so many and so mutually associated that 
to gather any absolute conclusions from a few tests is 
impossible, as fallacious conclusions may be arrived at. 
Their conclusion (on page 562) that many of the irregu- 
larities found in the initial tests were due to the fact that 
the arc may rupture when gas only is present in the arc 
path or where oil and gas, are present together and even 
where oil alone is present, is very interesting, but I think 
that the authors' troubles have, to a large extent, been 
fundamentally due to the relatively low test voltage 
employed, as even a thin oil film can withstand the 
voltage used. I think that if higher voltages had been 
used the results would have been more consistent and a 
great deal of work would have been eliminated. In the 
case of heavy -duty circuit breakers the usual arc- energy 
considerations and resultant gas volume would lead one 
to believe that there will be a greater probability of the 
current rupture occurring in a gas globule, thus leading 
one to expect more consistent phenomena. I should 
like to hear the authors' views on the above conclusion, 
as their researches would appear to have been somewhat 
handicapped by their plant facilities. I should be glad 
if the authors would say whether the cases where the arc 
ruptured with the contacts in the arc globule produced 
definitely more arc energy and stress than those of the 
second type where both oil and gas were present in the 
gap, as if this were so it would justify their study of 
case A. From a switch -design point of view the paper 
is somewhat lacking in that the effect of air cushion on 
the arc characteristics is not demonstrated, as practical 
switches require top plates and enclosures, thus makin g 
it essential that any data obtained should be capabl e 
of interpretation under the practical conditions if the 
information is to be used as a guide in design. Th e 
authors' fundamental conclusions for the e.m.f. equations 
of an arc apparently contradict the classic theory of such 
phenomena for the heavy currents that they have con- 
sidered. My experience in transient d.c. arcs for small 
currents and voltages is that the classic theory would 
hold, thus confirming the work of Steinmetz and Ayrton 
which was carried out on small static a.c. arcs. Their 
conclusion that conductivity had reached an optimum 
condition is rather strange if one considers energy 
equations. Have the authors obtained any information 
as to the variation of arc temperature with current ? It 
seems somewhat inconceivable that the specific resistance 
of the arc path does not change even when the energy 
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dissipation is increasing with current, and yet the surface 
for oil evaporation, heat conduction to oil and also 
radiation is only increasing in proportion to s/i. Can 
the authors give a physical conception of the meaning 
of this statement of saturation of conductivity ? Is it 
possible that this is due to some pressure change in the 
arc cavity which counterbalances the change of conduc- 
tivity due to temperature, thus giving the apparent effect 
of a constant specific resistance of the arc stream ? For 
example, the smaller gas cavity may have a low tempera- 
ture but a high pressure, while the large cavities may 
have a higher temperature but a low pressure, this 
pressure being, of course, the instantaneous pressure 
in the arc cavity. If this were so it might explain this 
apparent contradiction of energy equations. In view 
of the rapid fall in pressure from an arc cavity I should 
think this latter phenomenon would be difficult to verify, 
but I should like to know whether the authors have dis- 
cussed it from this angle. The results obtained with the 
gas blow -out switch are certainly interesting, but I 
doubt whether this type of switch will so easily be 
adopted for higher- voltage service. For example, on 
5 500 volts the authors indicate that a fin axial opening 
on a single break is required and, while they give no 
indication of the diameter of the throat, one would 
imagine that this would be approximately equal to the 
arc length. For high voltages, if we assume that both 
arc length and throat diameter increase in direct pro- 
portion to the voltage, extremely large volumes of gas 
will be required. For example, a 132 -kV switch with . 

solidly earthed neutral could conceivably require about 
a 10 -in. travel and also about 180 times the gas volume 
that the authors would employ, assuming a single break, 
and 90 times assuming a double break. I consider that 
the insulation problem for such a device would be very 
great as the clearances should be such that surge voltages 
arising during the arcing period would have to be 
catered for, and these would possibly be up to four 
times the working voltage. A 10 -in. gap can only with- 
stand about 100 kV if the air is at atmospheric pressure, 
and if the device is not provided with further isolating 
features clearances up to three times this will be essential, 
making an extremely bulky device when compared with 
the modern oil circuit- breaker. The alternative, of 
course, is to run the device with a sustained high air 
pressure and rely on the electric strength of air at high 
pressures to provide the necessary insulation; this, of 
course, has a fundamental objection that if the air 
pressure falls off for any reason the device may break 
down dielectrically. . 

Mr. R. F. H. Brierly : There is no reference in the 
paper to the ability of a circuit breaker to make circuit. 
While the researches into the ability of a circuit breaker 
to interrupt the circuit under fault conditions have been 
very carefully carried out, the very important effects 
of having to " make " a current considerably larger than 
the breaking current are ignored. Until comparatively 
recently the " making " capacity of a circuit breaker 
was not officially recognized in standard specifications, 
reference always being made to breaking on short -circuit 
and normal current- carrying capacity only. Besides 
the possibility of burning the main contacts as a result 
of a poor " make " by the arcing contacts, the ability 

to break circuit is also severely impaired. The very 
currents in the first half -cycle of a heavy short -c 

produce very . large mechanical forces which tend 

prevent the contacts from closing; the result is chatt 
of contacts with an attendant amount of arc energy 
perhaps a total failure of the breaker to latch h 
resulting in the loss of kick -off force. Thus the 
of break may be reduced and the ability to break sev 
impaired. Laboratory research at Hebburn +i 

plant capable of giving currents pf a peak value u 

60 000 amperes and at a voltage of 30 to 40. volts 
resulted in a very satisfactory form of contact, 
essential points of which are : (1) Large mass of m 

giving good cooling properties; (2) high initial pre 
preventing chattering; (3) increase of contact pre 

as the process of " making " is carried forward by re 

of the electrodynamic forces set up between the p 

conductors; and (4) strong backing plates to r 
distortion due to these forces. Contacts designed 
these features have also been proved efficient in se 

conditions at currents up to 80 000 amperes (peak), 
at 12 000 volts. It is interesting to note that a 
with a higher melting point than copper may be 
A set of arcing contacts constructed of this metal " 
and " broke " the full capacity of a large power s 

abroad 9 times in rapid succession and could still 
been used for further tests if required. There is 

carbonization of the oil than with ordinary co 

contacts. The ability to make circuit would seem 
one of the difficulties of the air circuit- breaker des 
in the paper. It is, of course, presumed that a gas 
will be provided during the closing period, but it m 

remembered that the path for the gas is being r 
closed, so that when actual contact occurs there 
medium to assist a satisfactory " make," and tests in 

that welding will inevitably result. One of the au 

has shown a contact which has broken circuit 
times, but it is very questionable whether it would 
been so good had it to make circuit each time 
breaking. To devise a satisfactory contact 
require considerable research, and the additional m 

ism necessary to time and control the gas blast 
appear to add further complication to what is (com 

with an oil circuit- breaker) already a complicated 
of mechanism. Another important matter is re 

upon the pressures set up by the arcing produced 
circuit -breaker tanks, and their ability to withstand 
Two methods are employed at the Hebburn labor 
(1) testing with steady hydraulic pressures, and 

impulse testing by means of explosives. In c 

out these second tests black powder has been used 

being fired by means of detonators. The charges 

placed in the tank in positions relative to the a 

breaks, and the quantity of powder used is such that 

volume of gas generated is calculated to appro 
to the volume of gas produced by the arc on bre 

circuit. 
Mr. T. Carter : It is a matter of speculation wh 

any enterprise would ever be undertaken if at the o 

all the difficulties that would hamper its fruition 
fully understood. Every mental inspiration, like 

physical counterpart, is beset with so many 
perils that to venture to draw it from its source and 
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its end is often enough a heroic act -an embarking 
an uncharted sea, a setting out along a track of 
h nothing is known but its unknownness. So one 
wonder whether the pioneers of the science and 

sty of switchgear would have been daunted had 
known all that research is now revealing; and one 
how fortunate it perhaps is that the step -by -step 
ess of establishing commercial success has proceeded 
less to more in intimate knowledge of underlying 
not easily discovered principles. The paper now 

er discussion is clearly a contribution of first impor- 
e to the understanding of the general problem of 
uit breaking: not only does it record the results of 
extraordinarily complicated and difficult research, 
it lays down the lines on which steps to a still closer 
erstanding must be taken. This being so, it will be 

to examine each of the important statements in 
paper very closely, and, solely by way of constructive 
'cism, I should like to raise some questions about 
volt- ampere characteristics of the arc, dealt with in 

lion .(III) (d) (iv) (B) of the paper. The authors pro - 
e an equation (3) of the form ea - ee + ßl 
express the true relation between the constituent 
ors, but it must be pointed out that this equation is 

that it cannot represent the whole course of the. 

s. The current, i, is "a periodic function of value zero 
the end of each half- cycle; and, since Vi occurs in 
denominator of one of the terms, the mathematical 
ning of the equation is that eQ is a discontinuous 

ction. But it is not so in actual fact; and I fail 
find in the paper any adequate explanation . of 
discrepancy. It is not an obvious way out of 
difficulty to do as the authors suggest, namely, 

treat the term involving ./i as negligible, when 
ly, pushed to its logical issue, it is not negligible. 

'n, the authors do not make sufficient reference- 
eed I think they do not refer at all -to the fact 
t equation (3), considered as a function, must have 
ther curious quality. It must be taken as carrying 
implication that it is in one sense (not the sense 

rred to in the previous paragraph) really and Cor- 
yto be interpreted as discontinuous, in that, although 
only term changing its sign periodically is the Vi 

the other terms must be artificially thought of as 
ging their signs simultaneously with the Vi term. 

SOUTH MIDLAND CENTRE, AT BI 

G. Rogers : In some respects the paper is very 
appointing, in that the authors admit that the early 
estigations of the construction of oil circuit -breakers 
not lead to any particular conclusions with regard 

the standard designs. Apparently they were able 
point out certain weaknesses which could be modified 

which had the effect of improving to some extent 
operation of standard designs. However, they 

raise to give in a later paper more details of their 
estigations along the lines of standard practice. If 
y are able to submit concrete proposals which will 
er define the term " rupturing capacity " they will 

erve the thanks of all operating engineers. Some 
the statements in the paper would appear to be in 
tradiction to recognized ideas. For instance, it is 

Otherwise -that is to say; if when one turns all do not 
turn -there will result a curve nothing at all like those 
shown in Fig. 12. So, actually, I imagine, equation (3) 
must be thought of as continuing over a half -cycle 
(except, apparently, at the ends, where it cannot apply, 
which, as I have already said, is one of the points for 
the authors to make fuller reference to), and then 
changing over in the next half -cycle to the other side 
of the horizontal axis. As a matter of fact, 1 /Vi- is a 
function that changes relatively slowly except at and . 
near the points of discontinuity; and 1 /(%/i -{- k) is 
equally a slow -changing function, with the difference 
between it and 1 /A/i that it is not discontinuous. 
Indeed, if the authors wrote, instead of their .equa- 
tion (3), another not very different from it, namely, 
ea = k1+ k21 /(Vi -i- k3) -{- k41, in which ki corresponds 
to their e0, k2 to their constant in the Vi term, k3 to a. 
constant I have added, and k4 to their ß, this new 
equation would seem to correspond very closely to the 
curves of Fig. 12, provided that suitably chosen values 
of ki, k2, k3 and k4 are inserted. I confess that I cannot 
suggest any physical meaning for my k3, and probably 
the authors do not desire to depend on an empirical 
formula, if they can get one with a real physical meaning. 
But on the other hand, as I have shown, their own 
equation (3) cannot be truly applicable all along the line. 
I hope their reply will considerably elucidate the diffi- 
culties I have mentioned: I do not think they are peculiar 
to myself. In conclusion I will mention one or two. 
smaller points. The second paragraph in Section (III) 
(d) (iv) (A) of the paper suggests an explanation of the, 
fact that the relation between the critical lengths of arcs. 
in different gases changes according to whether the gases 
are cold or hot. But on the face of it (possibly because 
of compression in the statement), the paragraph seems 
to say first of all that the critical length is greater in cool 
hydrogen than in other gases when they are cool, and 
then that because hydrogen cools more quickly than the 
other gases and thus approaches its original cool condition . 

more nearly at current zeros, its critical arc length some- 
how becomes less. I feel certain that the fact is as 
the authors say it is; but I feel equally certain that 
their explanation of it should be amplified. 

[The authors' reply to this discussion will be found on 
page 590.] 

RMINGHAM, 21ST JANUARY, 1929. 

stated that the oil is not necessary for arc extinction. 
In this connection I should like to ask whether the 
authors consider that the large head of oil which is now 
generally recognized as being necessary really serves 
any useful purpose. It is very useful to know the 
characteristics of the gases which are evolved when 
an arc is extinguished in oil. The greater bulk of the 
gas given off is hydrogen, and tests reveal that the arc . 

is more easily broken in hydrogen than in any other 
media. It would seem, therefore, that the oil circuit - 
breaker has this advantage at least, that the gases 
evolved are those best for arc extinction. It is also 
very useful to know the volume of gas per kW- second 
of arc energy that is given off. A simple calculation 
makes it quite clear that a very large volume of gas. 
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is formed within the tank when the breaker is called 
upon to rupture a heavy short -circuit. It gives the 
clue to the immense forces that may be present within 
the chamber at the time of rupturing. It also emphasizes 
the need, in large oil circuit -breakers, of providing 
suitable means for safely carrying away the gases so 
evolved and the oil displaced. I note that nothing 
is mentioned in regard to the copper vapour that is 
given off from the contacts when a heavy current is 
interrupted. These conducting gases must have some 
bearing on the re- starting of the arc after passing 
through what the authors term the " zero pause." It 
would be very interesting if the authors would give 
some account of this. I should also like to ask how 
the hydrogen container was prepared for the experiments 
of rupturing the arc in hydrogen. Was the hydrogen 
at atmospheric pressure, and the container sealed ? 

With the meagre information given in the paper it is 
very difficult to form an opinion as to the practical 
value of the air -blast break, which apparently gives 
very remarkable results on short- circuits. It would 
seem that it will be a very difficult matter to manufacture 
circuit breakers of this type for practical use. However, 
perhaps more information will be available on this 
subject at a later date. 

Mr. J. Anderson : When the authors produce a 
circuit breaker which can be shown to break large 
amounts of power with small contact -separation, one 
is inclined to ask whether it can be practically applied. 
It is obvious that the gas -blast circuit breaker with its 
gas cylinder, valves and so on must take up more room 
and be more costly than a standard oil circuit- breaker 
arranged with a longer break, a stronger tank, a greater 
oil space or whatever is required to increase its breaking 
capacity. The gas -blast breaker might be used with 
success in a supply station but would hardly be suitable 
for use as an ordinary industrial circuit breaker. One 
therefore looks for some other solution of the problem, 
and it is found in the multi -break principle. If the 
contact voltage -drop is approximately 30 volts, any 
voltage may be interrupted by providing a sufficient 
number of breaks. With 30 volts, about 2 000 breaks 
per phase would be required for a 100 000 -volt 3 -phase 
system. This looks prohibitive, but actually many 
fewer breaks are necessary. If we employ a pair of 
massive copper contacts and separate them slowly we 
can break 150 amperes at 440 volts, 25 cycles and 
unity power factor with a separation of about 0.003 
in., and the same current and voltage at 0.2 power 
factor with 0.008 in. separation in air; so that a 
100 000 -volt circuit breaker would contain three piles 
of 133 discs each, with a total contact separation of 
1.056 in. per phase. As a serial break would be obtained 
it is possible that in oil a smaller number might be 
sufficient. There is no particular difficulty in making 
such a circuit breaker, which could be arranged to close 
quickly and open slowly. The difficulty would be to 
sell it in these days when long, quick breaks are expected. 
The suggestion is made to prevent the possibility of 
patenting such an arrangement. The old Wurtz switch 
used multi -breaks and, incidentally, obtained serial 

break; in spite of this the Electrical Research 
tion has recently patented a serial break which inv 

a multi- break. The validity of the patent is ra 
nice point. As the expression " multi- break " 

hitherto been taken to mean from 2 to 6 break 
phase, someone might now try to patent the 
a very large number of breaks. As regards sp 

break, I pointed out some time ago * that a quick 
was not necessary. That statement was based on 

made some years previously, but it was made at 

time because the need for very high breaking 
was being strongly advocated by others. An alte 
to the multi-break is the vacuum break which is 

developed in the United States of America, but 
apparatus would be necessary to maintain the 

perfect vacuum required, and it could scarcely be 

outside the power station. The Electrical Review 

mentioned t as an invention of the Soviet Union 
type of mercury rectifier to rep]ace oil circuit -bre 

this is probably a variant of the vacuum breaker. 
E.R.A. tests have been carried out mainly on 
breakers suitable for supply- station conditions wi 

alternator capable of giving only about 6 times 
full-load current under short- circuit conditions. 
does not help us much on industrial work where 

circuit breakers are required td break from 20 t 

times their normal full-load currents with the 
voltage nearly fully maintained. Consequently 
should be far more rejoicing over a small circuit b 

that did its duty efficiently and reliably, than 
1 million -kVA circuit breaker that might, per 

break this amount of power when called u 

do so. 
(Communicated) : Since the meeting an expel-in' 

3 -phase switch has been made which has repe 

broken quite easily 300 kW at 5 000 volts, 25 

using slow break in air, with a total separatio 
phase of 0.064 in. made up of 8 breaks each of 0 

Mr. F. N. Delman : In connection with Mr. R 

statement that our knowledge of the safe nip 

capacity of circuit breakers has not materially inc 

during the last decade, I feel very strongly that 

responsibility for this state of affairs rests will 

supply authorities rather than with the manufac 
The manufacturer puts all his knowledge into the 

and the building of his circuit breakers and then, 

certain happy exceptions, cannot get his product 
because no supply authority will provide the nec 

power. Referring to Fig. 11, I am most inte 

in the point for 70° " virtual phase displacement 
view of the fact that five attempts have app 

failed to bring it on to the curve. Finally I 

like to ask the authors to give us some details of 

method of taking the photographs shown in F. 

and in particular of the thickness of oil betwee 

arc and the lens, as to take 1 000 pictures per 

under these conditions is no mean feat. 

[The authors' reply to this discussion will be f 

on page 590.] 
* Electrical Review, 1922, vol. 90, p. 437. 
t Ibid., 1928, vol. 103, p. 323. 
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NORTH -WESTERN CENTRE, AT MANCHESTER, 5TH MARCH, 1929. 

.D. R. Davies : The authors have been so thorough 
heir work that the results presented in the paper 
e no room for criticism, especially since additional 
rmation is promised in a further paper. The next 
r will deal more particularly with the behaviour of 
in oil, and we shall probably, therefore, be in a better 
tion to appreciate the full value of their work. The 
rmation in the paper has been obtained from tests 
elatively small powers, and one naturally asks how 
he conclusions arrived at would hold for values of 

ent and voltage considerably in excess of those 
red by the authors' work. It would be ihteresting 
ave further information regarding ec in equation (3). 
example, have the authors tried various materials 
der to determine which releases the least amount 
etallic vapour ? Presumably ec would increase with 
number of breaks, but would the advantage be dis- 
ted due to the additional metallic vapour which 
d appear in the arc ? Have the authors found 
her the size of the electrode materially affects the 
g time in the gas -blast switch ? The reason I ask 

is that the remarkable results obtained may in some 
be due to the use of a large electrode for the corn- 
lively small currents interrupted. The authors 

not favour the use of magnetic blow -out or high 
d as a means for rapid arc extinction, but although 
may have found alternate ways of rupturing the 

1 arcs obtained at Carville, are they of the opinion 
their alternative proves efficacious outside the range 

heir tests ? Moreover, speed of break during short - 
uit conditions depends very largely on the value 
he current, and it may be impracticable to keep the 
length within theoretical limits. There are many 

of rupturing an arc, but the best will be that which 
rporates the most economical breaker. If the 
ors' final conclusions show us how to produce a 
ble breaker which will operate consistently without 

ive energy release, they will earn the gratitude 
he industry. If in order to keep the arc energy within 
ified limits a complicated design requiring careful 
stment and faithful maintenance is proposed, it 
prove more economical to pursue our present policy 

elying on a strong enclosure. It may be argued 
such a policy is not good design; nevertheless, it 

he outcome of 25 years' experience with the oil 
nit- breaker. During a visit to the United States 
year I inspected one of the large plants installed 

the purpose of carrying out short- circuit tests on oil 
uit- breakers. I also had the opportunity of discus - 

design with most of the leading designers. Their 
fence, and the numerous tests made, has indicated 
necessity for a strong flameproof enclosure and 

ust contacts. Whilst agreeing that this is cure 
er than prevention, we must also realize that 

encan manufacturers are probably in possession of 
e test information than the British maker. Accumu- 
d experience and test data usually enable an article 
be produced more cheaply than would be possible 

ut such a foundation, but the oil circuit- breaker 
the exception. The more tests and information 

relating to oil circuit -breakers one obtains, the more 
expensive does the design become, and it would be safe 
to say that on the whole oil circuit- breakers are more 
expensive to manufacture at the present time than they 
were even two years ago. Apart from detailed improve- 
ments which have been found necessary to take care of 
the breaking -capacity rating, it has also been necessary 
to consider the question of the making capacity. Whilst 
the authors have been engaged on the breaking problems, 
the firm with which I am associated has been attacking 
the problem of the making capacity. About two years 
ago we were carrying out short- circuit tests on small 
breakers with a 45 000 -kVA machine. The decrement 
was rather steep, and to interrupt the rated kVA it 
was necessary for the breaker to carry an asymmetrical 
current of approximately 80 000 amperes in one phase. 
The first shot of the duty cycle was cleared by the 
breaker without distress, but when it was reclosed on 
the short- circuit after a 2- minute interval the per- 
formance indicated severe arcing inside the breaker. 
Oil was thrown, and it was fairly obvious that the 
breaker was being severely stressed. This was traced 
to contact distortion, and after fitting more substantial 
contacts of an improved design the breaker behaved as 
well on the closing shot as on the opening one. Further 
tests were carried out last year on a 55 000 -kVA machine, 
and it was satisfactory to note that no distortion of 
contacts occurred. More research is required, however, 
on larger breakers to confirm their making -capacity 
ratings. 

Mr. W. F. Dunton : At the beginning of 1925, a paper 
was published in World Power setting forth some results. 
of the Electrical Research Association's researches on 
magnetic fields ; and at the end of that year the paper was 
recommended by the Association as providing a method of 
calculating the electromagnetic forces on circuit- breaker 
cross -bars. The paper was based on a wrong idea, and 
it concluded by greatly over -estimating a certain force, . 
representing this to be 34 times as great as it really was. 
Although it was easy to see that the Association's 
method was wrong, it was by no means easy to see how 
to put the matter right. I obtained, however, a solu- 
tion that removed widespread misunderstandings. This 
was published in 1928 in a French journal and is now 
probably known to every foreign engineer interested 
in circuit breakers. 

Mr. H. Pearce : In spite of the difficulty in obtaining 
exact data for design purposes it will, I think, be generally 
agreed that there have been comparatively few troubles 
experienced with oil circuit -breakers in this country, 
even with large amounts of power. But. it is not 
sufficient to be able to accomplish a given result: we 
must be sure that we achieve that result in the most 
economical way. We do not wish to waste either material 
or labour, and we do want to be in the best position for 
competing in foreign markets. If the authors are able, 
as a result of their researches, to give additional infor- 
mation enabling us to use our material and our labour 
more economically, then the more the E.R.A. is supported 
the better for all concerned. It is suggested by the 
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authors that the efforts of designers in the past have 
been misdirected towards quenching the arc when it is 
most capable of resisting, rather than at the zero pause. 
It is perfectly true that we talk about quenching the arc, 
but designers have for a long time been struggling to 
obtain favourable conditions to allow the arc to die 
away at the earliest possible zero pause after the occur- 
rence of the fault, and the criticism is more one of words 
than of facts. A new line of thought is opened up by 
the Deion circuit breaker, referred to by Mr. Davies. 
Results have recently been published of tests made on 
a 2 000 -ampere breaker, where short -circuit currents of 
30 000 amperes were made on a 12 000 -volt circuit. 
The current just before rupture was 22 000 amperes. In 
all cases the arc was broken either in á cycle or in 1 cycle. 
The designers of that breaker do not claim that it is 
the final solution, as it is regarded as being still in the 
experimental stage, but it is another field of exploration 
and deserves very careful study. The construction of 
the breaker is particularly interesting because the 
arcing takes place in air, being drawn out through two 
metal contacts in the ordinary way and forced by a 
magnetic field into a trap, consisting of a slot through 
a number of copper plates z- in. thick and - in. apart. 
At the end of the slot the arc is so attenuated that its 
potential-drop enables it to enter between the copper 
plates, which break it up into a number of small arcs 
in series. Here a further electromagnetic field causes 
the divided arc to rotate between the plates at a high 
speed. The arc continues to rotate until the zero 
point in the current wave is reached. Then, owing to 
the fact that the cathodes of all the small arcs are cold 
and that the voltage for each gap is below a given mini- 
mum value, the arc is unable to restart. The fact that 
the breaker has been tested not only by the manufacturers 
but also by one of the largest supply undertakings in 
America, and has given good results for a sample breaker, 
is very encouraging. It is interesting to see that the 
research which has produced this breaker in America 
is on very similar lines to that which the E.R.A. is 
carrying out. The actual method and appearance are, 
of course, quite different, but the same general principles 
seem to be involved. Are the authors of the opinion 
that the gas -blast breaker described in the paper is 
likely to lend . itself to commercial production ? The 
results indicated show that, as an arc -breaking device, 
it can definitely accomplish what is required, but there 
are, of course, other considerations entering into the 
production of a complete circuit breaker for commercial 
requirements. 

Mr. S. R. Mellonie: On page 7 the authors state 
that the oil circuit -breaker of the future will open the 
circuit at the zero point of the current -wave. Will they 

indicate how they propose to modify a cony 
3 -pole breaker, so as to ensure that the current i 
rupted at this zero point at three different time 
gas -blast breaker is important because it may res 

decrease in the quantity of oil stored in modern s 

and, therefore, reduce the fire hazard. The 
have indicated a method of producing an appa 
break circuit without the use of oil, and this is a pr. 

development. 
Mr. G. I . E. Metz : The importance of the me 

stresses imposed upon oil circuit- breakers under 
circuit conditions has been referred to by a p 

speaker, and the merits of alternative form 
calculating these stresses have been discuss 
fact that the two formulm in question giv. 

different results does not make either of 

incorrect, but attracts attention to the ' 

which they are subject. It will be found on 

tigation that the formula giving the forces betw'; 
ductors, (4.5 b /h)10 -8 lb., is quite correct for con 

of infinite length. The alternative expression su 

by Mr. Dunton is applicable to conductors which 

finite length, and is possibly more suited to calce 

for oil circuit- breakers where the length of con' 

is short compared with the spacing. There 
however, several factors which have to be kept i 
such as the loop effect of the moving contact 
the fact that the mechanical force applied is of a p 

character of a frequency approximating to the 
frequency of the structure upon which it is 
with the result that the deflections and loadin; 
duced will be considerably increased. 

Mr. P. B. Hall : On page 8 the authors s 

they believe that the main source of variations 
formance on repeat tests has now been 
should be very glad if they would give us a li 

information on this point. On page 10 they 
the question of pressure has not been dealt with 

present paper. Can they give us some further 

culars regarding their own experience with 
on short- circuits in commercial designs of oil 

breakers ? On page 15 it is stated that " The 
of cooling effects on surroundings, terminals and 

arrangement has formed the subject of many 
ments." It would be interesting if they co' 

us some idea as to the conclusions that they have 

at as to shapes and sizes of the parts to which th. 

Mr. A. L. Lunn The authors have told us 

deal about switches opening and breaking 
but, as a user, I should like to ask whethe 

have had a case of a breaker (either fitted wi 

from the tank or not) opening, an explosion takin 

and the breaker closing again. 

THE AUTHORS' REPLY TO THE DISCUSSIONS AT LONDON, NEWCASTLE, BIRMINGHAM Ali 

MANCHESTER. 

Messrs. E. B. Wedmore, W. B. Whitney and 
C. E. R. Bruce (in reply) : The numerous questions asked 
on topics which lie outside the scope of the paper, such 
as effect of head of oil, air cushion, shape and strength 

.of enclosure, etc., show the great importance to the 

industry of investigations of this character. 
as clearly stated therein, was intended to lx 

introductory nature for the purpose of de 

ground and giving a survey of the simpler 
the problem of arc rupture in gas without ente 
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greatly added complexities of arc rupture in oil. 

eral speakers, for instance, have asked questions 
lation to the effect of changing one or two factors 
breaker, such, for example, as speed and number 
mks'. Even in the simple case of arcing in gas 
hich formula (4) et seq. (page 19, col. 1) refers, it 
be seen that the magnitude of other factors in the 
ulm than each questioner has mentioned would have 
e stated by him before we should be in a position 
nswer his question. Questions relative to multiple 
k, speed of break and the like in gas are sufficiently 
plicated, as shown by the formula referred to, and, 
e have said, they become still more so when oil 
troduced. A commercial design involves a corn- 
se which depends upon commercial conditions, 

it is not possible to give an absolute answer on 
five merits without bringing in manufacturing con - 
ons and the circumstances of the particular case. 
h compromises cannot, however, even be considered 

the designer knows what he is compromising, and 
object of research is to make this clear. For 
pie, the use of magnetic blow -out introduces forces 

ch tend to extend the arc when the current is 
est, and therefore introduces a new element into 

speed of break. In certain cases it is advisable to 
mite magnetic forces, but in others they have 
ty 
reply to Dr. Garrard's and Mr. Grant's questions 

five to arc energy as a criterion, it should be ex- 
ed that arc energy is a quantity capable of accurate 
surement, and therefore a very valuable tool in the 

ds of the investigator. As pointed out in our previous 
r, in interpreting certain results obtained it is 
ssary also to take account of the rate of energy 

ase. Arc energy is a definitely measurable quantity 
can be correlated with such quantities as gas pro - 

iion and cushion pressure, the latter notwithstanding 
Grant's query. Mr. Grant does not suggest any 

rnative criterion. Arc energy is not the sole 
on, but we find it a very valuable one. We can 

ceive of several ways in which a circuit breaker on 
rent loads might behave as described by Dr. Garrard. 
e do not accept in toto Mr. Wilson's description of 
t happens in the oil circuit -breaker, but the study of 
king circuit in oil lies outside the scope of the paper. 
e know Mr. Collis as a keen experimenter, but his 

rences to " the volume o i force liberated," " the 
nsity " of a " vaporized space," arc eruption," 
e critical value of cavitation in relation to this 
," are somewhat obscure. In connection with the 
ation by Mr. Collis from his 1915 paper, we think 
the context shows that in those days he still 

rded the arc as ultimately though not immediately 
nched by the oil, as he goes on to say that " when 
vapour is dissipated or approaches its extinguishable 
e by a decrease in the current the oil is permitted to 
over the disturbed space." 
e agree with Mr. Clothier and Mr. Grant as to the 
ssity of fully controlling the arc, including confining 

path. This may be done with reasonable certainty 
when all the factors are known. This is the 
cation of a scientific examination. We cannot, 

ever, quite follow Mr. Clothier in his suggestion 

that the presence of a highly inflammable oil is necessarily 
good, when through some failure the apparatus has 
been converted into a " furnace." 

In reply to Mr. Grant, we think it was made sufficiently 
clear in the paper that the study of arcing in gas was 
merely part of our endeavour to reduce the phenomena 
to their simplest conditions. It is by no means " a 
gesture that we have finished with liquid media." 
Referring to Mr. Grant's criticism of our classification 
of methods of circuit rupture in oil, we note that he 
accepts our case (3) on which this paper is based. We 
have given no details of cases (1) and (2) in this paper, 
but we shall hope to do so in a future paper dealing 
with oil. To the two points which he raises in con- 
nection with Fig. 15 we would reply as follows :- 

(1) There is nothing irreconcilable about the time 
conditions in the tests shown. The point marked 
" contacts separate " or " contact separation " on the 
films is in all cases in our paper the point at which 
metallic contact ceases and arcing commences, the 
switch having naturally started to move before this. 

(2) In regard to the question whether the gas -blast 
switch is in fact more uniform in operation than an 
oil- circuit -breaker, our tests show that, after allowing 
for variation due to varying asymmetry and variations 
in the point of the wave on which the contacts separate, 
the gas -blast switch is remarkably uniform, whereas 
in the oil circuit -breaker, as we have previously stated, 
the removal of these two sources of variation has but 
little effect in reducing the total variation. We do not 
make the assertion that " there is no gas pressure set 
up during the arcing period." What we do assert is 
that " such energy as exists is never sufficient to raise 
the pressure in the container above the initial value 
which it had when movement of the switch started." 
This is because there is a drop in pressure in the con- 
tainer due to loss of air in the blast, so that the small 
pressure due to arcing shows only as a slight flattening 
in gradient of the downward slope of pressure -drop 
on our records. In regard to the phrase -angle curve, 
Fig. 11, we are glad to have Mr. Grant's support in 
differing from Bauer's conclusions with regard to rapid 
increase of arc length at small power factors, and we 
note with interest that he even goes further and con- 
siders that the curve actually droops instead, but fuller 
particulars would be required of the conditions of his 
tests before these variations could be usefully discussed 
here. Incidentally, his feeling that " we must possibly 
abandon any attempt at using calibrated pressure as 
an indication of the ultimate effect on the oil switch 
container " would seem to preclude any but an empirical 
basis for the design of circuit -breaker tanks. We do 
not understand his reference to the " confusion between 
arcing and sparking on page 15." We regard the arc 
as in general re- started at each zero pause by a spark. 
(See also our reply to Mr. Carter regarding spark distance 
in air and hydrogen at different temperatures.) As 
regards the quotation of percentage volumes, besides 
being the usual practice it is, we consider, the most 
logical in that the figures given are proportional to the 
numbers of molecules present of the various con- 
stituents. 

Prof. Thornton's demonstrations - illustrating the 
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constancy of the hot -spot temperature of a low -fre- 
quency a.c. arc were very interesting. We are, however, 
inclined to regard the effect of thermal ionization of the 
gas stressed by Slepian as being more important than 
the effect emphasized by Taylor and described by Prof. 
Thornton. During the past few years we have done 
a considerable amount of work on arcing and sparking 
between electrodes of different polarities which have 
been cooled or heated by artificial means. Results are not 
yet ready for publication. As regards the figures for 
relative volume ionization quoted by Prof. Thornton, 
they would surely indicate that breakdown voltages 
in hydrogen should be greater than in the other gases, 
in view of the fact that the latter are more easily 
ionized. The reverse is, however, the case under 
similar gap conditions. The explanation may be 
that the ionization discussed by Prof. Thornton is the 
result of the operation of a somewhat different 
mechanism of ionization than that occurring in the 
arc, the energy concentration in the ß and y rays being 
of a different order from that involved in the processes 
in the arc. Tests with helium have not been carried 
out, but would be interesting for other reasons. 

We agree to a certain extent with Mr. Harle's con- 
clusion that the variation found in our tests would have 
been reduced had the test voltage been greater, as more 
zero pauses have to be successfully negotiated in the 
process of opening. That the irregularity, as our work 
would indicate, is still very great, can be seen, however, 
from the results on an ordinary commercial switch at 
63 000 volts and 1 000 amperes quoted by Hilliard.* 
In these tests the volume of gas produced, which is 
approximately proportional to the energy liberated, 
varies, in 12 tests, over a range of 15 to 1. The chance 
of obtaining a variation as great as, or greater than, 
this in a set of 12 tests selected at random from a 
distribution such as that shown in our earlier paper 
is approximately 1 in 4; and we should thus, from 
our work at 5 500 volts, have predicted, if anything, 
a less variation than he actually observed. The values 
for the pressures recorded by Hilliard under the same 
voltage conditions indicate a similar result, at 1 700 and 
1 000 amperes. We entirely agree as to the desirability 
of carrying out tests at increased voltage, as every 
additional zero successfully negotiated yields additional 
information. As indicated in the paper, they are the 
interesting feature of the process of rupture. In regard 
to Mr. Harle's query as to the mechanism of arc con- 
ductivity and surface conditions, we wish at present 
merely to emphasize the experimental results quoted 
in Table 3 and leave a fuller discussion of their signi- 
ficance to a further paper, in which we shall hope to 
deal more fully with the whole question of energy 
liberation and dissipation, to which considerable atten- 
tion had already been given by us prior to the present 
paper. The physical meaning behind the idea of 
saturation of conductivity is that the space occupied 
by the arc core is occupied by ions and nothing else, 
the conduction being mainly electronic with sufficient 
positive ions to neutralize their space charge. We 
would remind Mr. Harle that the non -dependence of el on 
current is found in tests in gas as well as in oil. We do 

Journal of the American I.E.E., 1925, vol. 44, p. 182, Fig. 2. 

not agree with Mr. Harle's forecast as, to the 
of the gas -blast switch for high voltages. 

Regarding the difficulty which Mr. Briefly an 
in closing the gas -blast switch, we would point o 

the blast is not necessarily shut off at " ma 
during the subsequent closing. Also we do not 
gas should be worse than oil in this respect. 

We thank Mr. Carter for drawing our atten 
a discrepancy between equation (3) and the 

the advance of the 
corrected for the Journal by adjustment 

E.R 
cal r 

rs stil 
have 

n unto; 
he rc 

ethod 
ints o: 

dbyN 
symbols in e a vance copies o e paper. Telectroc 

on and 
formula. It might have been corrected, as we men a servic 
at Manchester and elsewhere, by an alteration have us 
list of symbols, but the form now given is cleare {a comm 
regard the arc characteristic given in equation rabic pr 
expressing the voltage so long as the arc is an 
we do not think that any discrepancy exists 
limit of validity is reached before the current 
zero, at a point which is decidedly a discon 
involving a complete change in the nature of 
charge. Why, otherwise, should we discuss the 
down of the gap at current zero ? In the third 
there is no " curious quality " about equati 
the terms involved in that expression are al 

numbers; the whole being differently directed in 

nate half -cycles. Nothing but additional com 

is gained by the juggling which Mr. Carter p 

with Ici, k2, k3, and k4. The gap which a given 
will break down is longer in hydrogen than in 

the same temperature, but shorter in hydr 
sufficiently cooled, than in hot air. 

It is quite possible that the phenomenon d 

by Mr. Lunn can occur if there is an unbalanced 
on the switch rod. 

In reply to Mr. Rogers's query concerning th 

in hydrogen, the latter was contained in a sealed c 

at approximately atmospheric pressure. 
In reply to Mr. Mellonie's question, no alter 

required in the conventional 3 -pole breakers to 
at zero in the way he suggests, as such breakers 
do this. The current may, however, pass thron 
several times before the appropriate conditions f 

rupture are present in the gap. Adequate kn 

of all the factors which are beneficial in pre 

re- ignition at zero pauses will, however, end 
designer to ensure, as in the case of the gas -blast 
that the necessary conditions shall be present 
to take advantage of the earliest passages thrall 
without creating unsatisfactory disturbances 
outside the breaker. 

Mr. Pearce says that " designers have for a to 

been struggling to obtain favourable conditions t 
the arc to die away at the earliest possible zero 

after the occurrence of the fault." This is true. \ 

been keeping this aspect to the front for the 1 

years in, our reports to British designers. 
We would refer Mr. Dalman to the article 

Journal of Scientific Instruments (Reference 1 

paper). The length of the light path in oil was a 

mately 6 in., the tests being made in a special 

strutted glass -sided tank. 
Mr. Dunton makes a characteristic contribu 

the discussion. The 1925 paper to which he ref 
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to the ; n E.R.A. Report, although it describes an E.R.A. 
ical method of calculation, which the present 

rly ant ors still recommend. Certain errata in that paper, 
point o have doubtless been detected by others besides 

" ma. Dunton, are responsible for the over -estimate to 
o not .',, he refers, but there is no wrong idea underlying 
t. ethod described. 
r atten jilts of detail in the gas -blast switch have been 
rid the ;,, by Mr. Leeson and others. In reply to Mr. Davies 
Per. T electrodes used in our tests were comparable in cross - 
stment on and surface area with those required in oil for the 
we me .. service, but there is less burning. The apparatus 

eration 
. ve used for our experiments does not purport to 

is Ilea : commercial design, but it has elements of con - 
quation . ble promise. It may not lend itself to the forms of 
is an . ;, ction which are associated with oil- switch design, 

7 exists, e do not consider that it presents any insuperable 
urrent ent difficulties. The designer would doubtless make 
discon unit produce its own blast, as only a small amount 

ire of is required. There is no occasion to use hydrogen 
uss the pert gas. Features still presenting difficulty to 
ie third , esigner of oil circuit- breakers are not present in the 
equati ,last design. It will not be sound to compare, as 
are all nderson and others do, the first crude design which 

ected in occur to the draftsman with that of an up -to -date 
.al corn ircuit- breaker which embodies more than 40 years' 
arter rience. If a commercial gas -blast switch is to be 

given ed the necessary data not already available can 
than in btained by further experiment, and the designer 

hy' ,Ï then have an opportunity to employ his ingenuity 
prima facie case is made out. 
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oil circuit- breaker as it is, other persons express 
dissatisfaction. It would be rash to assert of any 
modern type of electrical apparatus that it represents 
the last word. At one time the primary battery and 
the influence machine appeared to do so in their 
respective spheres, as also did the stage coach and the 
semaphore. One of our objects, as emphasized by Mr. 
Coates and Dr. Garrard, is to provide a firm foundation 
for such future developments. Since our researches were 
commenced two novel methods of arc rupture have been 
presented to the industry by foreign competitors for 
serious consideration. We refer to the vacuum switch 
mentioned by Mr. Anderson, and the Deion circuit 
breaker discussed by Mr. Pearce. While British manu- 
facturers have access to heavy power for rupturing - 
capacity tests, the development of new devices to the 
semi -commercial and commercial stages requires greater 
facilities than the electrical industry in this country 
has as yet seen fit to provide for purposes of research. 
The general funds of the Association will not permit of 
such development. The necessary plant is available 
and being used not only in America but in Germany and 
lately in France, and the owners of large power stations 
in the United States are willing to place large plant at 
the disposal of design engineers to try out commercial 
models. The Association has methods of arc rupture 
at least equally suitable for such exploitation, and 
it is hoped that before a final settlement is reached 
on the important subject of future finances of the 
E.R.A., now under discussion, the importance of 
maintaining the British position in developments of 
this kind will receive adequate consideration. 
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. DISCUSSION ON 

" AN INTRODUCTION TO RESEARCHES ON CIRCUIT BREAKING." 

SCOTTISH CENTRE, AT GLASGOW, 9TH APRIL, 1929. 

rof. G. W. O. Howe : The lines of development 
owed by the authors appear to me to be somewhat 
ogous to those followed in wireless telegraphy 

ore the advent of the arc and the thermionic valve. 
order to obtain rapid extinction of the spark and 
'nimum of damage to the electrodes an air blast was 
n used, the function of which was not so much to 

gthen the spark as to move it over cold metal surfaces. 
be same result was obtained by rapid movement of the 
ectrodes. In the quenched gap used by Lepel and 
Lien the result was obtained by using a number of very 
sort gaps in series so that no part of the spark was far 
moved from a large cooling surface, and, owing to the 
ip being enclosed, the small amount of oxygen present 
as soon used up, so that the spark took place in a non - 

dizing atmosphere. It may be of interest to mention 
e tests which were carried out in Germany in certain 
ks with which I was associated in the years 1901 -2. 

these tests attempts were made to develop a switch 
fisting of a pile of metal discs which could be pressed 

o contact but which, on relieving the pressure, were 
arated a few thousandths of an inch by means of 

gs. One effect of the oil is to cause much greater 
sure in the case than would otherwise be there; 
oil offers, as it were, a resistance to the explo- 
and thus causes the pressure in the gas bubble 

be much greater than it would be if the break 
k place merely in a reservoir of hydrocarbon gas. 
e effect of the power factor of the circuit when 
Baking an alternating current is not so easily under - 

d. In the case of direct current, any inductance 
resents a store of energy which has to be dissipated, 
t in an alternating -current circuit there is no stored 
rgy in the inductances at the moment of zero current, 

though there is a maximum voltage across them which 
nteracts the generator voltage and which vanishes 

e current remains at zero. Can the authors explain 
fly the mechanism whereby the power factor affects 
breaking of the arc ? 

Paper b Messrs. E. B. WEDMORE, W. B. WHITNEY and C. E. R. BRUCE 
page 657). 

Mr. D. Martin : I am somewhat disappointed to see 
that no mention is made of the early efforts of Mr. 
Partridge and Dr. Ferranti in circuit breaking. Par- 
ticularly would I mention Dr. Ferranti's experiments 
of 30 years ago, when he spent thousands of pounds in 
his search for an arc- quencher. I can well remember 
the terrifying effect of the roar of the arc developed in 
opening a high- tension circuit by means of the old air - 
break lever -arm switches. The latter became too big 
and cumbersome, and monopolized too much valuable 
space ; for example, a 6 500 -volt 3 -phase air -break circuit - 
breaker required about 30 ft. of head room, and was 
about 15 ft. in width and about 20 ft. from back to front. 
By comparison a modern 3 -phase metal -clad compound - 
filled oil circuit -breaker of the draw -out type only requires 
about 4 ft. 6 in. head room, and is about 2 ft. 6 in. in 
width and about 4 ft. from back to front, including space 
for the operator. This modern type has a rated ruptur- 
ing capacity of some 250 000 kVA, whilst the older one 
referred to might be limited to 10 000 kVA and would 
probably have become a total wreck in clearing a fault 
of that magnitude. So much for 30 years' progress 
without the aid of organized scientific research. Fre- 
quently these old switches were found to have been 
deliberately wedged in the closed position by the atten- 
dants. It therefore became imperative to restore the 
automatic features and at the same time reduce the 
space occupied. Oil came to the rescue. The earlier 
patterns of oil circuit- breaker had the oil in porcelain 
pots open to the atmosphere, but as the result of two 
disastrous switchboard fires metal containers came into 
use. These were of very light construction, rather like 
biscuit boxes. They sufficed for a time, but with the 
increase of power available in generating stations some- 
thing more substantial was developed. Cast iron was 
tried for a time and is still used in the cheaper makes. 
Several fatalities have been caused by flying fragments 
due to the fracturing of the cast iron when the . switch 
was called upon to clear a severe short -circuit. The 
latest practice is to use boiler -plate steel for the oil 
containers in order to render them proof against bursting. 

JOURNAL I.E.E.,, VOL. 67, No. 392, AUGUST 1929. 
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The experiments described in the paper have been carried 
out with an oil container in which the surface of the oil 
is exposed to the atmosphere. Is not such a container 
liable to give results leading to false conclusions ? One 
cannot but appreciate the highly ingenious contraptions 
rigged up for the experiments. They display marked 
originality in many details, but I submit that no power - 
station engineer of whom I know would care to risk his 
plant on such apparatus. It appears to have led the 
authors astray, for their experiments have developed 
mainly upon a scheme to eliminate oil. I was rather 
dismayed until I found that what the authors advocate 
for the quenching of the arc is really the use of air, 
hydrogen or other gas in addition to the use of oil. My 
experience is that engineers are already perturbed at 
the high prices of switchgear. To incorporate these 
additional devices will, of course, increase its cost still 
further and so force the development of other apparatus 
of questionable merit in order to avoid the higher prices 
involved. The problem is to interrupt .the circuit while 
the current is passing through zero and is thus more or 
less harmless, as the experiments have confirmed. In 
laboratory experiments of the nature described it is 
possible to do this, but it is almost impossible in practice. 
What are the limitations ? On a 50 -cycle system the 
current crosses the zero line 100 times in a second. In 
any protective system, however perfect it may be, one 
must take into account the time required by the relays 
and trips to act. So far no one has been able to obtain 
such perfection that the switch will open with the current 
at zero. A delay of the slightest fraction of one -hundredth 
part of a second means that some energy must be dissi- 
pated and, on the principle of " safety first," switch 
designers have been compelled to design gear capable of 
dissipating the maximum energy likely to be obtained 
under known conditions. Forexample, at the Dalmarnock 
power station there are '7 generators of 15 000 kW each, 
and the switchgear is designed to clear, without injury to 
itself, 1 500 000 kVA. Thus the oil containers are of very 
robust boiler -plate construction, of cylindrical section, 
with cast -steel top -plates not only heavy in weight 
(some 5 tons per 3 -phase circuit) but securely and sub- 
stantially bolted to base -plates of almost equal weight. 
The objective is for any switch to clear a fault without 
disturbing its neighbours, and so to maintain continuity 
of supply in the unaffected circuits or feeders. In this 
the Dalmarnock switchgear has successfully demon- 
strated its usefulness during its 9 years' existence.. 
Similar gear is in commission in several power stations 
at home and abroad, and it has been demonstrated that, 
while designed on generous lines, there is no unnecessary 
extravagance. The authors have demonstrated that 
it is not the oil which quenches the arc but the gases 
liberated from the oil. Thus we seem to have progressed 
along right lines. It would be very difficult to design 
an air container sufficiently gas -tight to retain gas for 
an indefinite period. One cannot always rely upon a 
gas being available when wanted, and its absence would 
lead to disastrous results. Dr. Howe has referred to the 
problem of arc bubbles under oil pressure. It may 
interest him to know of a case where the energy dissipated, 
calculated to be about 250 000 kVA, developed a 
hammer -blow action sufficient to distort a perforated 

vent -plate in. thick about - in. out of its flat stat 
of another case of a similar order where a 30 -in. 
cast gun -metal plate, 1 in. thick, was bent nearl 
out of its flat state. 

Mr. E. Seddon : I should like to ask whet 
authors noticed any lifting of the oil when br 
circuits, as it seems to me that pressure on the gas 
is necessary to interrupt short -circuits, etc., effec 
and I have often wondered why oil circuit -break 
not so arranged that the oil tank itself is sealed 
gas resulting from the arc is released only and 
pressure of a spring- loaded piston. 

Major H. Bell : The paper. has disturbed a good 
of our preconceived notions with regard to 
breakers, and it seems as though many of the conte 
of the authors will prove to be correct. I suppose 
of the members present will concede that practice 
past has been to make the switchgear correspon 
larger as power circuits became heavier and h 

thus, as Mr. Martin has pointed' out, increasing i 

This is diametrically opposed to our desires and i 
seem as if the authors' researches might conce 
bring about a reduction in that particular directi 
previous speaker took exception to the suggesti 
there might be any medium other than oil f 

rupturing of circuits. It is clear that the auth 
aiming at bringing about an elimination of at an 

a large quantity, and possibly of the whole, of 

which we use with present -day designs. 
Mr. W. Sutcliffe : Whilst the results of the 

carried out will be much appreciated by manufa 
of switchgear, their value would have been great 
the apparatus used more closely resembled a co 
type of circuit breaker. In this connection it 
noted that the actual testing apparatus provides 
single break in the centre of an open tank, a 

which, whilst having the merit of being simpl 
therefore suitable for obtaining fundamental 
very different from that in practical use. There 

doubt that such questions as the design of, and w 

metal in, the contacts, and the number of breaks era 

and their relative positions in the tank, have co 

able influence in the functioning of a circuit b 

moreover, in a 2 -break switch, with fixed con 

close proximity, the electromagnetic effect of 

out the arcs horizontally has a considerable be 

the rupturing capacity. The authors have gi 

some reliable information regarding the formation 
gas bubble during break, and it would now ap 
the presence of hydrogen in this bubble is one of 

potent factors in extinguishing the arc. It has ge 

been believed that oil is the best medium for that p 

but the authors now seem convinced that, apart 

its value as a cooling and insulating medium, oil 

be relied upon as an extinguishing agent. Sho 

view be confirmed it will no doubt have a 

influence on future designs, and presumably ive 

be able to look forward to a switch containing a 
of oil, but provided with an auxiliary appara 
discharging, in the region of the contacts during 
a gas suitable for the more efficient interruption 
arc. This leads us to consider whether explo 
designs are desirable. One important claim put 
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at feature is that during the opening of the contacts 
of oil is forced into the break, thus improving the 
itions under which the arc is broken. It is now 
tful whether this claim can be substantiated. 
rring to the gas bubble generated during the opening 
e contacts, it would be interesting to know whether 
tests were made to discover the actual pressures 
icing in the bubble, and to what extent these pres- 
might be conveyed to the sides of the tank, assum- 
he latter to be of the closed type. Tank failures 
rally, however, would appear to be due to secondary 
osions resulting from the ignition of oil vapours in 
free space usually found at the top of most oil 
hes, and certain designers have recognized this 
er and now design switches the tanks of which are 
etely filled with oil, thus leaving no room for the 

mulation of any explosive gas. Such designs appear 
on the right lines, at any rate for switches of small 
odium rupturing capacities. 
essrs.E. B. Wedmore, W. B. Whitney and C. E. 
ruce (in reply) : Prof. Howe's references to early work 
nteresting. A distinctive feature of our gas -blast 
h is the provision of means for carrying away 
r volumes of hot gas from between the 'contacts 
ut lengthening the arc in so doing. In regard to 
uestion as to the mechanism whereby power factor 
s the breaking of the arc, at the moment of zero 

ent in a highly inductive circuit there is a maximum 
ge, as he points out, across the inductances, which 
eracts the generator voltage but vanishes if the 

ent remains at zero. The point is, however, that 
ough the former voltage vanishes it is this generated 

e which then appears across the separated con - 
and causes restriking of the arc if the path con - 

ns allow, its value, and hence that of the arc length, 
g, with sinusoidal waves, substantially proportional 
e sine of the angle of lag of the current relatively 
e voltage. The point is dealt with in detail by E. 
risson [see reference (4) at the end of our paper]. 

r. Martin and Mr. Sutcliffe criticize the apparatus 
for the experiments as being unlike that used 

commercially, and Mr. Martin submits that no power 
station engineer would care to risk his plant on such 
apparatus. The apparatus described in the paper was, 
of course, designed to enable us to simplify the pheno- 
mena to be studied, in order that a clearer understanding 
could be obtained of fundamentals before tackling the 
far more complex conditions which obtain in enclosed 
commercial gear. Numerous experiments have been 
carried out by us in enclosed oil -filled gear of commercial 
and other types, but this work falls outside the scope 
of the paper under discussion. The gas -blast switch 
is only one line of development, and Fig. 14 shows a 
model designed for experimental and not commercial 
use. We have developed, and are developing, several 
other methods of arc rupture which we hope to describe 
in later papers. In regard to interruption at zero 
current, Mr. Martin raises a point rather similar to that 
raised by Mr. Mellonie (see page 592), in reply to which 
we would explain further that it is not necessary for 
the contacts to separate at the instant of zero current 
for the arc to be finally extinguished at zero (see Figs. 12 
and 15 of our paper). The a.c. arc naturally ceases to 
be an arc at zero current, and will not re- strike after- 
wards unless the applied voltage and path conditions are 
favourable for the production and passage of a spark. 

In reply to Mr. Seddon, when the arc is drawn in 
the large open- topped experimental switch and energy 
is developed there is some lifting of the surface of the 
oil, and in certain circumstances a body of oil may be 
violently shot upwards. There is, of course, consider- 
able pressure set up when arc energy is liberated in 
totally closed breakers, and this might possibly be used 
in the manner he suggests. 

Mr. Sutcliffe asks whether any tests were made to 
discover the actual pressure in the bubble, and to what 
extent this pressure might be conveyed to the sides 
of the tank. In reply we would state that a large 
number of tests of this kind have been carried out by 
us, both in the open- topped switch and in closed switches, 
but this work falls outside the scope of our present 
paper. 
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SUMMARY. 

ëenergy liberated when an arc is drawn in an oil circuit- 
r has been considered from several points of view in 
rlier papers.* In the present paper the manner of 

<tion of this energy is dealt with in considerable detail 
ions currents and for 5 500 volts (R.M.S.). The energy 
idered under the following heads :-(1) energy dissi- 

Ïat the contact surfaces, (2) that radiated from the arc, 
t required to heat, vaporize and break up the oil, 

used in raising the gas to the arc temperature, and 
t used in dissociating the hydrogen present. 
energy under heads (1) and (2) has been found ap- 
ately by experiment. That under head (3) has been 
ted. From the energy remaining to be accounted for, 
ee terms involved in (4) and (5) have been calculated 
value has been obtained for the temperature of the 
he calculation. 
temperature so calculated, i.e. about 3500 °. K., is not 

ord with ideas hitherto prevalent as to the temperature 
eh arcs [e.g. the 1 750° (° C. ?) given by Dr. Kesselring]. 
however, the only estimate available to the author's 
' dge with any claims to reliability, it does not contra- . 

'y available definite evidence, and indeed it receives 
from what is available. This temperature is prac- 

independent of the current in the arc over the range 
ent investigated, viz. 270 to 2 000 amperes. 

dng the mean value found for the temperature of the 
in which the phenomena described occur -i.e. 3 000° K. 
an now calculate all the separate losses for any test 
knowledge of the volume and constitution of the 

, berated, together with the arc duration, arc length and 
current, and make it possible for the first time to set 
l'alance sheet of all the energy involved. This is carried 
r a representative or "sample" test in the open -tank 

it- breaker in Section (6), where it will be seen that the 
ce is accurate to within about 5 per cent, thus checking 
the constants involved are mutually consistent. The 

calculated for about 80 individual tests in the open- 
'tch from the mean values of the constants involved, 

ding the arc temperature, agrees with the observed 
with a maximum deviation of about ±40 per cent, the 
ercentage deviations being only 12 and 13 per cent, 

ively, for the two assumptions made as to the state of 
ation of the gases at the arc. This must be regarded as 
satisfactory, considering the wide range of variations 
'y found . in pursuing quantitative measurements on 

c. It is well known that under identical external con - 
wide variations of performance are observed, even in 

t tests, due to fortuitous variations in the form and 
of the arc itself, of the moving oil, etc., and in each 

ar case these must affect most or all of the quantities 
ppear on the balance sheet. 
ffect of change of conditions on the energy distribution 
Iournal'1.E.E., 1927, vol. 65, p. 913; and 1929, vol. 67, p. 557. 

T.E.E. 

has been considered for (a) open -top tank and copper contacts, 
(b) open -top tank and aluminium contacts, (c) closed tank 
and copper contacts. 

A discussion and criticism of work on this subject by other 
investigators are also given. 
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(1) INTRODUCTION. 

(a) THE IMPORTANCE OF DETERMINING THE. DISTRI- 
BUTION OF ENERGY IN Ancs UNDER. OIL. 

(i) General note. -In November 1921, , Mr. E. B. 
Wedmore, Director of the Electrical Research, Associa- 
tion, made the suggestion: that until the energy losses 

(e) 

in the 

in arcs could be balanced against 'the total e 

energy liberated in them (as read by recording 
ments), the understanding of the rupturing pro . 
of the effects likely to result from the formation 
in oil circuit -breakers would be manifestly inc 
and there could be no certainty that important 
buting phenomena had not been overlooked. 

The extensive experimental investigations 
phenomena' of arc rupture, carried out since 
the Electrical Research Association by Dr, 
Whitney and his assistants at Carville, ha 
recently, reached a stage allowing such a balan 
to be drawn in its present complete form.* 

It is' `satisfactory to find that the experimen 
thus available allow as detailed and as reas 
balance as that now shown hereunder to be 
The apparent soundness of the conclusions 
in the process or as a result of the balance, indi 
there is now no appreciable amount of ene 
accounted for in the arcing process, thus 
measure of the soundness and completeness 
involved and placing the prediction of phe 
which may be expected in future designs of 

breakers, upon a surer basis than has been 
heretofore. 

(ii) The practical use of such a study. -The 
use of studying the manner of dissipation of the 

measured by the electrical recording instru 
evident, since the designer wishes to know the 
temperature and pressure of the gases liberat 
different conditions, what the after- effects of 

liberation are likely to be, the amount of carb 
of the oil, the energy used up in and the burnin 
contacts, etc., all in such a form that he m 
what to expect if he makes a substantial eh 

design. 
(iii) The effect of changes in the arcing condi 

Such a study as has been made is also of the 
importance in studying the effects produced by 
in the arcing conditions, as, for example, the sub 
of a closed container with different pressures in 

cushion for an open container, or of contacts 
metals in place of those of copper. 

(b) DIFFICULTIES IN THE WAY OF AN EXACT 

The difficulties in the way of making an exac 

of the energy distribution are considerable. T 

two main difficulties resulting from the high tem 
and conditions of voltage and current involve 
first arises from uncertainty as to the values 
physical constants to be used at tempera 
proaching those of the electric arc. The secon 
difficulty of knowing what phenomena occur u 

conditions involved. 

(e) BEARING ON THE TEMPERATURE OF THE E 

ARC. 

There results from the calculations made a n 

mate of the temperature of such arcs. This 
has much to recommend it and is in accord Wi 

by other investigators on the electric arc. 
* The present work, begun late in 1925, was materially in its 

early in-1926.. 
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(2) GENERAL SURVEY. 

a) MANNER OF DISSIPATION OF THE ENERGY. 

such a study care is required lest energy be esti- 
d twice over, e.g. as carried away in the hot gases 
again as conducted into the oil. The following 

gs appear to cover the whole ground and repre- 
uantities which do not overlap: - 
Energy dissipated in and on the two contact sur- 

faces -finally as heat conducted into or radiated 
from the contact surfaces or used in vaporizing 
the metal. 

Energy used in heating and breaking up the oil, 
resulting in the production of the observed gases 
and deposition of carbon. 

Energy used in dissociating the hydrogen formed. 
Energy used in raising the products of the break- 

ing up of the oil to arc temperature. 
Energy radiated from the arc. 

GENERAL OBSERVATIONS ON THE CALCULATIONS. 

the above quantities that due to the voltage -drop 
e contacts and that due to the radiation from the 

be found experimentally, as will be described later. 
energy required to heat and break up the oil has 
calculated, certain assumptions being made as to 
anner in which the reactions take place. On sub- 

ng the energy losses already estimated as being 
anted for under heads (1), (2) and (5) above, from 
otal, the total energy remaining to be accounted 
y (3) and (4) is obtained. These last involve the 
ure and temperature at which the changes take 
and the resultant change of pressure. From pres- 
ecords taken near the arc it is found, as expected, 
the final pressure at the arc surface in the open - 
switch departs little from atmospheric, and rises in 
re are soon dissipated. 
the case of the closed -tank switch dealt with, the 
involving the pressure can be calculated with the 

f pressure records taken in the gas cushion, as is 
bed in Section (5). 

e temperature found by these calculations is the 
temperature over the region in which the actions 

ssed take place. As this is probably in and adjacent 
e arc itself, the values obtained can be regarded as 
er limit for the arc temperature. Regarded collec- 

y, however, as shown in Section 3 (h) they indicate 
finite value for the arc temperature. Indeed, the 

lts obtained are so promising that further light On 
uestion of the arc temperature and the phenomena 
ved when arcs are drawn in different media, might 
e obtained by tests carfied out on similar lines. 
work could probably be done successfully on a 
story scale. 

RESULTS ON EXPERIMENTAL SWITCH 
NO. 1 WITH COPPER CONTACTS AND AT 
DIFFERENT CURRENTS. 

st of the work so far has been done on the open 
mental switch, No. 1, described in a previous 

,* and the results obtained in that apparatus at 
Journal I.E.E., 1929, vol. 67, p. 557, Figs. 3 and 7. 

different currents and with copper contacts, together 
with the necessary calculations, will first be fully 
described as an example of the methods adopted. Other 
cases are dealt with later. 

(a) CONTACT DROP OF POTENTIAL. 

As is well known, the voltage across an arc includes 
a part which is independent of the arc length and 
current but depends on the metal of the electrodes. 
Such a potential -drop causes a well -defined energy loss, 
the energy being dissipated ultimately as heat conducted 
into the contact or radiated from its surface, or used in 
vaporizing the metal. 

An estimate of the contact drop of potential could be 
obtained from calculations of such heat losses. A more 
satisfactory method is to estimate it from the initial 
voltage -rise at the start of arcing. The fact that the 
voltage to be measured is small in comparison with 
the open -circuit voltage renders its exact determination 
difficult, especially as the indications are that it is not 
a constant quantity. However, measurements made of 
the initial voltage -rise when the contacts separated gave 
in about 40 tests a mean value of about 30 volts, the 
majority of the values obtained lying between 20 and 
35 volts. Tests made for the E.R.A. by Mr. Morgan 
on low- voltage d.c. circuit breakers and not yet pub- 
lished gave, incidentally, values of the order of 18 to 
20 volts, while comparatively low- voltage tests made at 
Carville also yielded values of the order of 20 volts. 

Norberg* quotes 25 volts as the value to be used, but 
Eddyfi obtains the value 50 volts low -current 
with copper contacts. Nottingham gives the value 
27.5 volts for the sum of the two contact drops of 
potential in a low- current copper arc, and this is probably 
the most accurate value available. Further, Banderet§ 
has obtained values ranging from 30 to 40 volts approxi- 
mately for a copper arc in a vacuum. Other values II 
obtained for short low -current arcs have been nearer 
20 than 30 volts, but on consideration of all the evidence 
the E.R.A. have adopted the value 30 volts for cc, the 
contact drop of potential, though this may be somewhat 
high. 

Some at least of this " contact energy " will probably 
be ultimately used in vaporizing oil, when the arc root 
comes in contact with fresh oil, this being one of the 
cases in which the difficulty arises of being sure that 
energy is only taken account of once, since no records 
are available of the temperature -rise of the contact. 
Owing, however, to the shortness of the time of contact 
between arc root and oil, it is unlikely that a great error 
is introduced by neglecting the result of such interactions. 
Also, the vaporization of fresh oil at the arc boundary 
will be so rapid when the oil reaches the arc that it is 
unlikely that much energy will be abstracted from the 
comparatively shielded surface of the arc, hot -spot itself. 
Were such an abstraction of energy from the contact 
to be at all considerable, a correction for it would result 

" The Properties of the Electric Arc with respect to the Arcing of Circuit 
Breakers " (Stockholm, 1925). 

t General Electric Review, 1922, vol. 25, p. 191. 
$ Journal of Gm Franklin Institute, 1929, vol. 207, p. 299. 
§ " Dissertation " (Basel, 1912). 
H FREEDMAN: Electrical Review, 1895, vol. 37, p. 253; GUYE and ZEBRIKOFF: 

Comptes Rendus, 1907, vol. 145, p. 169; UFSON: Philosophical Magazine, 1908, 
vol. 14, p. 140. Also see CaILD; " Electric Arcs," p. 63. 
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in an increase of the value obtained for the arc tempera- 
ture. As has been said, the value obtained is in any 
case to be regarded as a minimum. . 

To obtain the contact energy in watt- seconds, we 
thus multiply the product of the mean current and arc 
duration by 30. 

(b) ENERGY USED IN HEATING AND BOILING THE OIL. 

The estimation of the amount of oil from which the 
observed volume of gas is liberated will be given in the 
following section. It is found that about 0.67 to 0.77 
gramme of oil is required to produce 1 000 cm3 of arc 
gases, depending on the constitution of the latter. It 
is probable that rather more oil than this will be 
vaporized by the arc itself and that some will be broken 
up to form lighter but still liquid hydrocarbons. It is 
unlikely, however, that much oil in the immediate 
vicinity of the arc will be simply vaporized or transformed 
into liquid hydrocarbons, owing to the temperature and 
intensity of the reaction. So far as the vaporization of 
the oil is concerned, the effect will only be to increase 
somewhat a term which at present requires only about 
5 per cent of the energy liberated. 

The ,mean specific heat of the oil from ordinary tem- 
peratures to its boiling point (approximately 385° C.) 
may be taken as 2.7 watt -seconds per gramme per 
deg._ C.,* while the latent heat of vaporization is about 
217 watt- seconds per gramme. This energy, as explained 
in Appendix II, is really taken account of in the heats 
of combustion usually quoted. As it seemed of interest ' 

to note this quantity separately, this is done in the 
present paper; the heat of combustion of the oil used 
in calculating the energy required to break up the oil 
in the following section having been adjusted accordingly. 
As has been said in the previous section, some of the 
.energy thus required may have already been taken 
account of in estimating. the contact energy. 

(c) ENERGY USED IN BREAKING UP THE OIL. 
In calculating 'the energy consumed in breaking up 

the oil we require the following information, all of which 
is available for the tests under discussion :- The volume 
and 'constitution of the gas liberated, the heat and 
products of combustion of the oil used or a similar oil, 
and the heats of formation of carbon dioxide and water 
as well as those of the observed gases. 

The analysis of the gases liberated and the measure- 
ment of their" air-free volume were carried out for the 
E.R.A. by Messrs. Michie and Davidson, and the results 
have been quoted in an earlier paper.t 

. As to the way in which the action takes place, the 
calculations have been based successively on each of 
two assumptions which appear to be more or less limiting 
cases.+ In each it is assumed that the oil is raised to 
its boiling point; vaporized, and then broken up, the 
products of the .decomposition being then raised to the 
temperature of the arc. As to these products of decom- 
position, two cases have been, considered; firstly, that 
in which the observed gases aré formed at once as a 

* FORTSCH and WHITMAN: "Industrial. and Engineering Chemistry," 1926, 
vol. 18, p. 795. . 

t Journal I.E.E., 1921', vol. 67, p. 557. v 
There are, of course, innumerable ways in which this might havé taken 

place, but it is believed that all will give substantially the same result. - 

result of the decomposition; and secondly; that in 

the dissociation is complete, only carbon and h 
being present Until these leave the 'arc; whéreu 
observed gases are re- formed outside the arc.space 
but inside the arc globule. A. considerable am 
energy is in many cases-required for.this.later fo 
of the observed arc gases. This, however, is a 

in the form of dissociated.hydrogen, as is shown 
and cannot be regarded as a difficulty in the. 
such a sequence of events. 

The calculation, given in detail in Appendix I 

follows :- 
(i) Thermochemical energy required. -Fròrn the 

and products of combustion, the energy libel;; 
the transformation of a known mass of oil into 
masses of CO2 and wáter at constant volume 
calculated. From the masses and heats of forma 
the latter, the energy required for their transfo 
into carbon, hydrogen and oxygen is obtained 
difference between these two energies is the 
required to produce carbon and hydrogen from 
From this last value the energy required to prod 
observed gases from the oil is obtained by ad 
subtracting, as the case may be, the energy req 
form the observed gases from carbon and by 
which can be calculated from their masses and li 

formation. 
This calculation does not allow for any raising 

temperature of the oil or its products. Since 
boiling -point has been taken as a more or less al 

datum temperature from which the products are 

to the arc temperature, the energy rèqúired to 
385° C. the mass of oil broken -up must now be add 

we take as an example the mean percentages 
constituents 'previously quoted,t viz. 69 per 
hydrogen, 23 per cent acetylene, 5 per cent 
and 3 per cent ethylene, we find that 1 gramme 
results in 1 460 cm3 of gas as measured at no 
peráture and pressure, while 0.42 gramme of ca 

deposited. 2 200 watt -seconds are required to b 

the oil, equivalent to 1 000 cm3 of gas at no 
perature and pressure, to carbon and hydrogen 
4 320 watt -seconds are required to produce the o 

gases from the oil at the boiling point of the oil 

fact that the latter energy is greater.than the 
is not an argument against-the possibility of 

sequence of events, since there is more than s 

energy present in the dissociated hydrogen at the 

temperature calculated to make up the balance 
after the gases have left the arc. In fact, as 

seen from Table 2, the results as regards arc tern 
are substantially the same whichever way we re 

action as taking place, the increased heat of f 

in the case in , which the observed' gases are 
throughout being balanced more or less by t 

that less energy is required to dissociate the small 

of hydrogen then present as such. 
In Table 8 will be found data of use in th 

culations. 
(ii) " TheOmOdynamical energy ":: energy required 

duce change in volume. -The values fóútid in (i} 

be increased, somewhat, due to the volume -cha 

* See subsection (b). .. t Journal l:E.E., 7929, vol. ß1,gyp 
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roduction of the gases from the oil. This is con - 
and equal to 246 watt -seconds per 1 000 cm3 if 

gard the observed gases as present at the arc, but. 
from 260 to 290 watt- seconds per 1 000 cm3 
gas for different percentages of acetylene in the 
for the case in which carbon and hydrogen alone 
sumed to be present. 
s energy is quoted separately in Tables 2 and 3, 

since it has a bearing both on the energy required to 
up the oil and on that required to cause the 

nsion of the gas. 

NERGY USED IN DISSOCIATING THE . HYDROGEN 
FORMED. 

e chief constituent of the arc gases is hydrogen, 
amounts to 60 to 85 per cent of the total volume 
liberated, besides that which is present as a 

onent of the other arc gases, but which we regard, 

The energy absorbed in this way rises rapidly with 
the temperature, and represents quite an appreciable 
portion of the total energy -on an average about 5 to 
10 per cent in the case of the open switch [see 3 (g) (ii)]. 

(e) ENERGY RADIATED FROM THE ARC: MINIMUM ARC 
CONDUCTION VOLTAGE. 

An examination of the various ways in which the arc 
energy is dissipated as detailed in (2) (a) above will show 
that all but the contact energy and that now to be 
considered depend on secondary reactions in the medium 
initiated by the arc. They can be regarded as super- 
imposed, as it were, on, the processes of arc conduction 
proper. The energy required for these last, and dissi- 
pated presumably as radiation, have not so far been 
calculated, but can only be determined experimentally 
in cases in which it is the major loss, i.e. when the 
surrounding medium is withdrawn. Tests made in 

TABLE 1. 

The Degree of Dissociation of Hydrogen into Atoms. 

T z (at 1 atmos.) T x (at 1 atmos.) T x (at 1 atmos.) 

300 .2. 56 X 10-34 . 2 300 6. 54 x 10-3 3 600 0. 361 
1 000 3 - 71 X 10-9 2 400 1.04 X 10-2 3 800 0 - 488 
1200 248 x 10-7 2 500 1.61 x 10-2 4 000 0625 

1400 5.08 x 10-6 2 600 2.40 x 10-2 4 500 0855 
1600 4.95 x 10-5 2 700 3.48 X 10-2 5 000 0.9469 
1 800 2.92 X 10-4 2 800 4. 88 X 10-2 6 000 0.9884 

2 000 1 - 22 x 10-3 3 000 9.03 x 10-2 7 000 0 - 9969 
2 100 2 - 24 X 10-3 3 200 0 - 154 8 000 0 . 9987 
2 200 3 - 92 X 10-3 3 400 0 . 245 9 000 0 . 9993 

e second assumption, as present in the free state 
e arc. 
ngmuir * has shown that under given conditions 
emperature and pressure a definite fraction of 
ogen molecules is dissociated, this fraction being 
by 

Px2 21200 
1 - x2 T 
+ 1. 7651og10 T - 9.85 x 10 -5T - 0.256 . (1) 

ich 

fraction of molecules dissociated, 
= total absolute pressure in atmospheres, and 

absolute temperature. . . 

values of x given in Table 1 are quoted from 
muir's paper. 
e energy required to produce such dissociation at 
ant pressure in watt -seconds per gramme molecule 
dated is given by 

= 406 000 + 14.6T - 0.00188T2 . . . 

LANGMUIR: General Electric Review, 192G, vol. 29, p.153. 

(2). 

hydrogen, nitrogen and argon at various pressures (there 
being baffles present in the case of the last mentioned), 
including the highest vacuum possible with the appara- 
tus available, indicated that the last -mentioned energy 
loss caused a voltage -drop of about 8 volts per centimetre 
when the current was 270 amperes. This value will be 
made the object of further study, but for the present, 
lacking any other evidence, the same potential gradient 
has been assumed in all the other conditions dealt with. 

The energy used in this way, in watt- seconds, has 
been taken equal to 8 x (mean arc length in the test) 
X (mean current) X (arc duration). 

This energy is referred to hereafter as the " radiation 
energy." 

(i) Further evidence on magnitude of radiation energy. - 
As support at least for the order of magnitude of the 
value obtained for the radiation energy, the values 
obtained for the energy radiated in explosive gaseous 
reactions may be cited. In the latter, as much as 23 per 
cent * of the total heat of reaction involved may be 
radiated. In the present case the energy involved in 

' HALL and TAWADA: Transactions of the Faraday Society, 1930, vol. 26, 
p. 600. 
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566 BRUCE: THE DISTRIBUTION OF ENERGY 

chemical changes is of the order of 25 per cent of the 
total energy liberated. It is thus to be anticipated that 
from the volume of reacting gas at the arc an amount of 
energy equal to about 6 per cent of the total energy 
liberated would be radiated were it simply a case of an 
ordinary explosive reaction. It is thus not at all un- 
likely that about 10 per cent of the total energy will be 
radiated from a similar volume of gas when the elec- 

l0 

later when the primary products. have left th 
immediate neighbourhood -lends `itself to more 
calculation insofar as the specific heats of carb 
hydrogen are better known at high temperatur 
those of the other gases involved, i.e. acetylene, to 

and ethylene. Both methods give very similar 
as regards arc temperature (see Table 2). 

For purposes of calculation we can regard the 

/ 

/ 

/ 

0 500 1000 1500 2 000 
Temperature, °C. 

FIG. 1.- Specific heat of carbon at various temperatures. 
WORTHING: Physical Review, 1918, vol. 12, p. 199. - - - KUNZ's formula: Annalen der Physik, 1901, vol. 142, p. 309. 
VIOLLE'S formula: Comptes Rendes, 1895, vol. 120, p. 868. - - - - EUGHENE and BIJU -DUVAL (CHATELIER): Comptes Rendus, 1893, vol. 116, p. 1051. 

o WEBER: Philosophical Magazine, 1875, vol. 4, p. 49. 
Values used in this paper. 

2 500 3 000 

trical processes are superposed on the thermal and 
chemical conditions produced. 

(f) ENERGY USED IN RAISING THE ARC GASES TO THE 
ARC TEMPERATURE. 

The gases and carbon formed when the oil is broken 
up by the arc will be raised in temperature in one form 
or another from that of the oil boiling -point to which they 
were taken in (c) above, to the temperature of that part 
of the arc where the action discussed in (c) takes place, 
and where the pressure, though rising intermediately 
to comparatively high values, finally returns to its 
initial value in the open -tank switch. 

(i) Method of calculation. -The simplest method is to 
assume that either carbon and hydrogen, or the ob- 
served gases, are formed about the boiling point of 
the oil and that their temperature is then raised to that 
of the arc. Either of these assumptions should give a 
near approximation to the energy used in heating the 
products of decomposition of the oil. The former 
assumption -that carbon and hydrogen are formed in 
or near the arc, and that the observed gases are re- formed 

as taking place in two steps -an increase of tens 
at constant volume, followed by an expansion to 

spheric pressure, when work is done by the gs 

so doing, the energy is divided into purely 
and thermodynamical energy as was done in the b 

up of the oil, since the latter has an interest in its 
on the dynamical work done by the arc. This 
may then be written as 

'tior 
arbh 

om1 

well 

dy C 

Fil 
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m3 
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tely 
ydr 

drop 
ten 
est 

r 

1000 

2.- 
betw 
temp 

oled a 
5 wat 

can 
Per 1 

oil r 
asured 

accor 
temper 

ve da 
presa] 
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where 
Wv = 

u'v(TA. - To) -i- kT loge 
PATe 

heat capacity at constant volume 
matter involved, 

k = constant appropriate to gas present[ 
below], 

pressure and temperature at boiling 
the oil, 

PA, TA = pressure and temperature of the arc, 

Po, To = 

or, since Po = PA - atmospheric pressure, 

ÍY (T T -- kT lo T Energy = v A- p) loge T 
0 
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') Value of the heat capacity of the products of decom- 
tion of the oil. 

rbon. -The heat capacity of the products of oil 
omposition must include that of the carbon deposited, 
well as that of the gas or gases present. From a 
dy of the data of Violle, Kunz, Weber and Worthing 

Fig. 1) on the specific heat of carbon and graphite, 
mean values of this quantity over various ranges 

385° C., the boiling point of the oil, to different 
er, or arc, temperatures, have been estimated. The 

value over the range 385° C. to 3 000° C. is approxi- 
tely 2.22 watt- seconds per gramme per degree C. 
ydrogen. -The mean values of the specific heat of 
rogen over similar ranges from 385° C. to different 
temperatures have also been calculated from the 

t estimates available, the mean value over the range 

(a) 

3 

(b) 

1000 2 000 3 000 
Arc temperature, °K 

2.- Variation of mean heat capacity of oil products 
between arc temperature and oil boiling point, with arc 
temperature and acetylene content. 

(a) Assuming carbon and hydrogen present. 
(b) Assuming observed gases present. 

isv 
ó 
o 

4 000 

ted above, 385° C. to 3 000° C., being approximately 
5 watt- seconds per gramme per degree C.* 
can heat capacity of the products as carbon and hydro - 
per 1 000 cm3 of gas. -The mean heat capacity of 
oil products representing 1 000 cm3 of arc gas as 

asured at normal temperature and pressure, with 
accompanying carbon deposit, over different ranges 

temperature from 385° C., can be calculated from the 
ve data for the case in which carbon and hydrogen 
present in the arc. These values are given approxi- 
ely for different percentages of acetylene by the 
ght lines in Fig. 2(a). 
can heat capacity of oil products as observed gases and 
n deposit per 1 000 cm3 of gas. -The values of the 

t capacities of the other gases at the temperatures 
lved are much more speculative than are those of 

* No allowance is here made for dissociation. 

carbon and hydrogen, little information being available 
on the subject. The values adopted for the heat 
capacity of the products at constant volume for different 
temperature -ranges and percentages of acetylene, given 
by the curves in Fig. 2(b), are based on the values of the 
specific heats of acetylene, methane and ethylene quoted 
by A. W. Francis * from Landolt and Bornstein's 
tables. 

(iii) Value of k (the gas constant). -The value of 
k in equations (3) and (4) above is of course the value 
(in the appropriate units) of the gas constant for the 
mass of gas concerned, that is, k is practically equal to 
2 per gramme molecule when the units are the gramme, 
cubic centimetre and calorie, or 8.36 if the energy unit 
is the watt -second. 

(iv) Note on the calculation of the arc temperature. - 
The sum of the energy losses discussed in (a), (b), (c) 
and (e) above -that is, the contact and radiation losses, 
together with the energy required to heat, boil and 
break up the oil -- having been subtracted from the total 
energy liberated during arcing, calculated from the 
oscillograms, the remainder must be accounted for by 
the three terms in (d) and (f) -that is, in raising the oil 
products to the arc temperature, and in dissociating 
the appropriate fraction of the hydrogen present. By 
equating these terms to the balance of energy so obtained, 
which of course differs for the two cases dealt with, viz. 
carbon and hydrogen or the observed gases assumed 
present, the resultant equation yields a value for the 
arc temperature. The simplest method of solving 
this equation, for the two cases for each test, is by means 
of the set of curves, " A," in Figs. 3 and 4. 

These curves give the temperatures corresponding to 
different values of the sum of the three " temperature " 
terms per 1 000 cm3 of gas liberated, for different per- 
centages of acetylene in the latter. 

Using the value of the arc temperature obtained in 
this way, together with the sets of curves " B " to 
" D " in the same diagrams, the values of the three indi- 
vidual " temperature " terms can be read off directly for 
each of the two cases dealt with. 

(g) DISCUSSION OF THE RESULTS OBTAINED ON THE 
OPEN EXPERIMENTAL SWITCH. 

(i) Tabulation of data. -The detailed results for tests 
in the open -top t experimental switch are given in 
Table 2, while a summary of the results is given 
in Table 3. Table 2 may be divided into four main 
groups of columns: columns 1 to 4 contain the 
main experimental data required -gas volume, per- 
centage of acetylene and total energy; columns 5 to 7 

contain those terms calculated without a knowledge of 
the arc temperature and independent of the assumption 
made concerning the oil products -contact and radia- 
tion energy, and that required to heat and boil the oil; 
columns 8 to 13 contain terms relating to the case in 
which the carbon and hydrogen only are assumed to 
be present and raised to arc temperature, together with 
the temperature so calculated; while columns 14 to 19 

' contain the corresponding terms when it,is assumed that 
* Industrial and Engineering Chemistry, 1928, vol. 20, p. 277. 
t The oil surface was exposed to the atmosphere except for a small gas - 

collecting hood above the position of the break (see Journal I.E.E., 1929, 
vol. 67, p. 563, Fig. 7). 
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570 BRUCE: THE DISTRIBUTION OF ENERGY 

the products are raised to arc temperature in the form 
of the observed gases. 

(ii) Percentage distribution of the energy among the 
various losses. -The percentage distribution of the 
energy was obtained from Table 2 by summing each 
individual energy loss successively for all tests at the 
same current, and representing these sums as percentages 
of the total energy liberated in these tests. The results 
are given in Table 3. Columns 7 to 9 and 13 to 15 
respectively show the percentages of the total energy 
absorbed by the three terms which depend on a know- 
ledge of the arc temperature and the balance of energy 
left over when that required by the previous four terms 
is subtracted from the total energy. They are thus the 
most likely to be affected by errors in evaluating the 
total energy or in analysing and measuring the volume 

results by the conditions under which these tes 
necessarily carried out, lies in the fact that discre 
in all the terms calculated are mofe or less concen 
in the last three terms of the balance to be calca 
i.e. those involving the arc temperature. As 
this, however, must be placed the fact that the 
terms under discussion represent from 40 to 50 
of the total energy liberated, and that of the reu. 
the calculation of all but the " radiation " energy r 

a comparatively secure basis. Further confident 
be placed in the values obtained in this way ft 

study of the curves A in Figs. 3 and 4. These she 
comparatively large residual errors in the sum of the 

" temperature " terms result in only small chap 
the value obtained for the temperature. Thus, 
example to illustrate the above remarks, consid Y X 270 amps. 

4 000 0 500 

1 Sao uuuu i Il © 1. 1 1u ° 1600 -2 000 ° 

* """"""'i ° UUIIU Aluminium contacts 

x * See Section 4 (cì (i) uuuuiuuII1 .iiii1 a RMI0IIIIIM 111M111111 11111111 111M 
..11111111 11111111111111111111111N r & u miuuu.1ii..1 ' S\uu mu 1111uß 1..® ' uu1uuuiiIii uu 

IIIIIIIIIIIIIIIII:', 
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IIIIIIIIIIIIIIIIIIII 

1000 2 000 3 000 4 000 
Volume of gas, cm3 

Fro. 5.- Variation of calculated arc temperature with volume of gas liberated, assuming carbon and hydroge 
present at the arc. 
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of the gas liberated. The term representing the energy 
used in dissociating the hydrogen present is the most 
affected by errors at the temperatures involved, since 
its variation with temperature is then very rapid. 

The percentage distribution of energy among the 
various terms will, of course, depend on the arc duration 
and arc length, since the shorter these last the greater 
will be the percentage of the energy consumed as con- 
tact loss. 

(h) ARC TEMPERATURE. 

The value found in this way for the mean temperature 
at which the reactions discussed occur does not appear 
to contradict other available evidence, and is certainly 
of the correct order of magnitude. 

(i) Advantages and disadvantages of this method of 
calculation. -The main disadvantage attaching to the 
present investigation, apart from the general difficulties 
in all such work and the limitations placed on the present 

case of a calculated arc temperature of 3 300 °K 

a possible error even so large as ± 3334 per cent' 
remainder of the energy left to be absorbed b, 

three " temperature " terms, i.e. an error of the 

of ± 15 per cent of the total energy. Taking the 

in which carbon and hydrogen are alone regard 
present at the arc and the final gases contain 23 

of acetylene, then curves A in Fig. 3 show that I 

watt -seconds remain per 1 000 cm3 of gas for the 

terms in such a case. If this value is in error by 

per cent, 9 000 or 18 000 watt -seconds will then 
per 1 000 cm3. The two temperatures corresp 
to these values of the energy for 1 000 cm3 of gas 

off the same curves, are 2 880° K. and 3 580° K. 

tively, a maximum change from the original v. 

about 400 deg., a comparatively small change for 

a large assumed error. 
It seems that, were work on the present lines 

out under circumstances admitting of still greats: 

e has bi 
Fig. s, 

°ninklijk 
P. 44. 
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than was possible in the present tests, a quite 
ate value for the arc temperature would result. 
Value of the arc temperature. -In view of the 

derations of the previous section, it would appear 
the major part of the variation observed in Fig. 5 

e to actual variation of the mean temperature of 

egion in which the reactions described occur. The 
es obtained, when corrected for the errors involved, 

all be less than the temperature of the arc itself, 
at the value to be taken for the latter is not the 

um value attained by the mean curve * through 
temperature values, but that attained by a mean 
e drawn through the maxima, allowance being made 

for experimental errors. The value which seems 
e author to be indicated by the data in Fig. 5 as the 
value for this minimum estimate of the arc tempera - 
is 3 500° K., and, unless there are unforeseen definite 

in the method or calculation, this may be regarded 
close estimate, for the reasons given in (i) above. 
studying the results in Fig. 5, the great variation 
st- results and conditions in an oil circuit -breaker 
be kept in mind, also the conditions under which 
work is necessarily carried out. All things being 

idered, the variation is not surprising; rather is it 
ising that the results are as consistent as they are. 
e value obtained for the arc temperature in. this 
is certainly greater than that usually assumed for 
arcs, and similar to those found for the carbon 
Thus Dr. Kesselring has shown a diagram indi- 

g a mean arc temperature of 1 700° (° C. ?). This, 
mild certainly seem, must be much too low and 
about half the true value. The fact, too, that wires 
efractory metals, e.g. molybdenum and even, in 
e cases, apparently carbon filaments, are burnt 

off by the arc, indicates the existence of tempera - 
much higher than those quoted by Dr. Kesselring 

at least of the order of those given by the present 
ations. The evidence as to the action of these 

on carbon filaments is unfortunately not definite. 
bdenum filaments have, however, been burnt away 
e tests with aluminium contacts, as well as in 
with copper contacts. As molybdenum melts at 

5° C. and boils at 3 620° C., the arc temperatures 
evidently much in excess of 2 000° C. Prof. Om- 

and Van Wijk t have recently estimated the 
erature of the core and surface of an arc between 
bon anode and an aluminium cathode, the values 

g 5 000° K. and 2 800° K. respectively for a 9- ampere 
Prof. Ornstein has since obtained evidence of much 

r temperatures in the carbon arc, though this work 
t yet published. 
) Variation of the arc temperature with current: -It 
een anticipated that the arc temperature, were any 

ge to be observed with change in arc current, would 
ase as the latter increased. 
e slight decrease of the mean calculated arc tern- 

e as the current increases, insofar as it is real 
of due to errors in the various quantities measured 
the method, is evidently only indirectly the result 

e change in current and directly due to the fact 
has been drawn for the salce of making a comparison with the values 15g.6, 

onnrkiro9ke Aleademie-van Welenschap /en te. Amsterdam:, Proceedings, 1930; p.44. 
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that smaller volumes of gas are liberated at the lower 
currents. Thus if, as in Fig. 5, the calculated tempera- 
ture be plotted against the volume of gas liberated, it 
will be seen that there is little, if any, characteristic change 
of temperature with arc current at any given volume, but 
only an increase of occurrence of smaller total gas 
volumes at decreasing currents, as of course is to be 
expected from the formulm given previously.* At any 
given gas volume the tendency is for the temperature 
to increase with increase of current. 

(iv) Factors causing decrease of calculated temperature 
with increase of gas volume. -The decrease of the calcu- 
lated arc temperature with the volume of gas liberated, 
which was still more emphasized when the tests in the 
closed circuit -breaker became available for study, 
indicated that the present energy balance is still not 
quite complete.t The cause of the discrepancy probably 
lies in the following effects which have not been taken 
account of in the calculations: - 

(1) Reheating of the gases liberated, or convection losses. - 
In this case a molecule of gas formed in the arc returns 
to the arc later in arcing and is again raised to arc 
temperature, having previously given up its energy to 
the oil or cool gas in the arc globule. Such an action 
would result in the temperatures calculated in the 
manner given above being too great, as at present 
the residual energy available for distribution among the 
processes involving arc temperature has been divided 
among too few molecules of gas. 

The values found by von Engel ± for the voltage 
across a d.c. arc in a tube with different velocities of 
air -flow through the tube indicate that such convection 
losses are small. For example, when air passed at a 
rate of 200 litres per minute through the tube in which 
the arc was drawn, there was little, if any, increase in 
arc voltage, though the air velocity was estimated to 
be of the order of 600 cm per sec. about the arc. This 
supports the view that, as pointed out below, such 
convection losses are negligible. 

(2) Actions outside the arc stream. -A phenomenon 
which the results indicate to be of greater importance 
than that discussed in (1) above, is the interaction 
between the hot gases from the arc and oil vapour in 
the arc globule, but outside the arc stream proper. 
Such interactions may result in the formation of fresh 
" arc gas," but such gas will not have been raised to the 
arc temperature. The calculations made, however, 
assume that all the gas collected after the test has been 
raised to arc temperature, so that the result is that the 
calculated temperature is increasingly lowered as such 
reactions increase in importance. 

(3) Effect of above phenomena. -The above effects 
thus act in opposite directions so far as the calculated 
arc temperature is concerned, but so far their effect 
has not been calculated. The following considerations, 
however, indicate that the effect of each is small. In 
the first place, since the calculated. arc temperature 
decreases as the arc duration and volume of gas liberated 
increase, the second effect must be the greater of the 

*, Journal I.E.I., 1929, vol. 07, p. 567. - - 

t When this has been made good the calculated temperature will be some- 
what reduced, but,.for the reasons given in (5) of the present section, it is 
unlikely that such changes will be large. . 

f Zeitschrift für Technische Physik, 1929, vol. 10, p. 607, Fig.. 4. 
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two. Now, were the phenomenon described in (2) 

above to occur to any marked extent, we should expect 
the constitution of the gases to change as arc duration 
increased, owing to the change in the conditions of the 
reaction; in other words, we should expect a change . in 
the percentage of, say, the acetylene present in the gases 
as arc duration increased. No such change has been 
observed in these tests in the open switch. That the 
acetylene content does vary with the conditions, e.g. 
temperature, pressure and duration of heating, of such 
gaseous reactions is well known and is further demon- 
strated by the change observed in the constitution of the 
gas liberated in the closed switch [see Section (5) (c) (ii)]. 

(j) CALCULATED ENERGY. 

In Section (6), the energy losses for a specimen test 
have been calculated, based on the considerations and 
data given in the report. For all the tests given in 
Table 2 the energy losses and total energy were simi- 
larly calculated for the two assumptions as to the state 
of dissociation in the arc space, taking for each the 
mean temperature observed, viz. 3 000° K.* on the 
assumption that the observed gases are present during 
arcing, and 3 050° K. when only carbon and hydrogen 
exist. The maximum deviations are - 46 and + 26 per 
cent with the observed gases present, and - 45 and 
+ 29 per cent assuming carbon and hydrogen present, 
while the mean deviations in the two cases are 12 and 
13 per cent respectively. These deviations would have 
been reduced had the mean calculated temperature 
appropriate to the volume of gas liberated in the test 
been used in each case, as is done in Section (6), instead 
of the mean temperature over all the tests. 

(4) RESULTS ON EXPERIMENTAL SWITCH NO. 1 

WITH ALUMINIUM CONTACTS. 

(a) TESTS PERFORMED. 

A set of 7 short- circuit tests was available on the 
experimental switch with aluminium contacts, in which 
the gas liberated was collected and analysed. The 
noticeable feature in these tests was the greater lengths 
to which the arc was drawn, and consequently the great 
amount of energy liberated. 

It may be noted in passing that this is in direct opposi- 
tion to the view expressed by Norberg t and in accor- 
dance with the results of Kopeliowitsch.$ 

(b) NOTES ON CALCULATIONS. 

The neCessary calculations were made as described 
in Section (3) above, and the mean results are given 
in Table 4. The value for the electrode drop of potential 
had to be assumed, and it was taken equal to 30 volts, 
as this is approximately the value found in low - current 
arcs with aluminium contacts. 

As the data at present available are insufficient to 
* This mean temperature has since been estimated to be 2 780° K. as given 

in Table 3. This, however, owing to counterbalancing changes, will not 
appreciably affect the value of the mean percentage deviation of the observed 
from the calculated energy. t S. D. NORRERG: "The Properties of the Electric Arc with respect to 
Arcing in Circuit Breakers " (Stockholm, 1925). 

J. KOPELIOWITSCR: " Results of Recent Research on the Phenomena of 
Switching under Oil," Schweizerischer Elektrotechnischer Verein, Bulletin, 1928, 
vol. 17, p. 541. 

yield a value for the energy radiated [discussed in 

above], this has been assumed -to be equiva 
8 volts per centimetre, the value -found for cop 
at 270 amperes. - 

(e) RESULTS. 

(i) Distribution of energy. -The mean percent 
tribution of the energy liberated (compare Tab 
given in Table 4, the data being arranged on the 
lines as in Tables 2 and 3. In four of these test 
gas escaped during arcing. Allowance has been 
for such losses from notes made at the time of 
but the results for the tests with large gas volu 
not as reliable as the rest of the data; they are, h 
included in Table 4 and Fig. 5. 

TABLE 4. 
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per cent 
8.8 

Radiation energy .. 17.0 

Heating and boiling the oil 5.3 
Breaking up the oil - 

(a) Thermochemical .. 13.9 2 

(b) Thermodynamical .. 1.7 

Expansion of the gas .. 10.3 
Raising of the gas temperature 34.6 
Dissociation of hydrogen.. 8.4 

Mean temperature 2 720° K. 2 4i 

The differences observed between the mea, . 

centages in Table 4 and those given in Table 3 

to the increased arc lengths and the reduced cal 

arc temperature due to the increase in the aver 
volume of gas liberated in tests with aluminiu 
tacts. This results in the contact energy being a 

smaller percentage of the total, while the radiation 
forms a greater percentage. The value given 
latter is certainly open to question, but more 
required before its correct value can be found. 

(ii) Arc temperature. -The mean calculated ail 

perature in these tests is about 2 600° K. This is 

less than the value obtained for the tests with cop 

It was believed that this was due to the boiling 
aluminium being less than that of copper. The 

calculated temperature is, however, to a certain 
a result simply of the longer arc durations and 

volumes of gas liberated in accordance with 
The experimental evidence is insufficient to decs 

point, but so far as they go the results do in 

slight lowering of the arc temperature below that 

with copper contacts (see Fig. 5). 
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is hoped that more tests with different electrode 
'als will be made, and the arc temperature calcu- 

on the above lines, as the information thus obtained 
t also help to throw light on any discrepancies still 
nt in the calculations. 

SULTS ON A CIRCUIT BREAKER WITH 
A SEALED TANK AND VARIABLE GAS 

CUSHION VOLUME. 

(a) CIRCUIT BREAKER AND TESTS. 

e tests now to be described were made in a circuit 
er in which the gas liberated was kept separate 
that in the cushion and could be drawn off after 
est. Tests were made to investigate the effect 
erent cushion volumes, and in some of these 

as was collected, partially analysed and its volume 
red. These measurements form the basis of the 

s quoted in this section. 

(b) NOTES ON THE CALCULATIONS. 

Constitution of the arc gas. -In all but one of 
tests the gas was not completely analysed, only 
lume of acetylene being measured in addition to 
tal volume of the gas. The noticeable feature is the 
reduction in the percentage of acetylene. Though 
sults for the one test in which the gas was corn- 

y analysed indicated that the acetylene had been 
y replaced by methane, while the proportions of 
gen and ethylene remained much as they were 
, an examination of the data for tests in Table 2 

d to show that a decrease in acetylene was 
nted for rather by an increase in both methane 
ydrogen. In calculating the data in Table 8 in 
dix II, therefore, it was assumed that the Per- 
e change in àcetylene was divided equally between 

gen and methane, while the ethylene content 
ed constant. 
Estimation of the mass of hydrogen in the arc gas. -A 
to analysis of the gas liberated not being available, 

ass of hydrogen appearing free or combined had 
estimated. The assumption in (i) above, however, 
to these values being at once deducible from the 
tage of acetylene in the arc gases. These values 

ven per 1 000 cm3 of arc gas as measured at normal 
rature and pressure in Table 8. 
Energy required to break up the oil. -This follows 

e from the percentage of acetylene and the assump- 
made above as to the constitution of the gases. 
values are also given in Table 8, the calculation 
in each case exactly similar to that described in 
above and given in full in Appendix II. 
Calculation of the work done by the gas in expand - 

In the closed switch the gas does not expand in 
case to atmospheric pressure, so that the work 
by the gas in the expansion is therefore less and 
is an accumulation of potential energy in the 
-breaker tank. In finding the temperature from 

e gas terms the change in pressure has to be 
account of. 
have in these tests, however, an alternative 

for the calculation of the work done, since 

records of the pressures set up are available. In most 
cases the pressure is that in the gas cushion, from 
which the work done by the moving oil can be at once 
calculated, while the mean pressure at the arc during 
arcing can be estimated. In cases in which the pressure 
recorder was placed near the arc the latter mean pressure 
can be obtained accurately, while the work done on the 
gas in the cushion can be estimated. This work done 
in compressing the gas in the cushion is a lower limit 
for the work done by the arc gas in expanding, but has 
been assumed equal to the latter quantity, so that this 
term can also be subtracted from the total energy, the 
remainder being now made up by the two remaining 
" temperature " terms only, i.e. the energy required 
to raise the temperature of the gases at constant volume 
and that required to dissociate the hydrogen. The 
former of these two depends on the arc temperature, 
while the latter, in addition, varies with the pressure at 
the arc. 

(v) Estimation of the mean arc temperature. -The 
estimation of the mean temperature for each test from 
the sum of the two terms is thus somewhat more com- 
plicated and curves are required showing the variation 
of the sum of the two remaining terms with arc tempera- 
ture, not only for different percentages of acetylene 
but also for different mean pressures. These were con- 
structed, but are not shown in the present report, as the 
case of the closed circuit breaker is not dealt with in 
detail at present. 

(C) RESULTS. 

(i) Distribution of energy. -The results in the closed 
circuit breaker have not been quoted in detail, as several 
points in connection with these tests require further 
investigation. In order to give a general impression 
of the results to be expected in closed circuit breakers, 
however, the results, as at present* calculated, for 
all the tests available at different cushion volumes 
ranging from 200 to 5 000 cm3, and currents mainly 
between 270 and 500 amperes, have been dealt with, as 
were the previous data in forming Table 3. The results 
for the percentage distribution of the energy liberated, 
obtained as described in (3) (g) (ii) above, are given in 
Table 5. 

Notwithstanding the increase in the volume of gas 
liberated per kW- second, the energy required to produce 
the expansion of the gases is considerably decreased 
in the case of the closed switch as compared with the 
tests in the open tank. The gas does not now expand 
from the high initial pressures instantaneously set up, 
right to atmospheric pressure, but only to some pressure 
greater than atmospheric. 

Owing to the increased values of go (the voltage 
gradient in the arc) in these tests, and also to the increase 
in arc length in many of them, the contact energy 
accounts for a reduced percentage of the total. 

Apart from this change, the differences between the 
two cases are such as might be expected from the fact 
that the volume of gas liberated per kW- second of arc 
energy is much increased in the closed switch. The 
energy to heat and boil and to break up the oil is much 

July 17th, 1930. 

VOL. 69. 38 



574 BRUCE: THE DISTRIBUTION OE' ENERGY 

increased, while the calculated arc temperature is 
reduced, The latter leads to less energy being used in 
dissociating hydrogen, which last is further reduced owing 
to the rise in pressure in these tests. 

TABLE 5. 

Mean Percentage Distribution of Energy in Tests in a 
Circuit Breaker with Sealed Tank. 

Manner of dissipation of energy carbon 
Assuming 

and 
hydrogen 
present 

Assuming 
obsegved 

gases 
present 

per cent per cent 
Contact loss of energy .. 7.3 7.3 
Radiation energy .. . 10.9 10.9. 

Seating and boiling the oil ;9.2 9 2 
Breaking up the oil 28.8 26.5 

Expansion of the gas .. 3.1 31 
Raising the gas temperature 38.1 40.4 
Dissociation of hydrogen.. 2.6 2.6 

Mean temperature 2 360° K. 2 570° K: 

(ii) Arc temperature, acetylene content of the gas and 
H2 dissociation energy. -The fact that the reduction in 
temperature and in the amount of hydrogen dissociated 
is accompanied by a considerable decrease in the per- 
centage of acetylene in the arc gas tends to support the 
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with the latter, as between. the two cases, thou 
a variation is not evident from a study of the 
Table 2. 

In this connection'it is to be remembered, of 

that, quite apart from the presence of di 
hydrogen, the stability of acetylene, and h 
probability of its formation from carbon and h 
increases with temperature. 

It will be seen from Fig: 6, in which are plo 
arc temperatures so far obtained for tests on 
circuit breaker -assuming carbon and hydrogen 
-that the values in this case fall further b 
values obtained for the open experimental s 

the volume of gas liberated increases, but s 

about the same value at low gas volumes. T 

plained by the action described in (2), page 
extent of which is increased in the closed circuit 
owing to the increase in pressure as arcing 
and the volume of gas liberated increases. It 
to deal more fully with this point in a later paper 
in greater detail with 'the energy balance in th 

switch, but it may be no at present that in th 

with increased initial pressures in the gas Cu 

values for the calculated arc temperature tend 

still lower in Fig. 6. 
At present, however, it is to be noted that th 

in Figs. 5 and 6y-ield fairlystrong indications tha 
temperature is close to 3 500° K., for the reas 
in Section (3) (h) (ii). It is also to be noted 
differences between the energy- balances in 
and closed circuit breakers 'are probably more 
than real, being thè result of secondary rat 
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FIG. 6.- Variation of calculated arc temperature with gas volume for tests in a 
closed circuit breaker, assuming carbon and hydrogen present at the arc. 

view that carbon and hydrogen are present at the arc. 
Were this last the case we should expect a large quantity 
of acetylene to be formed only when a source of energy 
at a " high potential " was present. Such a source is 
represented by the dissociated hydrogen, and it is to 
be noted that the percentage of acetylene does vary 

primary actions, and that could the balance 
at the arc walls, so to speak, excluding reactions 
in other regions of the arc globule, the results WO 

nearly agree. 
In connection with this decrease of calcula 

temperature with increase in the volume of gas 
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its cause, it is well to note that this cause may lead 
somewhat unexpected result. Thus it has always 
assumed by investigators in this sphere that if the 

ure were increased during arcing, for example by 
ng an initial pressure in the gas cushion or by having 
all gas cushion, the mean temperature of the globule 
nts would naturally be raised as a result. It is 

e noted, however, that increase in pressure leads 
e oil being retained near the arc, thus resulting 
creased vaporization of the oil. The globule thus 
ins an increased volume of gas at a Iower mean 
erature rather than a small volume of gas at a high 
erature. In fact the two cases of higher and lower 
ures are exemplified by the cases of the closed and 
circuit breakers. 

AMPLE BALANCE SHEET OF ENERGY 
LOSSES FOR AN ARC III THE OPEN 
TANK EXPERIMENTAL SWITCH. 

an example, an energy balance sheet is given below 
representative test, using the various constants 

d, for the case in which carbon and hydrogen only 
ssumed present at the arc. 

et 

current (ao) = 1 500 amperes. 
length (l) = 5 cm. 
ity of contact separation = 100 cm per sec. 

duration (te) = 0.05 sec. 

energy liberated will on an average be approximately 
kW -sec. from our formula *- 
contact energy [see (a) 

) below] = 11.25 kW -sec. 
me of gas liberated _ 11.25 X 70 * cm3 

= 788 cm3 

its constituents on an average 69 per cent H2, 
er cent C2H2, 5 per cent CH4 and 3 per cent C21-14, 
lat from Appendix II the total mass of hydrogen in 
gases is 0.076 gramme.t 

e energy is, as we have seen, made up of three main 
}ts- 
a) That determined by the mean current, arc dura - 

and arc length. 

Contact energy. 

30 (ote watt-sec. = 2.25 kW -sec. 

Radiation energy. 

8 x l X te X go watt -sec. = 1.50 kW -sec. 

) That dependent on the volume of gas liberated. 

Energy to boil the oil. 
om the data given in Appendix II the mass of oil 
n up is 0.788 x 0.688 = 0.542 gramme, 0.688 

e being the mass of oil required for the production 
000 cm3 of gas. 

Journal 1.E.E., 1929, vol. 87, p. 557. 
t For other gas mixtures the data in Table 8 will be used. 

(i) Energy to heat this oil. 

Energy = mass X temperature -range x mean heat 
capacity 

= 0.542 (385 deg. -15 deg.) 2.72'watt -sec. 
= 0.54 kW -sec. 

(ii) Energy to boil the oil. 

Energy = mass x latent heat 
= 0.542 X 0.22 = 0.12 kW -sec. 

Total energy to boil the oil = 0.66 kW -sec. 

(2) Energy to break up the oil. 

Combining the thermochemical and thermodynamical 
energy required, this is given by the volume in litres 
multiplied by the energy required to produce 1 000 cm3 
of gas. From Appendix II, 

Energy = 0.788 (2.21 + 0.266) 
= 1.95 kW -sec. 

(c) That dependent on the arc temperature, together 
with the gases liberated. 

Here we require a value for the temperature and shall 
adopt the value given by the curve in Fig. 5 for the 
appropriate gas volume, i.e. about 2 800° K. 

(1) Energy used in raising the oil products to arc 
temperature. 

From Fig. 2(a) the mean heat capacity of the products 
as carbon hydrogen is 63 x 0.788 = watt 
sec. per deg. C., so that the energy used is given by 
2.07 X (2 800 - 658) watt -sec. = 4.44 kW -sec., 658° K. 
being the boiling point of the oil. 

(2) Work done by the gas in expanding. 

This is given by 

Work done = kTe loge 
CTb pp 

T ) 

2 800 = 0.318 x 2 800 X loge (-658 ) 
watt-sec. 

= 1.29 kW -sec. 

(3) Energy required to dissociate the hydrogen. 

The fraction dissociated at 2 800° K. and 1 atmosphere 
is 0.049, and the energy used is 430 kW -sec. per gramme 
molecule dissociated. 

Hence the energy used in the present case is 

X 0.049 X 0.076 X 4.30 x 105 watt-sec.= 0.80 kW -sec. 

Similar results to the above are obtained by reading 
the energy required for the above three terms directly 
from the three sets of curves B, C and D, in Fig. 3, viz. 
4. 45, 1.31 and 0.82 * respectively. 

The above are all the terms which appear in our 
" balance sheet " and together should approximate 
to the total energy liberated if the various constants 
are correct. 

The discrepancies of the order of 1 per cent are due to the fact that the 
percentages of the gaseous constituents assumed in the example in Appendix lI 
do not quite coincide with those given in Table 8 and used in the calculation 
of the curves in Fig. 3. 
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Balance Sheet of Energy Losses for an Arc in the Open Tank Experimental =Switch. 

OUTPUT. 
Terms Dependent on Test Data. 

Contact energy .. 
Radiation. energy .. 

Terms Dependent on Gas Liberated. 
Energy to heat oil 
Energy to boil oil .. 

2.25 kW-sec. 3.75 kW-sec. 1-50 kW-sec. 

. . 0-54 kW-sec.' 

.. 0-12 kW-sec. 
2.61 kW-sec. 

0.66 kW -sec. 
Energy to break up oil .. .. 1.95 kW -sec. 

Terms Dependent on Arc Temperature and Gases Liberated. 
Energy to heat gas .. .. .. 4.44 kW -sec. 
Energy to expand gas .. .. .. 1.29 kW -sec. 6.53 kW -sec. 
Energy to dissociate hydrogen .. .. 0.80 kW -sec. 
Plus balance due to errors in constants and calculations 0.61 kW -sec. 

(7) NOTES ON, AND CRITICISM OF, WORK DONE 
BY OTHER INVESTIGATORS. 

(a) MAGRINI. 

This question of energy distribution has been dealt 
with at some length by Magrini in a series of articles* 
which two years later were published as a booklet.t 
Practically the whole of this part of his work, however, 
has been vitiated by a serious error. Magrini agrees 
with the E.R.A.. as to the large acetylene content of the 
gas liberated, but quotes Prof. Contardi's authority 
for assuming that no energy is required to break up the 
oil. This cannot be accepted without further support, 
in view of the calculations mentioned in (3) (c) above 
and given in full in Appendix II. These show that, 
even using an oil with the largest possible heat of com- 
bustion (i.e. about 4.8 x 104 watt -sec. per gramme), 
energy is still required for the formation of gas, 20 to 
25 per cent of which is acetylene. 

Having made his assumption, the whole of the energy 
had to be accounted for in other ways. Furthermore, 
Magrini neglects the contact loss, the energy radiated, 
the energy used in the expansion of the gas, and that 
used in the dissociation of the hydrogen liberated, and 
assumes that all the energy is used in raising the tem- 
perature of the gas. As will be seen from Table 3, the 
energy absorbed in raising the temperature of the gas 
is really only about one -third of the total energy liberated. 

Owing, however, to his having made a further error, 
in that he assumes that the heat capacity of the arc 
gases is given by the product of their mean density by 
their mean specific heat, which leads to this quantity 
being three times too great and practically offsets the 
error in his initial assumption, his energy balance 
appears at first sight correct. To perfect the tallying 
of the two quantities, he assumes a 15 to 20 per cent 
change in the mean specific heat of the gases over the 
range of temperature concerned. 

When his energy balance as it at present stands is 
" Bollettino Tecnico " (Electrotechnical Laboratory of L. Magrini, Sep- 

tember, 1925). 
t L. MAGRINI: " Contribution to the Study of the Formation of Arcs in 

Oil " (Bergamo, 19.97). 

INPUT. 
Total energy "calculated 

from formula or oscillo- 
grams 13.50 

13-50 kW-sec. 13-50 

corrected for the error in the value calculated 
heat capacity of the arc gases, Magrini is thus 
two- thirds of the total arc energy liberated 
accounted for. 
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(b) KESSELRING. 

Kesselring* has also touched on this problem 
energy balance, but his results are very inc 
He estimates the contact losses by calcula 
energy lost by conduction into the contacts, 
with that used in boiling the copper. The la 
be over -estimated, as it is obtained from the 

weight of the contacts during test. Such lo 

however, often caused by the dropping off of 

beads. Also, very great care is necessary in the 
and weighing of the contacts after test. The 
obtains for the energy absorbed in the contacts 
cent of the total energy dissipated for both 
switch used. As this percentage is dependent 
arc length and mean value of got during arcing, 

vary with the pressure in the tank, we should 

considerable variation. It will be seen that 
corresponds to that found in tests in the circuit 
with closed tank (Table 5). 

The only other term calculated by Kesselring 
work done in moving the oil and in distorting 
These he estimates from cinematograph records 
the oil movement and tank distortion, and fin 

to absorb 5 per cent of the total energy. This 
is probably correct. Our estimates based on the 

record in the gas cushion give a lower limit of 1 

cent for this quantity, while the calculations 
Section (3) give an upper limit of 10 per cent. 

This is the extent of his calculations. 
obtained these he subtracts their sum from t 

energy liberated and calls the result the energy 

vaporization and ionization of the oil. 
Kesselring's results are shown diagrammati 

Fig. 8 of his paper, which is reproduced in F. 

the present paper. The E.R.A. results are rep 

F. RESSELRING: Elektrotechnische Zeitschrift, 1927, vol. 48, 

t See Journal f.E.E., 1929, vol. 67, p. 557. 
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e same figure for the open experimental switch 
1 and for the closed circuit breaker with different 
on volumes. 

(8)` CONCLUSIONS. 

[3.50 k ! 
The input and output energies of an oil circuit - 
er have been balanced with fair accuracy.. Average 
, over about 120 tests, for the percentage distri- 

of energy for circuit breakers with open and 

13.50. 

:ulated 
thus 1. 

rated 

problem 
ry into 
;alcula 

tacts, 
The la 
om the 

uch loi 
off of 

in the 
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(e) The evidence is fairly definite that there is little, 
if any, change in the arc temperature with change in 
current. 

(d) The departure of the temperature, calculated in 
this way, from that of the arc itself, increases as the 
volume of gas liberated increases, owing to the increase 
in the relative importance of secondary actions occurring 
in the arc globule. Such a departure is still further 
emphasized in tests in the closed circuit breaker, but 

E. R.A. 
OPEN SWITCH 

Assuming carbon Assuming observed 
& hydrogen present gases present 

4.511 

SWITCH WITH SEALEDTANK 

Mean of the 
two cases 

e 138% 
7% 

i 

k 

118^ 

4911 

23 9 

l.q 

7911 

32.7° 

3.6* 

(D 

J 

k 

h 

11 -1 

9° 

28 

3° 

39 11 

311 / 
FIG. 7.- Diagrammatic representation of energy balance. 

a = distortion energy. 
b = oil piston energy. 
c = vaporization and ionization. 
d = contact heating. 
e = contact energy. 
f = " radiation ' or " conduction " energy. 

tanks and copper contacts and average arc lengths 
00 volts, on generator Al at Carville, are given in 
6. 

TABLE 6. 

mer of dissipation of energy 

Opentank 

Assuming 
carbon 

and 
hydrogen 
present 

Assuming 
observed 

gases 
present 

et loss of energy. . 

ton energy 
to heat and boil the oil 

to break up the oil: 
Thermochemical 
Thermodynamical 

nsion of the arc gas 
g the gas temperature.. 
iating the hydrogen pre- 
' 

per cent 
13.8 
11.8 
4.9 

12.9 
1.6 

10.2 
34.6 

10.2 

per cent 
13.8 
11.8 
4.9 

23 9 
1.4 

7.9 
32.7 

3.6 

Sealed 
tank 

Mean 
of two 

methods 
of calcu- 
lation 

per cent 
7 

11 
9 

r 28 

3 

39 

3 

The calculations lead to a lower limit for the 
rature of the electric arc as drawn in an oil circuit - 
er, giving, as they do, the mean temperature at 
the reactions described take place. They indi- 
at the temperature of the arc itself is of the order 

00 °.K., or about 3 200° C. 

g = energy to heat and boil oil. 
h = energy to break up oil (i) thermochemical. 

(if) thermodynamical. 
i = energy used in expansion of gas. 
j = energy used in raising gas temperature. 
k = energy used in dissociating hydrogen. 

e 
f 

h 

these last yield a similar value for the arc temperature 
itself. 

(e) The value obtained for the energy radiated from 
the arc requires confirmation, but the evidence so far 
available points to a value of 8 volts per cm of arc 
length. 

(f) The contact drop of potential is close to 30 volts, 
but the fraction of the total energy which is dissipated 
at the contacts naturally varies with the arc length. 
For example, about one -third of the total energy liberated 
in a 440 -volt switch will be absorbed in the contacts. 

(g) It is possible that dissociation is fairly complete 
in the arc, that the oil products exist there mainly 
as carbon and hydrogen, and that the arc gases 
are re- formed when these leave the arc space. This 
case yields similar results, as regards the arc tempera- 
ture, to that in which the arc gases are assumed present, 
these two suppositions being regarded more or less as 
limiting cases. So far the data have not been made to 
yield definite evidence in favour of one or the other 
hypothesis. 

(h) An important variable, as will be seen from Table 
8 and Figs. 3 and 4 for example, is the percentage of 
acetylene present in the arc gas. As the latter varies 
from 2 to 30 per cent, the energy required to break up 
the oil to the observed gases varies from 2 220 to 5 200 
watt-sec. per 1 000 cm3, while for a like amount of gas 
the carbon deposit varies from 0.48 to 0.21 gramme. 

(.1) The percentage of acetylene mentioned in a pre- 
vious paper* is likely to be a maximum value, seldom 
attained in enclosed circuit breakers. 

* Journal I.E.E., 1829, vol. 67, p. 557. 
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(k) The carbonization of the oil is, however, likely to 
be greater in enclosed circuit breakers than in the open 
experimental switch. 

(l) Apart from the above, the main changes observed 
when the open tank is replaced by a sealed container 
are most marked in the terms representing the work 
done by the gas in expanding, and in the energy used 
in dissociating the hydrogen present, the latter effect 
being partly due to increase of pressure in the tank. 
The change in the percentages in the two cases, other 
than that of the " work " term, may, however, be more 
apparent than real, as is discussed in Section 5 (e) of the 
paper. 

(m) The changes produced by changes in the contact 
metal, so far as they have been investigated, are more 
marked from the point of view of the total energy 
liberated than from that of its distribution. There are 
not sufficient data available to determine whether or 
not the arc temperature calculated in this way depends 
on the boiling point of the contact metal. 

(n) In switches in which contact between oil and arc 
is closer, as in the case of oil spray or explosion pot, the 
carbonization of the oil will be greater, relative to the 
volume of gas produced, the volume of gas per kW -sec. 
increased and the percentage of acetylene reduced. 
The mean temperature of the gas will be reduced. 
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APPENDIX I. 

APPROXIMATE CALCULATION OF THE ENERGY LOST BY 
CONDUCTION INTO THE ELECTRODES. 

At each electrode there is a hot spot which increases in 
size as the arcing continues, and the temperature of which 
is believed to be approximately that of the boiling point 
of the electrode metal. The problem is to estimate the 
heat conducted and radiated from these spots during 
arcing. The calculation need only be approximate since the 
conditions -area and temperature of the spot -are only 
known approximately. To simplify the calculation we 
shall assume that the hot spot is part of an infinite plane 
surface which is maintained at the boiling point of the 
metal on an initially cold solid, i.e., we shall consider 
heat flow in one direction only. The relation satisfied by 
the temperature a is then 

b20 b0 
bx2 cat 

where K is the diffusivity and the x -axis is perpendicular 
to the contact surface. 

The boundary conditions are: - 
9 = eo, x = 0, throughout. 
B = 0, for all values of x at t = O. 

On solving the above with these given boundary 
tions we obtain - -= 

00 

e Kazt 
260 f . ax da 

e = - sin v a 
We require 

ZO 
when x =0 

00 

Cb9¡ 
2 0 ( e_aaQt da 
Tr .fo 

00 

(KV t) 

Thus if k is the thermal conductivity and A 

of the hot spot, the rate of loss_of heat on the 

assumptions is given by 

(Kart) 

but the area of the contact burn is found to 
approximately by 

A =B /t, 

so that approximately the rate of loss of en 

conduction is 

and the loss in time t is 

Beo k(K7r) 

k Beo t 
-V(Kir) 

The value for B to cover the -area onThoth c 

given very roughly for different - currents in Table 

TABLE 7. 

Current B 

amps. 
270 
500 
750 

1 050 
, 1 500 

Mean conduction 
voltage -drop* 

over first 
0.05 sec. 

(Contact radiation 
voltage-drop, 
first 0.05 sec. 

volts 
1.7 27.6 
3.0 26.3 
4.0 23.3 
4.5 18.8 
4.8 14.1 

volts 
0.8 
0.8 
0.7 
0.6 
0.5 

Total 
vol 

first 

2 

2 

2 

li 

li 

' Here k has been taken = 0.62; E has been taken _ 0 69; and 

taken= 2 500 °C. 

The values for the voltage -drop equivalent to 

currents are somewhat different, but it is quite 
that such differences can be accounted for 
nature of the calculation and the uncertainty of 

of the hot spot at different currents and its 

with arc duration.. 
If we add 50 per cent to the above values 

for the energy conducted into the electrodes, tht 
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undar,od be of the order of magnitude, at least, of the loss 

¡energy at the contacts. Taking the mean of the 
lues given in the table we thus obtain 1.5 x 22 

0.7 = 34 volts for the contact potential drop, with a 
ter limit of about 23 volts. In view, however, of 

uncertainty of the constants involved, the agreement 

k the value adopted in (3) (a) must not be over - 

essed. 

endA 
; on th 

i APPENDIX II. 

ULATION OF THE ENERGY REQUIRED TO BREAK 
UP THE OIL. 

calculation can very conveniently be divided 
two parts, namely, that of the large chemical 

involved and that required to bring about the 
e in_volume of the oil constituents when the gases 

formed at the arc. 

Tliermochemical Energy at Constant Volume.. 

id to 1 ' 
is required to determine the energy necessary to 
orm oil at about 288° K. into the observed arc 
in the form of carbon and hydrogen or of the 

ved gases themselves, at 658° K., the boiling point 
oil. This can be done in several steps, and these 

e described and calculated for the case in which 
centages of the gases present are those quoted in 

vious paper, viz. 69 per cent H2, 23 per cent Ç2H2, 
cent CH4, 3 per cent C2H4. 

rom the products of decomposition of the 'oil the 
ntages of carbon and hydrogen in the oil are 

' I ed. These are found to be approximately 
r cent of carbon and 14 per cent of hydrogen, which 
rtion indicates a mean molecular constitution of 

for these oils. From the total mass of hydrogen 
y, 1000 cm3 of the gases, the total mass of oil 
n up is obtained and also the mass of carbon 
ited. The author will deal with the quantity of 
quired to produce 1 000 cm3 of the arc gases at 

temperature and pressure. . 

o first step in the calculation is now made from a 
edge of the gross calorific value, of the oil. This, 

oil similar to that used, is about 4.5 x 104 watt- 
r gramme. Since we have considered the energy 

2 ed to heat and boil the oil separately in this 
2 we must add to this value. the 1 220 watt-sec. used 
2 way, giving a heat of combustion of 4.62 x 104 
14 sec. The oil is now transformed from the initial 
]1 at about 288° K. to known masses of water and 

at about the same temperature. 
m a knowledge of the heats of formation of water 

carbon -dioxide gas the energy required to transform 
known masses into carbon and hydrogen at the 
temperature can now be determined. 
the case in which the observed gases are assumed 

nt throughout, the heats of formation of the 
tuents are further required. These enable us to 

e the . energy required to form these gases at 
t 288° K. 

1000 cm3 of gas liberated the calculation is as 

; of en 

path con 

in Table 

Total 
vol 

first 

0 09; and 

dent to 

is quite 
d for 
linty of 

nd its 

values 
rodes, tis s:- 

Gas Volume Mass of H in 
gases 

Mass of C in 
gases Mass of gas 

cuis gramme gramme gramme 
H2 . . 690 0.0615 - 0.0615 
C2H2 . . 230 0.0205 0.2460 0.2665 
CH4 .. 50 0.0089 0.0267 0.0356 
C2H4 30 0.0054 0.0324 0.0378 

Total .. 1 000 0.0963 0.3051 0.4014 

From the above and the percentages of C and H in 
the oil, it will be found that 0.688 gramme of oil gives 
rise to 1 000 cm3 of gases in the observed proportions, 
and 0.287 gramme of carbon is deposited. 

From the total heat of combustion quoted above 

0.688 gramme of oil becomes H2O containing 0.0963 
gramme of H2 + CO2 containing 0.592 gramme of 
C + 31 800 watt-sec (i) 

Applying now the heats of formation of H2O and 
CO2 the above becomes 

0.0963 gramme hydrogen -f- 0.592 gramme carbon 
+ 31 800 watt-sec. - X 0.0963 X 2.86 x 106 watt- 
sec. - X 0.592 X 3.96 x 106 

where 2.86 X 106 and 3.96 x 106 are the heats of 
formation of H2O and CO2 in watt-sec. per gramme of 
113 and C respectively, i.e. it becomes 

0.0963 gramme H2+ 0.592 gramme C -1520 watt-sec. (ii) 

This, then, is approximately the " chemical " energy 
required to break up the oil. It is proposed, however, 
to include in this term the energy required to raise the 
oil or its products to the temperature of the oil boiling= 
point. This has not so far been taken into account. 
The heat capacity of the carbon and hydrogen formed 
might be used here, but the more likely value is that 
for the oil itself, and indeed there is little, if any, differ- 
ence between the values obtained by the two methods, 
the value for each being in the above case approximately 
equal to 690 watt-sec. 

Thus approximately 2 210 watt-sec. of energy are 
required to produce the carbon and hydrogen equivalent 
to 1 000 cm3 of the observed gases at the temperature 
of the oil boiling- point. 

To deal with the case in which the observed gases are 
present we revert to the result (ii) above and apply the 
heats of formation of acetylene, etc., whereupon we find 

that 

0.688 gramme of oil becomes 0.0615 gramme H2 
+ 0.267 gramme C2H2 + 0.0356 gramme CH4 
-F 0.0378 gramme C2H4 + 0.287 gramme C 

- 1 520 watt-sec. 0.267/26 X 2.22 X 106 watt- 
sec. 

+ .0.0356/16 X 8.36 x 104 watt-sec. 
0.0378/28 X 1.13 X 104 watt-sec. 

It remains to raise the oil to 658° K. from 288° K., 
requiring, :'as,has already been seen above, a further 
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expenditure of 690 watt -sec. The energy required to 
produce 1 000 cm3 of the observed gases at 658° K. is 
thus 4 320 watt -sec. 

The corresponding figures to the above for different 
constitutions of the arc gas are given in Table 8. 

It will be seen that the energy required to produce 
the arc gases is considerably greater than that required 
to produce carbon and hydrogen. As has already been 
pointed out, this is not an argument against the possi- 
bility of the gases being present in the arc as carbon 
and hydrogen, since the latter, being dissociated to a 
certain extent- depending on the temperature and 
pressure- contains a considerable amount of energy. 
Thus if we take the arc temperature as approximately 

carbon as being alone present, being proportional 
mass of hydrogen in the oil brgken up. The 
per 1 000 cm3 of gas (gases present) is 

1 000 
8 36 X 658 X 

22 400 

or 246 watt -sec. per 1 000 cm3 of gas produced, 
for the average constitution of arc gas ahead 
with, and with carbon and hydrogen alone pre 
value will be 

0.0963 
X 836 X 658 

or 266 watt-sec. per 1 000 cm3 of the gas libera 

TABLE 8. 

Data relating to the Breaking -up of the Oil. 

Percentage of 
acetylene 

Mass of carbon 
deposited per 

1000 cm3 

Mass of hydrogen per 1 000 cm3 Mass of oil 
broken up per 
1000 cm3 of 

arc gas 

nt o 

10 
den 
dai 
oil 

ty a 

fie ht 

o boili] 

iling p( 

at of ct 

_(i) Gro 

Energy to break up oil to ive 1 000 cm3 of arc gaso 

ïí) Net 
To carbon and hydrogen To observed gas 

" Chemical " 

ucts 

VolumiraffiI 
ositi 

per cent 
2 
5 

10 
15 
20 
25 
30 

gramme 
0.513 
0.478 
0.426 
0.374 
0.320 
0.265 
0.211 

gramme 
0.1070 
0.1055 
0.1032 
0.1012 
0.0991 
0.0967 
0.0945 

gramme 
0.0696 
0.0682 
0.0660 
0.0638 
0.0616 
0.0595 
0.057] 

gramme 
0.765 
0.753 
0.737 
0.725 
0.708 
0.690 
0.675 

watt -seconds 
2 470 
2 410 
2 340 
2 300 
2 240 
2 200 
2 150 

watt -seconds 
295 
291 
285 
279 
274 
267 
261 

watt -seconds 
1 970 
2 260 
2 780 
3 330 
3 870 
4 420 
4 950 

watt 
9 

* Excluding energy required to heat and boil the oil t Obtained from calculations described in (a) above. 
$ Obtained from calculations described in (b) above. 

Note. -The percentage of C2H4 has been taken as 3 per cent throughout, and the initial figures for the 
stitution taken as C2H2 6 per cent, C2H4 3 per cent, H2 76 per cent and CH4 15 per cent. As the pe 
of C2H2 changed as in Table 8, half the change was assumed to be due to change in the hydrogen 
and half to methane. 

3 000° C. and the mean pressure as atmospheric, the 
energy available in the hydrogen dissociated in the above 
case is of the order of 1 900 watt -sec., while only 2 100 
watt -sec. are required to produce the gases from the 
carbon and hydrogen. 

In addition to this dissociation energy there is the 
energy contained in the carbon and hydrogen on account 
of their high temperature. 

(b) Energy Required to Produce Volume -Changes, when 
Reactions Occur at Constant Pressure. 

If such reactions as those described above take place 
at constant pressure, additional energy is required to 
produce the expansion of the gases formed. For each 
gramme molecular volume of gas produced at one 
atmosphere the energy absorbed in watt -seconds is 8.36, 
the appropriate gas constant, times the absolute tem- 
perature at which the reaction occurs -here assumed to 
be 658° K. The energy required per 1 000 cm3 of gas 
will be independent of the constitution of the gas if we 
regard the gases as present, but will depend on the 
constitution of these last if we regard hydrogen and 

This energy has been noted separately in the 

since it may be desired to consider it either 
thermochemical energy discussed in (a) above, 
that required by the gas in expanding, disc 
Section (3) (f) (i). 

Also the energy required to heat and boil the 

been entered separately, as this has a certain 
This gnrntity has therefore been subtracted f 

" thermochemical " energy required to break 
oil, discussed in (a) above. 

It is thus to be noted that the total energy 
to break up the oil at constant pressure is the 

'columns (7), (8) and (9), or (7), (14) and (15) res 
(Table 2) for the two methods of calculatio 
values given can only be regarded as appro 
owing to the nature of the problem, but thep 

certainly be fairly close approximations. 

(c) Data relating to Breaking -up of the Oil. 

The energy required for the production of 10( 

of the arc gases as actually observed, as well 
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nt of carbon deposited and the amount of oil which 
1000 cm3 of gas when broken up, are largely 

ndent on the percentage of acetylene present. 
data, together with the energy required to break 
oil to carbon and hydrogen, are given in Table 8. 

APPENDIX III. 

PARTICULARS OF THE OIL USED.* 

ity at 15° C. .. 
fie heat: mean from 15° C. 
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er particulars are given in Journal I.E.E., 1929, vol. 67, p. 564. 
refers to oils similar to that used, i.e. Wakefield's " Superforma." 

APPENDIX IV. 

ON THE AIR CONTENT OF THE GAS COLLECTED 

AFTER ARCING. 

the samples of gas collected in the tests described 
were found on analysis to contain a certain 

of air, amounting to large proportions of the 

number 
uration, 

il. 

on of lIX 

as well 

number 
duration, se 

total volume in the cases of small energy liberation. 
This air has been treated as having no influence on the 
results given in the paper, and the possibility of its 
having replaced arc gases, say by a process of diffusion, 
has been eliminated by the considerations given below. 
The chance of such a diffusion of arc gas out of the 
sample and air into it appears remote, since, between 
the time of collection and that of analysis, the samples 
were stored in inverted Win chester bottles, so that 
there was always a liquid seal, the stoppers being 
tied in place. Also, were such a diffusion to have taken 
place a relation should exist between the hydrogen and 
air contents of the sample, since hydrogen will diffuse 
out more rapidly than the other gases present. Such a 
relation is not found to exist. 

Also, the mean volume of gas found per kW -sec. of total 
energy liberated is already equal to the largest value 
quoted by other investigators, i.e. the 60 cm3 per kW -sec. 
found by Dr. Kesselring, and greater than those found 
by Bauer, Schrottke and Rainford.* 

It seems much more likely that the air has leaked in 
either during the process of " milking " carried out to 
ensure that all the gas had passed from the gas -collecting 
hood on the open circuit breaker through the rubber 
tube to the final containers, or that it was released from 
or " boiled " out of the oil as the hot gases ascended into 
the hood, for it is known that oil can contain about 
20 per cent of its volume of air. 

That some such explanation is the true one is further 
indicated by the small air content of the gas liberated 
in a circuit breaker with a sealed tank in which there is 
only a comparatively small volume of oil, as against the 
500 gallons in the open -tank circuit breaker. In spite 
of the much reduced air content in the tests in the 
closed switch, the decrease of calculated arc tempera- 
ture with increase in the volume of gas liberated is 
accentuated, which shows fairly conclusively that the 
air content is entirely fortuitous and irrelevant to the 
present calculations. That a portion at least is certainly 
so is demonstrated by the fact that in many tests a 
volume of gas equal to the air content could not possibly 
have been liberated by the observed arc energy in the 
test. 

s See Journal I.E.E., 1929, vol. 67, p. 575. 

APPENDIX V. 

DURATION OF ARCS IN TABLE 2 (SEE PAGES 562, 563, 564 AND 565). 

s 

.. 1279 1280 1281 1282 1283 1284 1286 1288 1289 1292 1293 1294 
sec. x 10 -2 2.92 4.90 6.21 4.12 6.31 6.99 6.92 7.42 6.07 5.49 5.35 8.04 

.. .. 
c. x 10-2 

1295 
5.51 

1296 
6.36 

1297 
5.37 

1298 
5.32 

1299 
740 

1300 
5.67 

1301 
862 

1302 
6.67 

1303 
6.43 

1304 
7.50 

1305 
3.94 

1306 
4.93 
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APPENDIX V- continued. 
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Arc duration, sec. x 10 -2 2.23 5.17 4.09 3.80 6.11 3.60 3.12 4.04 3.97 4.05 7.87 
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Test number .. 1505 1506 1507. 1508 1509 1510 1511 1512 1513 
Arc duration, sec. x 10 -2 5.30 8.59 3.84 6.29 5.23 1.45 3.93 2.43 1.67 

DISCUSSION BEFORE THE INSTITUTION, 8TH JANUARY, 1931. 

Mr. L. C. Grant: There seem to be sound reasons for 
concluding that the arc temperature is to a large extent 
independent of current, and is of the order of 3 500° K. 
This is a valuable contribution to a much- debated point. 
The section on thermochemical energy required (page 560) 
is .ingenious, and the author is to be congratulated upon 
his method of attack. I am not nearly so impressed with 
Section 3 (e), and do not think that one can reasonably 
draw the conclusion that the energy used (in watt - 
seconds) is equal to 8 x (mean arc length) x (mean 
current) x (arc duration). More experimental investi- 
gation appears to be necessary to check this point, and 
further research work may show this conclusion to be 
erroneous. The author probably knows of the work of 
Thompson, one of the first investigators to use the 
energy -balance method of checking results. His work 
was later found to be incorrect in some respects, but 
Gibbs, Helmholtz and J. W. Richards have successfully 
completed it. Their methods are.not quite the same as 
those employed by the author. Although I agree with 
him that such errors as he has found probably have 
little effect upon the arc temperature, I do not see how 
this can be used to back up his argument about energy 
distribution. For example, the current range in his 
experiments is small compared with that which would 
be met with in practice. Some time ago Mr. Harle and 
I carried out some experiments with arcs in air, using a 
fixed current and contacts of various sizes, and we found 
that increase of contact mass beyond a certain limit did 
not result in any change in the energy transferred. Í " 

can confirm the author's conclusions in regard to the 

experiments on switches with aluminium con 
some experiments which I carried out on the 

subject, the arc length, the pressures set up and 
ruptive conditions were all greater than with 
contacts. Similar results were obtained with alu 

contacts which had been so treated as to caul 
melting point to be raised, but treated copper 
behaved better than hard -drawn copper contacts 
energy liberated when an arc is drawn in an oil 

breaker is divided by the author into five hea 
it is stated that the energy under headings (I) 

has been found approximately by experiment. 
is said about the apparatus used for this purp 
the fact that some of the tests were carried ou 

open switch and others in a closed -in switch is 
lightly, whereas the difference between the two 

tions is of great importance. Using the author 
figures; I find that the divergence between the 

with the open and the closed switches is consid 

For instance, in the case of the open switch the 

enety is 10 per cent, whereas in that of the 

switch it is 3 per cent. The energy required to 

up the oil is 14 per cent for the open and 28.9 
for the closed switch. The energy used (a) to 
gas temperature is 35 per cent for the open and 

40.5 per cent for the closed switch, and (b) to d 

hydrogen is 12 to 14 per cent for the open 
2.6 per cent for the closed switch. Thus th 

marked difference between the performances of 

and closed switches, but we are invited to draw 

sions from the tests carried out on the open typt 
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ly, these results cannot be used directly to judge 
t happens in a commercial oil switch, which is always 
e closed type. Approximately 80 tests in all were 
ed out on the three types of switch used, but we are 
old how many tests were carried out on the closed 
h. It is stated that in the tests on the closed -in 
h a pressure recorder was placed near the arc and 
ork done on the gas in the cushion was estimated. 

mild like to know what type of pressure recorder 
used for measuring the pressure in the oil, because 
not know of any pressure -measuring device capable 
ummating successfully the various pressure and 

quantities, which all apparently have a different 
ptive effect upon oil- switch containers. Nothing 
'd either about the energy dissipated in stressing 
witch tank, or about the dimensions of the latter. 

are asked to believe in a device whose dimensions 
not prescribed, which has an arcing device (not 
bed), a speed of break (not prescribed), and a 
uring apparatus (not described). We are told that 
ontact energy can be obtained by multiplying the 

uct of the main current and arc duration by 30, 
at there is a straight -line relation between these 

s, whereas there must be an effective difference in 
ates of energy absorption during different arcing 
, e.g. 0.01 sec. and 0 2 sec. -to take two corn- 
al figures. In the extreme case of long arcing -time 
ost indefinitely large number of kW -sec. could be 

rbed by an oil switch without producing disruptive 
fions, whereas the same amount of energy for 'a 
vely short time would blow the switch to pieces. 
over, it can be shown that the rate at which energy 
eased in an oil switch has a vital bearing upon the 
bution of energy in the form of heating of the con - 
and oil, and that the shape and arrangement of the 
is are equally important. In the quenched -arc 

h the subdivision of the energy liberated by the 
s such that the proportion of this energy which is 
d up by the contacts is much greater than the 

uut dealt with in the paper. Even the crudest of 
enments suffices to demonstrate this. After break - 
an amount of power which would have carbonized 
oil in a switch of normal design, the oil in the 
ched -arc switch remains undefiled, but the metal 
cts are found to be burned. This shows that the 
energy is absorbed by the contacts and not by the 
d, as it is the breaking -up of the oil which produces 

ptive effects, it shows that the quenched -arc 
er operates non -disruptively. 
. B. H. Leeson: In reading through the paper I 
reminded of the President's plea, in his recent 
gural Address, for the abolition of mere empiricisms 
your of more exact knowledge and data. The 
r rightly emphasizes a point which has been realized 
number of years, namely that an oil circuit -breaker 
reality a device for breaking a circuit in a gas 

le, Whether the necessary quantity and pressure 
are produced spontaneously when required by 

position of oil or by means of the liberation of a 
-made gas, such as a blast of air, is a matter 
ed by convenience of construction and by econo- 
Oil, besides being a simple means of producing 

* See Journal I.E.E., 1930, vol. 68, p. 1089. 
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gas favourable to arc extinction, has the added merit of 
reducing the size of a circuit breaker for a given standard 
of insulation security. Mr. Grant has already mentioned 
the small capacity of the plant used by the author. 
I should like to ask whether the author thinks this 
handicap affects appreciably the reliance which can 
be placed upon the results of the investigations he 
has carried out, chiefly upon circuit breakers of the old - 
fashioned open -tank type. I wish he had given more 
information in connection with the development of the 
modern closed -type circuit breakers, and I should like 
to know to what degree he thinks the data recorded in 
the paper apply to present -day circuit breakers of this 
type. The author will agree with me that the modern 
closed -type circuit breaker should not be judged by 
investigations made on the open type, any more than 
the modern applications of high- pressure steam can be 
judged by the data obtained from open -type boilers. It 
is difficult to appreciate the real significance of the figures 
in Table 2, and I would ask the author to include an 
Appendix giving the corresponding arc lengths, arc 
durations, voltages and currents broken.* With reference 
to Fig. 7, are the figures for percentage dissipation in the 
" open switch " and " switch with sealed tank " based 
upon a constant or a variable total -energy dissipation ? 

For instance, the first quantity " e " shown is 13.8 per 
cent for the open switch and 7 per cent for the sealed - 
tank switch, and it would therefore be helpful to have 
the figures for the total energy. I should like to know 
the pressures under which the energy dissipation of the 
sealed -tank switch was obtained, because, judging by the 
air cushions mentioned, these pressures would appear to 
be low compared with those utilized in practice. The 
distortion energy " a " of Fig. 7 should not be regarded as 
having been dissipated by a legitimate means; this type 
of dissipation should be minimized, so that the mechanical 
construction may remain unimpaired and the circuit 
breaker be left in a fit condition for further service. By 
using sufficiently strong enclosures it is possible to pro- 
duce a gas pressure which reduces the size of the arc 
bubble to the desired size, and produces conditions 
favourable to its rapid extinction. Practical experience 
and tests show that the mechanical strength of a circuit 
breaker is one of its most important properties, because 
the proportions of the energy dissipated are regulated 
accordingly, and it is therefore difficult to avoid taking 
mechanical construction into consideration when con- 
sidering the subject matter of the paper. In my con- 
tribution to the discussion on Mr. Grant's recent paper 
entitled " The Breaking Performance of High -Power 
Switchgear and of a New Form of Quenched -Arc 
Switch /' I included a diagramf illustrating the principle 
of energy balance for a circuit breaker. A perusal of this 
will indicate the limitation of the ground covered by 
the present paper and will show that, as the author 
acknowledges, much information still remains to be 
published. For example, the paper does not deal with 
the question of making the circuit, which operation is 
specified in the standard duty cycle for the performance 
of oil circuit -breakers (B.S.S. No. 116). I await, there- 
fore, with interest the publication of other papers. which 

* The are durations are given in Appendix V, which has been added 
for the Journal. t Journal I.E.E., 1930, vol. 68, p.1119. 
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will indicate more completely the scientific knowledge 
underlying the design and construction of such British 
circuit breakers as have been proved satisfactory by 
practical operation or by means of short -circuit testing 
plant. 

Mr. E. B. Wedmore: I find great satisfaction in the 
fact that whenever a Report of the Electrical Research 
Association is read before the Institution, the Association 
is criticized on the grounds that there are a number of 
important things it has not yet done which it should 
have done or should do. No further justification is 
required for the contributions to the funds of the 
Association so generously made by the Institution from 
year to year, or for the continual appeal the Association 
is making to the industry for better facilities and heavier 
financial support. Nevertheless the Association has 
been able to place at the author's disposal the results of 
many tests, and he has exercised great patience and skill 
in arriving at correct conclusions from so large an 
amount of data. He has produced for the first time a 
balance sheet which is complete on both sides, and 
although it only applies to certain particular designs and 
experimental conditions, the fact that it is substantially 
complete shows that all the important factors that need 
to be considered have been taken into account. When 
someone with better facilities comes to apply these ideas 
to another design, one capable of standing up to more 
severe service conditions, for example, he will be able to 
start with the assurance that when he has re- considered 
the factors that the author has brought to light, he will 
probably have covered the whole of the necessary ground. 
Until we can measure quantitatively the thing we are 
considering we can know very little about it. Such an 
analysis as this has never been made before. We are 
now able to measure and discuss something that we 
have never previously been able to discuss. I consider 
that the paper makes a contribution of which we now 
only begin to see the applications. When the work has 
been carried further we shall be able to predict what 
one may reasonably expect from a new design, and to 
compare on a sound and rational basis the properties 
of one design with those of another, so far as energy is 
concerned. Unfortunately this, like most of our other 
contributions to the art of switchgear design, is limited 
to ideas. We have not been able to experiment with 
circuit breakers of the large sizes now being used com- 
mercially, because we do not possess the facilities for 
which we have been asking the industry since 1924. 
The Electrical Research Association will be pleased to 
carry not only this but also many other similar researches 
and the development of its inventions into the region of 
100 000 or a million kVA as soon as the industry is pre- 
pared to provide the necessary facilities. 

Mr. H. W. Clothier (communicated) : The paper gives 
a balance sheet to account for the expenditure of arc 
energy in an oil circuit -breaker, based upon calculations 
and tests with comparatively small currents. As open 
tanks are not practicable the substance of the results 
appertaining to actual practice is confined to that given 
in the part of Fig. 7 which deals with circuit breakers 
having closed tanks, but this part is only intended by 
the author to give an " impression of results to be 
expected." He does not enter into such details as, for 

instance, the difference in results to be expec 
the wide range of cushion volurítés for which 
have been made. In the Summary we are 
that under identical external conditions wide v 
of performance are observed even in repeat t 
this is said to be due to fortuitous variations 
form and activities of the arc itself, of moving 
which affect the quantities appearing in the 
sheet. The quantities themselves seem to be su 

wide variations, which, in turn, may contribute 
variations in the test performances of circuit 
and presumably the issue is further complicated 
possibility of other " fortuitous " events occu 
as the coincidence of an explosion in the air cus 
a peak of a static pressure impulse. Speaking g 

doubt still pervades theories of breaking phe 
and although a large amount of data has been 
the determination of circuit -breaker ratings is 

mainly dependent upon the process of testing 
to destruction on large. ana expensive plants 
wheels of research, particularly co- ordinated 
run slowly, so that, notwithstanding the exis 
testing plants at home and abroad, which are n 

occupied upon such investigations, I anticipate 
will be some time before universal agreement 
secured upon the outstanding points. These inc 
true limitations of circuit breakers in relation 
dimensions and the disposition and characte 
materials, and the most efficient use of gas- blast, 
this is automatically produced at high density 
the globule of an oil circuit- breaker with a stro 
tainer or within a structure which sacrifices t 
ficial use of oil as an insulating medium. M 

there is much to engage our immediate atten 
working out a co- ordinated plan for the univer 
pretation of results from test records, and acco 
ing these to the available designs. The nature 
test circuit must be counted as of first importance 
the variables controlling the performance. This 

includes the size of the power plant and the 
capacitance and inductance in the test circ 

order to obtain a universal interpretation of a ra 

may have to select a universal standard circ 
which the particular ratings can be checked r 
performances. The alternative is to select a 
circuit for each particular rating. After ratings 
performances have been settled there rem 
selection of ratings to suit the several positiom 

supply system, paying due regard to the hazards 
are justifiable in some positions for the sake of 

Mr. S. D. Norberg (communicated) : I agree 
author when, referring to the accuracy of the 
sheet and the agreement between calculated and 
values of energy, he states in the Summary 
results " must be regarded as highly satisfactory.' 
if it is not the first time that such a balance s 

been set out, this one represents a great achie 

and the calculation of the arc temperature is a 

beautiful piece of work. It particularly inte 
that the author has found the arc temperature 
approximately constant and independent of 

Although this is one of the main assumptions 
which I based the theory given in the paper by 
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'ch reference is made, I must confess that I find it 
It to understand why it should necessarily be 
t. I believe that it is sufficiently correct for an 
ruing steadily and continuously in air. In such 
ions the temperature is probably approximately 
to the boiling temperature of the electrode material 
t 2 100° C. for copper), the arc stream contains an 
ciable amount of electrode gas, and the pheno- 

of boiling -at constant atmospheric pressure- 
s an automatic temperature regulator. The con- 
s are very different for the arc in an a.c. circuit 
r. The duration of the arc (0 01 sec. at 50 cycles) 
rt, and the electrode voltage -drop, which is pro - 
nal to the temperature gradient, should cone- 
y be comparatively higher, as the temperature 

ent varies in inverse proportion with time (see 

dix I). Further, it is not certain that the electrode 
emperature is equal to the boiling point. In some 
at least, e.g. Stolt's revolving 'arc, Birkeland- 

's furnace, etc., there is hardly any burning of the 
odes and the arc contains very little electrode gas. 
e, then, is the automatic temperature regulator ? 

e other hand, if we assume, as the author does, that 
ectrode temperature is in the neighbourhood of the 
g point, how can the temperature of the arc stream 
ch higher ? The author states that at low currents 
emperature is probably the same for the open 
r as for the sealed -tank type. Is it to be under - 
that there is a very sudden temperature -drop 

to the electrode surfaces ? If so, would not this 
t in greater energy being lost to the electrodes ? 

d the hot -spot temperature be taken to be the same 
e temperature of the arc ? The tests reported refer 
cs at only one voltage and at rather low currents. 
out a good understanding of the physical actions 
take place it seems difficult and uncertain to draw 
usions as to what would happen at, for instance, 
higher voltages and currents. When calculating 

adiation energy the author assumes that the loss 
entimetre arc -length per unit time is proportional 
e current. With constant temperature and pres- 
however, the consistency of the arc stream and the 
t density ought also to be constant, and, if this is 

e sectional area will increase with the current and 
ircumference will increase with the square root of 
urrent. It seems more plausible, therefore, to 
e that the radiation loss is proportional to the 

e root of the current. The arc length naturally 
d refer to the total real length and not to the 

g distance. The arc is not a straight line but 
, and is nearly always longer than the breaking 
ce, due partly to magnetic blowing and partly to 
ction currents in the surrounding medium. I 
e that this is rather an important point, and one 
hould be considered in the calculation of all kinds 
ergy losses which pass through the cylindrical 
e of the arc. It is, however, difficult to measure 
ngth and other dimensions of the arc, and this .is 
the points on which better knowledge is wanted. 

ction (6) the author states that the energy liberated 
ulated from a formula given in a previous E.R.A. 

So far as I know, no proof of the correctness of 
ormula has been published. In view of the lack 

of knowledge of the geometrical dimensions of the arc I 
think that we have no right to accept this formula for 
general use. In Section (4), referring to the tests with 
aluminium contacts, the author states : " The noticeable 
feature of these tests was the greater length to which 
the arc was drawn, and consequently the great amount 
of energy liberated," and adds that this is in direct 
opposition to the view expressed by myself. In the 
paper referred to I stated that Sir J. J. Thomson had 
shown that the current density in the arc increases with 
the boiling point and atomic weight of the electrode 
material. I think that this conclusion holds good as 
soon as the arc contains an appreciable amount of 
electrode gas. If so, the cooling surface in an aluminium 
arc ought to be greater than that in a copper arc, but 
the effect of this may be entirely compensated by a 
lower temperature. Therefore I do not think that what 
I said is in opposition to the author's experience, and 
anyhow I did not express any such view. I also men- 
tioned in my paper that I had successfully employed 
aluminium for circuit -breaker contacts. The reason why 
I thought it worth mentioning was that at that time 
(1906 -07) many people thought it impossible to use a 
material with a melting point of about 650° C. as 
electrodes for an arc whose temperature was believed to 
approach 4 000° C. I agree with the author that more 
tests with aluminium- electrodes would be of great 
value. I doubt whether it is right to assume that the 
contact energy and radiation energy are even approxi- 
mately the same for aluminium as for copper. The 
paper refers to many more questions of great interest 
which are rather difficult to discuss, because many test 
figures are not published (e.g. for current and arc dura- 
tion,* in Tables 2 and 3). 

Dr. F. Kesselring (communicated) : I should like to 
thank the author for bringing to completion my former 
work on the energy balance of rupturing phenomena in 
oil. On pages 557 and. 562 it is stated that the average 
temperature of 1700° C. given by met for a d.c. 
2- ampere arc is too low. The temperature distribution 
given in Part 2 of my work is taken from an unpublished 
test made by M. Wehrli, of Basle University. Similar 
results with carbon arcs are given on page 51 of W. 
Mathiesen's book, I where it is stated that the tempera- 
ture rises considerably not only with the current density 
but also with the pressure. Illustration 2 in the same 
work shows that the maximum temperature of the gas 
layer in front of the anode was about 5 000° C., whereas 
the gas layer in front of the cathode had a temperature 
of 3 300° C. The measurement of the temperature dis- 
tribution was made in air at atmospheric pressure. As 
the electric gradient in hydrogen is considerably greater 
(average 290 volts per cm) than in air, and as higher 
pressures and comparatively higher currents are present 
in the oil circuit- breaker it is clear that a higher arc tem- 
perature should be measured in the oil circuit- breaker. 
P. Altbürger has continued oil circuit -breaker tests § 

begun by me, and from cinematographic measurements 
of pressure he obtains, on the basis, of the gas equation, 

w The arc durations are given in Appendix V, which has been added for 
the Journal. 

t F. KESSELRING: Elektrotechnische Zeitschrift,1927, vol. 48, p. 1278. 
$ " Tests on Electric Arcs," 1921 (E. Haberland, Leipzig). 
§ Archiv far Elektrotechnik, 1928, vol. 21, p. 61. 
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average temperatures between 1 200° and 3 300° K. 
The smaller value applies to the first half -wave and the 
greater to the last half -wave of the arc.* The author's 
statement that molybdenum and possibly carbon melt 
in the arc confirms the estimate that the temperature of 
the latter must be at least 2 500° C., but gives no par- 
ticulars which would enable the average temperature of 
the gas bubble to be determined. It is especially notice- 
able that the author makes no mention of the vapour 
content of the bubble. According to measurements 
made by A. von Engel, j. oil vapour is present at a very 
short distance from the arc. As vapour can still only 
exist at comparatively low temperatures, the presence of 
vapourmust considerably reduce the average temperature 
of the bubble (cf. von Engel and Kopeliowitsch's tests). 
Further tests on cathode temperatures have been made 
by M. Wehrli,t and some of his results were given in 
my own recent paper.§ According to this, the cathode 
temperature is about 3 200° K., whereas in my former 
work the gas -layer temperature at the cathode was 
given as 3 300° C. Neglecting the presence of vapour 
within the gas bubble, the average temperature of the 
latter, obtained from the results of the various investi- 
gators, is about 3 000° K., which confirms the author's 
calculated temperatures. The vapour content, which 
according to our latest tests on expansion -quenching 
exerts a principal influence on the phenomena in the oil 
breaker, tends to reduce this temperature. Up to the 
present, however, enough tests have not been made to 
estimate with security the average temperature, taking 
the vapour content into consideration. With regard 
to the energy balance put forward by the author, as my 
tests have been made entirely with enclosed switches it is 
only possible to compare them with the author's tests on 
switches in sealed tanks. His tests are for low switch 
energies of 3 to 10 kW -sec., and the corresponding 
energy balance will be comparable with that given by 
me for the " experimental switch." The energy absorbed 
in heating the contacts I calculated as 6 per cent; the 
quantity of heat required for vaporizing the copper was 
neglected, for, as stated by the author, this will only 
be small. His figure (7 per cent) for the contact energy 
is greater, as he includes the energy released in the gas 
layer near the contacts. I am unable to judge the 
" radiation " or " conduction " energy as I do not 
understand the calculations on pages 561 and 566. It is 
also not clear how the gradient of 8 volts per cm is 
obtained. The energy portion used for heating and 
vaporizing the oil is correct. The energy used in dis- 
sociating the hydrogen agrees with values found by 
A. von Engel, who finds the dissociation energy to be 
29.4 per cent of the total energy. The energy portion 
" i " agrees well with my figures for oil- piston energy " b." 
According to my calculations for a special case, the energy 
portion " j," based on an average specific heat of 
2 X 10 -3 watt -sec. per cm3 and a temperature of 0° C., 
was 45 per cent of the total energy, i.e. there is general 
agreement. I am unable to check the energy portion " k ", 

* Archiv ficr Elektrotechnik, 1928, vol. 21, p. 84. t " Electrical Measurements and Gas Analysis for Tests on Arcs in Oil," 
Wissenschajtliehe Verò jentlicluangen aus dem Siemens- Konsern, 1930, vol. 9, p. 36. 

$ Helvetica Physica Acta, 1928, vol. 1, p. 323. 
§ " Switching of Large Outputs," Elektrotechnische Zeitschrift, 1929, vol. 50, 

p. 1008. 

but it plays no important part. In this co 

some remarks by A.- von Engel* on gas form 
dissociation in arcs in oil are of interest. Sum 
the energy balance given by the author agrees g 

under the headings " e," " g," "'h," " i " 
with the results of the above -mentioned 
workers, whereas the terms " f " and " k " axe 
extent to be regarded as less reliable. 

Dr. J. Kopeliowitsch (communicated) : The 
interesting in many different respects : firstly, 
it attempts to explain the processes occurring 
immediate neighbourhood of the arc in the gas 

secondly, since it deals with the question of 
temperature -an important matter from the 
point of view -and finally because it gives 
detailed treatment of the energy balance than 
published by other authors.t According to the 
calculation, the cathode and anode drops amo 
volts, which value corresponds approximately 
obtained in the Research- Laboratory of Messrs. 
Boveri and Co., Ltd. About 100 oscillograms 
senting circuit interruptions of 1 000 to 3 000 
R.M.S. were used to determine the arc voltage 
the two breaks in series at the moment of sep 
the contacts. The first potential -drop shown 
oscillogram at the beginning of the interruption 
the order of 70 to 90 volts, or 35 to 45 volts per 

This potential -drop may be considered to con 
the sum of the cathode and anode drops. 
probably a small positive error in the above 
The cathode drop measured by Grotriant on an 

d.c. arc in air for 3 amperes (copper electrod 
22 volts, while Child's measurements at 6 am 
only 14 volts. According to Grotrian the an 
decreases with increasing current and is appro 
15 volts, while Child gives the anode drop as 
Both of these investigators agree that the m 

anode and cathode drops may be taken as 3 

which value fits in very well with our calculai] 
those of the author. Fig. '7 and Table 4 show 
energy required for heating and vaporizing 
about 30 per cent of the total energy liberated 
arc. This value agrees well with the figure 
30 per cent given by von Engel.§ The figures 
Kesselring (90 per cent) and A. L. Müller (75 

appear to be too high. The kinetic energy sto 
oil piston has been calculated from the ultra -ra 

matograph records of the rupturing process of 

at rupturing capacities up to 17 000 kVA which 
in 1927 and 1928. From this calculation§§ the of 

energy of the glass Circuit- breaker used was fo 

0.05 to 0.1 per cent of the total arc energy. IC 

calculations gave the figure as 1 to 2 per cent, a 

which is about 20 times higher than the one we o 

The energy stored in the oil piston cannot be es 

from the present paper. The work done d 

expansion of the gases is given as 10.2 and 7.9 

* Wissenschaftliche Veröffentlichungen aus dem Siemens- KonXenr, 
p. 106. 

t F. KESSELRING: Elektrotechnische Zeitschrift, 1927, vol. 49, p 

A. L. MOLLER: Verband Deutscher Elektrotechniker Fachberichte,1918, 
t W. GROTRIAN : '' The Long D.C. Luminous Arc," Amelia; der P 

vol. 47, p. 141. 
§ A. von ENGEL: Verband Deutscher Elektrotechniker Fachbericht, 
II See J. KoPELIOwITSCR: Schweizerischer Elektrotechnischer Van 

1928, vol. 19, p. 541. 
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open -type and 3 per cent for the closed -type 
t breaker. Am I right in assuming that this 

is stored by the oil piston ? This point is of 
ance in practice as it is closely connected with the 
on the circuit breaker caused by the action of the 
on against the cover. It is not quite clear to me 

the large amount of energy (up to 39 per cent) 
d to heat the gas up to the arc temperature has 

calculated, and I should be glad if the author 
d give an explanation of this point. I agree with 
hat the gases in the immediate vicinity of the arc 

approximately the temperature of the latter. 
measurements and deductions have led to the 
usion that only a small fraction of the gas has this 
temperature, and that the mean temperature of the 
bble at the moment when the arc is finally extin- 

ed is 800 to 1 000° K.* From this it follows that 
ases which are highly heated by the arc are cooled 
inside the gas bubble, and the heat absorbed is 

ered. Thus the heat flows from the arc to the 
hery of the gas bubble, which most probably also 
s.the -oil to heat -up and evaporate. It must be 

e in mind that atomic hydrogen (H) has a much 
r heat conductivity than molecular hydrogen (H2). 

e process takes- place in this way the majority of 
eat referred to above (39 per cent) will have to 
ded to that required for heating, evaporating and 

rizing the oil (30 per cent). A certain difference 
t exist due to the fact that this heat energy 
d produce only oil vapour, which would con- 
e after the gases in the circuit breaker had cooled 

It may be added that the mechanical stress on 
ircuit breaker is due neither to the arc temperature 
o the temperature of the hot gases in close proxi- 
to the arc, but solely to the mean gas temperature 

the mean composition of the gas at the moment of 
tion of the arc. Our tests were therefore carried 
articularly along these lines, and sufficient informa- 
for calculating the stresses in oil circuit -breakers 
obtained. The method of calculation which was 
ted could be checked and confirmed on the high - 
r testing plant by carrying out rupturing tests at 
argest rupturing capacities so far obtained in such 
ts. In reply to the author's statements concerning 
determination of the mean arc temperature at 
spheric pressure, I should like to point out that the 

ern -type oil circuit- breakers, particularly those pro - 
with explosion chambers, produce high pressures 
operating; It remains to be investigated how the 

emperature varies with increasing pressure. The 
g tests carried out by ust and other authors 

shown that both the arc voltage per centimetre 
he production of gas per kW -sec. increase with in- 
mg pressure: This increase of the arc voltage can be 

ed in two ways; firstly by the fact that the arc is 
d more efficiently when the density of the gas is 
er, and secondly since a larger voltage -gradient will 
quired to produce a given current as the free path 

shes. It is not clear which of these two factors is 
ore important. 

C. E. R. Bruce (in reply) There are two main 
KOPEL1owlrscn: Revue Générale de l'Électricité,1930, vol. 27, p. 295. 
KOPELI°WITSCR: Schweizerischer Elektrotechnischer Verein, Bulletin, vo1.19, p, 550. 

points which require emphasis at the outset as they 
cover many of the remarks of the various speakers on 
the paper. ' In the first place, as emphasized by Mr. 
Wedmore, the paper describes a method of investigating 
the phenomena occurring when the arc is drawn in an 
oil circuit -breaker, in their more fundamental aspects, 
and also provides the results of the application of the 
method to two illustrative, though admittedly somewhat 
limited, examples, the second of which has a decided 
bearing on the practical case. (In reply to Mr. Grant's 
query, I think it is clear from the paper -see, for 
example, Summary, Table 2 and Figs. 5 and 6 -that 
there were over 80 tests in the open tank and over 
40 in the closed -tank circuit breaker.) The corresponding 
results for higher powers can be readily obtained on the 
same lines, when the data are available. 

Investigations carried out in the much -maligned open- 
tank experimental switch have taught us much that 
would probably have remained obscure, had only closed 
or nearly -closed tank circuit breakers been used through- 
out. As regards the results to be expected at higher 
powers, the phenomena already observed at the lower 
powers so far available have already shown so many 
different features that little can be said as to the results 
likely to be obtained at much higher powers. Dr. 
Kesselring's results certainly indicate that little change 
is observed in one or two important factors as the power 
is increased, but these, particularly the oil- piston energy, 
depend on the conditions of rupture, so that the applica- 
tion of the results as they stand is limited. 

The second main point is that the calculated tempera- 
ture is that existing just at the arc, not the mean 
temperature of the globule contents, and is not influenced 
to any appreciable extent by the presence or absence 
of oil vapour in the globule. I agree with Doctors 
Kopeliowitsch and Kesselring that this mean gas tem- 
perature is of great practical importance, and agree 
that it is probably of the order of magnitude they 
suggest. 

Mr. Norberg asks what is the temperature regulator if 
not the electrode boiling point. I think it is the 
temperature required for thermal ionization of the 
gas. I see little difficulty in the existence of a sudden 
temperature -drop at or close to the electrode surfaces 
(compare the kettle of water on an electric hot - plate) 
and think I was correct in choosing a temperature 
approaching the boiling point of the electrode material 
in calculating the heat conducted, as only when that 
temperature is reached will conduction occur in 

`accordance with the equations used. 
The value of the radiation energy has been questioned 

by Messrs. Grant, Norberg and others on insufficient 
grounds, it seems to me: The value -about 10 per cent 
of the total energy -obtained from the voltage gradient 
in arcs at very low pressures, - when the energy must be 
lost practically entirely by radiation, agrees well with 
any reasonable estimate that might be made, based on 
the results of measurements of the radiation from 
gaseous explosions, in which the energy radiated is of 
the order of 10 per cent of the energy involved in the 
explosion, and may be much greater. I agree, however, 
that further study of this quantity is desirable. Mr. 
Norberg suggests that this term should be proportional 
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to the surface area of the arc and hence to VI. There 
are as strong or stronger grounds for regarding this 
energy loss as a volume, rather than a surface effect, 
and until more evidence is available I think it better 
to make the calculation as is done in the paper. 

In regard to the other terms of the energy balance, I 
am glad to have Dr. Kopeliowitsch's confirmation of the 
magnitude of the contact potential -drop and do not 
understand Mr. Grant's remarks on this subject. The 
element of time does not enter in the manner he suggests. 

I regret having missed the work of von Engel and 
Müller on the breaking up of the oil, but have been 
unable to obtain the V.D.E. Fachberichte papers, 
although wide inquiry has been made of London scientific 
libraries and other likely sources since Dr. Kopeliowitsch 
drew attention to them. I do not know to what 
.Müller's 75 per cent refers; but Dr. Kesselring's 90 per 
cent, quoted by Dr. Kopeliowitsch, must be compared 
with the sum of terms " f," " g," " h," " j " and " k " 
for the closed- switch case, i.e. 90 per cent, and not with 
term " h " alone. 

As regards Dr. Kopeliowitsch's question on the " oil - 
piston " energy, this is represented by the term " i " in 
the closed -switch case, and depends on the volume of 
gas in the gas cushion. It is difficult to understand Dr. 
Kopeliowitsch's very small values for this quantity, 
unless the gas cushion he employed was exceptionally 
small. 

In reply to Mr. Grant's question, the pressure recorder 
used was a Cambridge Instrument Company's celluloid - 
strip micro indicator suitably modified, and the records 
were in most cases taken in the gas cushion. This 
instrument has been found to function satisfactorily 
and to give results in accord with those obtained by 
means of a piezo- electric pressure recorder developed by 
Mr. P. D. Morgan. 

In reply to Mr. Leeson, the tests were all made at 
about 5 000 -5 500 volts (R.M.S.). The approximate 
R.M.S. currents are given in Table A, while the velocity 
of contact separation was approximately 100 cm per sec. 

The values of the arc durations .lave been 
Appendix V, as requested by Messrs. Leeson and 

The pressures in the closed circuit breaker r 
to about 30 atmospheres. 

I entirely concur with Mr. Clothier's remarks 
need for standardizing circuit- breaker testing c 

Mr. Norberg gives the impression on page 
paper that he found aluminium a satisfactory 
circuit -breaker contacts and that this is in ac 
his expectations based on the considerations giv 

1 

TABLE A. 

Approximate Values of Current in Tests in T 

Current Test numbers 

amps. 
270 1279 -1292,1396 -1399 
500 1293 -1304 
750 1305 -1318 

1 000 1323 -1340 
1 750 1341 -1347, 1356 -1363, 
2 000 1348 -1354 
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paper. As regards my use of our formula for arc more 

it is certainly justified in the present case by 
factory representation of the data in connec 
which it is used, while Mr. Norberg's fo 
example, quite fails to represent our data on arc 

The figure quoted by Dr. Kesselring for the vo 

unit length of arc in tests in hydrogen seems 
indeed in comparison with the results quoted in 
paper,* i.e. 290 volts per cm as against our 
50 volts per cm at about 1.3 atmospheres 
(abs.). I cannot agree with Dr. Kesselring in 

missal of the energy content of the dissociated h 

as playing no important part, as it is a case in 1v 

little goes a long way." 
s Journal I.E.E., 1929, vol. 67, p. 557. 

NORTH -EASTERN CENTRE, AT NEWCASTLE, 12TH JANUARY, 1931. 

Mr. J. A. Harle: Am I correct in assuming that the 
arc temperature given by the author is that of the actual 
arc stream, and not the mean temperature of the cavity 
or bubble ? If so, it is to be expected that the actual 
temperature of the stream should be independent of sur- 
rounding conditions. Thus arcs in open and closed tanks, 
with varying gases and pressures, and carrying different 
currents should all have about the same temperature, 
because the arc is a saturated ionic stream and as such 
should obey certain physical laws. For example, my 
experience with small d.c. switch arcs in air shows that 
changing the surrounding pressure from about 0 4 
atmosphere to about 10.0 atmospheres does not affect 
the arc length or arc characteristics in any way, except 
for its influence upon the luminosity of the arc. This 
suggests that the surrounding pressure produces no 
effect upon arc characteristics other than possible 
secondary phenomena. I would have welcomed more 
data regarding the closed -tank switch, as this is the 

type always met with in modern practice, and 
the investigation of open -tank switches may 
the experiments on the closed type, if taken by 

may be misleading. The value of the arc tem 

to the engineer or designer will depend, I t 
his answers to the following questions : (a) 

extinction in an oil circuit- breaker controlled 
arc becoming unstable at a certain length, as 

arcs, or (b) does arc extinction occur after a 

critical length is reached because the arc 
re- struck after the next zero pause -owing 
electric strength of the path being greater 
value to which the voltage rises immediate' 
the current is ruptured ? If he decides to ans 

the affirmative, he will require methods of encre 

arc volts per cm, so that instability can be r 

soon as possible. If, on the other hand, he 

affirmative reply to (b), the question of encre 

electric strength of the gas bubble during t6' 
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o current will have to be considered. Except 
e influence of arc temperature upon these two 

ble factors, it is questionable whether a knowledge 
e arc temperature is of any help to the designer, 
eas a knowledge of the mean temperature of the 
ubble at different pressures together with informa- 
as to the effect of bubble pressure upon the arc 
acteristics would be valuable. Has the author 
d any trace of variation of contact drop of potential 
current? When dealing with small d.c. currents 

w voltages I found that the relationship between 
inimum arcing voltage and the current could be 

esented by a curve somewhat similar in shape to 
usual voltage /current characteristic of a d.c. arc, 
I ask the above question with a view to finding out 

ether this curve tends to a definite finite value, 
ich will be the minimum possible arc voltage. It 
uld appear that this factor is unimportant in. high- 
tap switches, so that similar arc characteristics 
uld be expected for different metals, unless the 

63, 1401 influences the actual stream to a greater extent 
x it does the contact potentials. In Section (5), 

'ng with closed -tank switches, the author makes it 
that holding .the oil up to the arc stream results 

ore energy being used in vaporizing the oil and 
ucing an increased volume of gas at low mean 
rature. I should like to ask whether this results 

reduced critical arc length and increased arc volts 
m. If not, it would . appear that the critical arc 

is a function only of the arc -stream temperature, 
does not depend upon the gas- bubble temperature. 
ater cooling and increased pressure has the effect 

clueing the critical arc length, subdividing the arc 
hie into a number of small bubbles by using multi- 

s would produce still cooler bubbles, as the surface 
it evaporation increases greatly in proportion to 

energy available, and, in addition, the electrode - 
gy term would become greater. In this connection 
uld point out that the use of a single bubble in 

duty circuit- breakers produces a greater amount 
rbon than the use of, say, four bubbles. I have 
s put this down to the increased cooling provided 
e extra bubble surfaces, and consequently would 
me the author's views as to the possible reduction 
c length mentioned previously. Regarding the 

d -tank breaker, I should be glad of further informa- 
as to the range of air -cushion /kVA ratios over 

h the temperature and energy distribution holds, 
ltematively, the pressure range which the investi- 
n covers. From the current and air -cushion values 
ed on page 573 it would appear that the pressure 

covered is somewhat lower than that usually 
oyed on heavy -duty circuit -breakers. For example, 
author's values vary from 73 to 1 800 cm3 per 
kVA, whereas on heavy -duty breakers air- cushions 
to 60 cm3 per 1 000 kVA are frequently met with. 
he anticipate that his conclusions will cover this 
ton, and also the heavier currents and higher 
es ? With reference to Fig. 7, are the energies 
ented by the open switch equal to those of the 
switch ? If not, some indication of their relative 

s for a common kVA and power factor would be 
me. I should have thought that the contact - 
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energy term would be a function of the current, and 
not a constant proportion of the kVA, unless. the speed 
of break was such as to give a constant arcing period 
for all voltages (ignoring any factors of chance, such as 
the point of the current wave at which the critical arc 
length is reached). If such speeds are not used, a 
variation of this percentage ratio with voltage is to be 
expected. It is doubtful whether the values obtained 
for the arc temperature by inserting metals into the 
arc path (page 571) are of much value, as unless the 
materials are very small they may shunt part of the arc 
stream and result in the formation of intermediate 
craters, with the result that the material is burnt away. 
If any temperature measurements are taken by this 
method the inserted materials should be insulating in 
character, e.g.. ceramic bodies, in order to prevent arc 
craters from forming. 

Mr. L. C. Grant: Many people believe in the " zero - 
current pause " theory, i.e. that an a.c. circuit will be 
interrupted at the first or some subsequent current -zero 
point of arcing. In the process of breaking an a.c. 
circuit the arc progressively increases in resistance, due 
to lengthening and to the reduction in current. At each 
successive instant when the current passes through zero 
(note that it does not " pause ") the ionic concentration 
becomes less pronounced, and upon re- striking the arc 
the intensity and tenacity of the latter are weakened. 
Sooner or later, it is argued, the current will be reduced 
to such an extent that the ionic path between electrodes 
will not be sufficiently concentrated to enable the arc 
to re- strike. On the other hand, in a recent issue of the 
Journal there are shown oscillograph records* of an 
alternating current being forced down to zero by means 
of a quick -acting circuit- breaker; the current reaches 
zero earlier than if it had been allowed to decay 
to its natural " current- pause " point. I am aware 
that, owing to phase -angle changes at the critical point 
near the final break, it is rather difficult to locate the 
precise instant at which the current should reach zero, 
but careful measurement has given evidence that the 
current can be forced down to zero in this way. In 
the extreme case, if - the zero- current -pause theory of 
breaking were completely accurate it is difficult to 
see how it would be : possible to break a d.c. circuit 
at all. What we call an electric " arc in a cir- 
cuit breaker appears to . be a discharge having both an 
ionic and a thermionic character. It. would probably 
be safe to assume that it commences chiefly as an 
ionic discharge fed with material from the contacts 
and other parts, and as the arc is lengthened the energy 
dissipated in it first grows, then decreases. Near, the 
extinguishing point the " arc " could more _accurately 
be described as a spark, and about this time the ionic 
character almost disappears and the discharge takes 
on a more pronounced thermionic character. A dis- 
charge of this nature is relatively easily extinguished; 
without disruptive effects. If the ionic emission were 
controlled and limited during the " arcing ." period 
the amount of energy consumed by the arc would be 
similarly controlled. As the mechanical strength of the 
circuit breaker is determined by the energy dissipated 
in the arc, if such a control were arranged the pressure 

* Journal I.E.E., 1930, vol. 68, pp. 1096, 1109 and 1110. 
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would be reduced and the circuit breaker greatly 
simplified. A simple way to control the ionic discharge 
is to control the temperature of the various parts in the 
vicinity of the arc. 

Mr. R. W. Gregory: The tabulated results given 
in the paper show that about 75 per cent of the total 
energy liberated in an oil circuit -breaker is absorbed 
by the oil. Fire and risk of explosion are the attributes 
of oil used for this purpose, and these factors are of 
primary importance in the design and lay -out of high - 
power switchgear. For these reasons many people 
think that oil is the wrong material to employ as an 
energy absorber, and the gas -blast breaker, the water 
breaker and the " de -ion " breaker were designed mainly 
to eliminate the use of oil as an energy absorber. Oil, 
on the other hand, is a useful insulator, and it allows 
high -voltage apparatus and high -voltage arcs to be 
contained within reasonable dimensions. If it were 
possible to increase considerably the energy absorbed 
by the metallic contacts and to reduce to a minimum 
that absorbed by the oil, the use of oil could be retained 
with advantage. How can this be done ? How can 
we induce the arc to warm, melt and vaporize the metal 
of the arcing contacts in preference to boiling, vaporizing 
and cracking the oil ? Multi- breaks with high speed of 
break and short arcing time may offer a way of attaining 
this end. Has the author any figures showing the effect 
upon the distribution of the energy liberated in the 
circuit breaker of increasing the number of breaks ? 

His tests show that arc temperatures calculated on the 
basis of volume of gas liberated do not vary appreciably 
with the composition of the arcing contacts, when the 
latter are either aluminium or copper. I take it, how- 
ever, that the temperature of an arc in oil has some 
relation to the boiling -point of the arcing- contact 
material, e.g. if mercury contacts were used one would 
not expect the temperature to approach the figure of 
2 500° K. which the author obtained with aluminium 
and copper contacts. It would be interesting to know 
what are the effects upon the energy liberated in an 
oil circuit- breaker of using arcing contacts made of 
materials with appreciably different boiling- points from 
those of copper and aluminium. 

Mr. C. E. R. Bruce (in reply): Several of the points 
raised in this discussion have already been dealt with in 
the reply to the London discussion (see page 587). 

In reply to Mr. Harle, the temperature given is a 
minimum estimate of that of the arc path itself, and any 
information bearing on the latter is of the greatest 
importance, as there can be little doubt that conditions 
at and just after the current zero determine the arc 
lengths. His conclusion as to the independence of 
arcing medium and this temperature is, however, not 
justified. For example if, as I have suggested, the 
regulating feature is the temperature at which thermal 
ionization will give the necessary positive ions in the arc 
stream, then the temperature will vary with the ioniza- 
tion potential of the medium. The variation of contact 

drop of potential with current, has not been 
investigated, but I have emphasized the variati 
voltage of the proportion of the total energy abs 
the contacts. It has so far not been possible to 

the conditions at current zeros in the closed 
breaker as closely as we should wish, in parti 
regards the separation of the effects of tempera 
pressure in the arc stream on the extinction of 
Mr. Harle's observation as regards carbon deposit 
different conditions is in. accord with the consid 
given in Section 5c (ii) of the paper, together 
calculated data in Table 8. 

In spite of Mr. Grant's suggestion, I shall 
to consider that, at the majority of arc current 
the current does " pause " -not necessarily 
absolutely -as is borne out by cathode -ray 
graph records, and in many cases the pause 
seen on ordinary oscillograph records. To all 
and purposes the arc is extinguished at each 
zero, particularly later in arcing, just as certainly 
when it remains extinguished at " arc break." 
it restrikes depends on considerations different fro 

operative during arcing, and a certain time, or 
required before arcing recommences. The osc 

records to which Mr. Grant refers may or may n 

the current being forced down to zero. In no c 

evidence as it stands sufficient to warrant this con 

though I agree that phase- changes are produced 
insertion of the arc voltage. Fig. 39 on page 
the paper referred to, for example, may, so far 

diagram shows, be simply the small and large h 

of asymmetrical short- circuits, and in that case 

be entirely misleading. Mr. Grant's argument as 

impossibility of rupturing a d.c. circuit, were 
pause theory completely accurate, is unwarran 
ignores the fact that, were rupture of an a.c. cú 

made much simpler by the existence of the curr 

conditions, it would then simply be ruptured in a 

very similar to that of the d.c. circuit. The latter 
of preventing re- formation of the arc is not a d 

one, owing to the very rapid liberation of energy 
It is much more satisfactory to effect rupture 
efficacious treatment at the current zero (such 

available in the E.R.A.'s gas -blast circuit -b 

which leaves the arc voltage during current flow 

unaffected. 
Mr. Gregory has emphasized the desirability of r 

energy imparted to the oil. The calculations lo 

so far been applied to tests with more breaks th 

though such will be of interest for many reasons, 
also those mentioned by Mr. Harle and the change 

dynamical relations. It has so far not been po 

carry out tests with very different contact rue 

though such is our intention when opportunity o 

I think the dependence of the arc temperature 
electrode metal boiling point has probably bees 

stressed in the past; at least the present results, 

as they go, certainly indicate such a conclusion. 
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DISCUSSION ON 

HE DISTRIBUTION OF ENERGY LIBERATED IN AN OIL CIRCUIT -BREAKER ; 

WITH A CONTRIBUTION TO THE STUDY OF THE ARC TEMPERATURE. "* 

NORTH- WESTERN CENTRE, AT MANCHESTER, 24TH MARCH, 1931. 

r. V. A. Brown : I am interested in the paper 
in the point of view of circuit -breaker design, and 
er the following comments on the difference between 

results of the author's experiments and those on 
ge commercial oil circuit -breakers. The percentage 
tribution of energy in plain commercial oil circuit - 
akers, which must be sealed to prevent excessive 
-throw, will differ from that found in the author's 

ed -tank breaker on account of the different relation - 
p between the arcing path and the air cushion. In 

author's breaker the air cushion is kept separate 
m the arcing path. The difference will be greater 
when a comparison is made between the commercial 

aker and the author's open -tank breaker, in which 
gas bubble is allowed to expand to atmospheric 
sure. From experience of the testing of commercial 
circuit- breakers fitted with plain arcing contacts, 

currents ranging from 1 800 to 45 000 amperes, with 
tages from 4 200 to 14 500 volts, I can state that 
of gas " volumes as hh as 570 cm3 per kW -sec. of 
energy are produced. Volumes of gas of the order 
00 cm3 (at N.T.P.) per kW -sec. have been experienced. 

latter figure is more than 2 times that given by 
author's open -tank breaker. I make these conv- 

ents in order to emphasize the fact that the figures 
ven in the paper can only refer to the particular 

akers and testing conditions under which the inven- 
tion was carried out. At the voltage considered 

the paper, namely 5 500 volts, any modification of 
e test -circuit constants giving a more rapid growth 
recovery voltage across the breaker contacts would 
rease the length and duration of the arc and so alter 

e author's balance sheet. Tests at high voltages 
odd also modify the result. Similarly the newer 
rms of oil circuit -breaker, in which the arc is controlled 

a greater extent than in breakers fitted with plain 
tacts, generate more gas per kW -sec. The arc 
ation is less owing to the more rapid sealing -up 
the gaseous conducting path by scavenging of the 
products, combined with the rapid introduction 

an oil seal into the whole or part of the arcing path. 
account of the shorter arc duration, a smaller total 

ume of gas is generated. The ultimate aim of the 
nit- breaker designer is to interrupt the current 

thout drawing an arc. This ideal has been approached 
the vacuum breaker, which depends upon a very 

h vacuum for its operation, but until gas -free metal 
stainers have been evolved it cannot be developed 
mmercially. So long as an arc must be drawn before 

circuit is interrupted the most that can be achieved 
to quench the arc at the first zero value of current 

r contact separation. Does the author consider 
at the contact drop will remain constant at 30 volts 

arc currents of the order of 100 000 amperes? An 
* Paper by Mr. C. E. R. BRUCE (see page 557). 

amplification of the author's remarks on the air -blast 
circuit- breaker might be of interest. This type of 
breaker can be readily applied to cellular and cubicle 
switchgear, but is not particularly suitable for metal - 
clad switchgear. To my mind, the accessory equip- 
ment is not a desirable feature, and I am not satisfied that 
an air blast is the best of the various improved methods 
of arc extinction. The author refers to the " recovery 
voltage," and to those engineers who are not engaged 
in switchgear ° work a brief explanation of the manner 
in which the voltage across the terminals of a circuit 
breaker builds up immediately after arc extinction, 
may be helpful. Immediately after each arc extinction, 
at the zero pause of current, the circuit oscillates at 
its natural frequency -thus producing a high- frequency 
transient recovery voltage which is superimposed upon 
the normal - frequency recovery voltage. Final arc- 
extinction does not occur until the arcing path recovers 
its electric strength at a rate greater than that at 
which the high- frequency recovery voltage builds up. 
Oscillograms obtained with the usual electromagnetic 
type of oscillograph do not show the high- frequency 
transient, the record of recovery voltage consisting 
merely of the normal- frequency wave. For a given 
rated line- voltage, the rate of rise of recovery voltage 
is directly proportional to the oscillation frequency, 
and is therefore at a maximum when minimum values 
of capacitance and inductance are present in the circuit. 
This condition exists during short -circuit tests at the- 
terminals of an isolated testing generator. On account 
of the added capacitance of busbars, connections ande 
other shunt circuits, an equivalent short -circuit close- 
to the generating busbars of a power network is easier 
to interrupt. The above considerations show that tests. 
carried out with a factory testing plant automatically 
ensure a factor of safety in the breaker's performance 
when interrupting equivalent short -circuits on a power 
network. 

Mr. W. Kidd : I should like to ask the author to. 
give some indication of the lines on which he thinks. 
circuit breakers will develop as a result of these inves- 
tigations. In the technical Press a good many new 
designs are being put forward and it appears that we 
are on the eve of substantial modifications in circuit - 
breaker design. 

Mr. J. L. Carr : The author and the Electrical 
Research Association are to be congratulated upon 
their attempt to discover the fundamental principles 
involved in the rupturing of arcs in circuit breakers. 
Those who have had any experience of attempting to. 
analyse experimental data will realize the enormous 
amount of time that has been devoted to the preparation 
of the present paper. As an illustration of the difficul- 
ties which have been encountered I would refer to Fig. 1, 

which shows discrepancies of the order of 50 per cent. 

I.E.E. JOURNAL, VOL. 69, No. 416, AUGUST 1931. 
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in observations made by experimenters upon the specific 
heat of carbon at various temperatures. A large 
number of plotted points are shown in Fig. 5, and the 
mean curve is drawn through the points. As the 
variations are somewhat large, it appears to me that 
if a few more observations had been made it would 
have been possible to apply strictly correct statistical 
methods in order to arrive at the most probable 
position of the curve. I should like to know whether 
the author has found it possible to apply such theory, 
or whether the curve has merely been drawn in the 
usual way through the plotted points. 

Mr. B. S. Orme : I should like to ask the author 
whether the satisfactory introduction of the gas- or 
air -blast type of circuit breaker as a means of suppres- 
sing the arc energy will enable the volume of oil in the 
circuit- breaker tank to be decreased, thereby reducing 
the dimensions of the tank. Further, will it be possible 
to reduce with safety the thickness and general 
mechanical strength of the tank? The general trend 
of station design is towards a reduction of the space 
required to accommodate the gear to be installed, 
primarily because of the necessity for keeping building 
costs down to a minimum. If, therefore, this design 
of breaker becomes a commercial proposition and 
enables dimensions to be reduced, it should be wel- 
comed by those engineers who are responsible for the 
installation of substations on the networks of the 
various supply undertakings in this country and 
abroad. 

Mr. C. E. R. Bruce (in. reply) : Mr. Brown 'has empha- 
sized the differences existing between the results which 
may be obtained under widely differing conditions in com- 

mercial practice and those described] it the paper. 
differences would certainly alter the balance shee 

the preparation and study of a revised balance shee 
emphasized in the paper, is probably the most satis 
method of studying the effect of these changes 
conditions. Mr. Brown's experience with larger po 

valuable, and the observation of such volumes of 

he quotes indicates that the gas volume throughout 
the reactions occur has become much extended 
analysis of the arc gases in such cases would be of 

interest. The difficulties in the way of a com 
vacuum switch would appear to be very great 
contact drop of potential at 100 000 amperes 
require investigation, as contact drop is app 
subject to variation, but in view of the values o 

over the range of currents so far investigated by o 

and others it is to be anticipated that 30 volts 
be an upper limit for this quantity at the high c 

mentioned. The question of voltage recovery is 

mental, hence the importance -of Mr. Clothier's 
on the need for a standard test circuit, and the n 
for a cathode -ray oscillograph study of the pheno 

As regards Mr. Carr's query, the curve sho 
simply drawn by eye through the plotted points, 
more accurate treatment of the data was 
warranted, nor indeed was it required [see Section 

( 

Messrs. Kidd and Orme go somewhat outs' 
scope of the paper, and into the future. Pro 
circuit- breaker design is almost synonymous with 
tion of size, and this will be effected by rapid modifi 
of arcing conditions at the current zeros, together 
little interference as possible with the arc du 
period of current -flow. 
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SUMMARY 
urvey of the data available indicates that lightning flashes 

í thunderstorms have similar characteristic's as regards the 
involved and the number of strokes in a flash, and it is 
that Norinder's divergent values are due to misinter- 

tion of his data. 
suggested that while the charge neutralized in a lightning 

is probably about 50 % greater than has hitherto been 
ed, the cloud potential is only a few per cent of the 
ted value, and the energy of a flash about 250 kWh, as 

ed with Wilson's value of about 2 800 kWh. A theory 
anced bearing on the mechanism of the leader and return 

which enables the shape of the lightning current wave 
calculated; in addition, a form is derived for the whole 

.t wave in a multiple flash. A synthesis made from the 
s of many investigations leads to a picture of the 

sm of the return stroke and to the calculation of the 
us field changes produced, which agree well with those 

ed both in shape and in amplitude. New light is thrown 
e analysis of the electrostatic field change caused by a 

The importance of space charge is emphasized in 
l connections, including the neutralization of cloud 

e thereby, the frequency of "air discharges" and the 
rity of flashes to the Empire State Building, the currents 

ch have been re- analysed. 
effect of direct strokes to transmission lines is investi- 
and it is shown that successive strokes which do not 

flashover are unlikely. The polarity of flashes to earth 
wn to differ in tropical and temperate regions, and it is 
ded that the polarity of strokes to phase wires cannot 
paced from that of strokes to towers. Suggestions are 
as to further investigations. 
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(1) INTRODUCTION 
Recent researches have brought about a gradual recog- 

nition that lightning phenomena are more complex than 
had been believed and that their effects on transmission 
lines are incapable of representation by simple voltage or 
current surges of standard shape. The power engineer 
has become aware of many investigations of lightning 
phenomena carried out independently by physicists and 
meteorologists. A survey of the relevant, very extensive, 

[487 35 
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literature shows, however, that very little attempt has teen 
made to correlate the data of various authors and of dif- 
ferent methods of investigation, or to translate the results of 
these investigations into terms applicable to the problems 
confronting the engineer. It is the purpose of the present 
paper to attempt this synthesis and correlation on the 
widest possible basis. 

(2) TIME CHARACTERISTICS OF THE 
LIGHTNING FLASH 

(2.1) Number of Successive Strokes in a Flash 
Fig. 1 shows the data obtained for the number of 

component strokes in a flash in different parts of the 
world by different methods of investigation, the data 
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to cause a flashover, or if it occurred in the sank fron 
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second limitation probably affects Only a few per data 
the strokes [see Section (2.3)], while the first acco fore 
the displacement of the whole curve,-in the diree ing 
smaller numbers of strokes per flash. e wt 

Various other authors,2. 35, 74, 75 who have o n v 
photographs with moving cameras quote figures hile 
fall within the range of Fig. 1, though Larsen51 reh, 
40 strokes in a single flash, nine of his ten photo, kes C 

showing multiple strokes, while Matthiasó2 qu ;d ne 
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rding 
With a view to collecting data for storms ge co 

over Great Britain, oscillographic records of atmos1 es in 
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Fig. 1.- Number of successive strokes in lightning flashes. 
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Table 1 

CHARACTERISTICS OF LIGHTNING FLASHES 

U 16 17 

Itivestigator 

Schoiland and others14 
Schonland and others15 
Stekolnikov and Valeev42 
Stekolnikov71 .. . - 

McEachron58 . . 

Ncto68 .. - . 

E.R.A., frcm Radio 
ResearchBoard records 

Country 
Number 

of 
flashes 

Percentage 
of 

multiple 
strokes 

Number of 
strokes in 

a flash 
Number 

of 
flashes 

Total durations 
of flashes 

(sec.) 

Mean Max. Mean Max. 

South Africa 
South Africa 65 51 3.4 27 

Russia 25 72 3.0 12 25 0.27 1.2 
Russia 0.27 1.1 
U.S.A. 184 28 1.7 12 184 0.09 0.7 
Japan 235 46 2-3 20 

Great Britain 108 54 2.6 11 108 0.18 1.1 

Number 
of 

strokes 

Time in 
between 

(sec) 

being summarized in Tab e 1. All the methods used 
have their limitations, especially that of McEachron,58 
who recorded the operation of expulsion tubes on an 
American 138 -kV line, so that if a stroke was too weak 
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from Table 1 that, apart from McEachron's results, 
limitations of which have already been referred to, 
data show remarkably good agreement, and it can 
fore be concluded that the number of strokes in a 
ing flash does not vary greatly in the different parts 

e world where the investigations were made, and has 
n value approaching 3. 

hile the data plotted in Fig. 1 are based on flashes 
rth, it is known that in a number of cases downward 

kes originating from charges at the bottom of the 
d never reach the earth but finish somewhere in 
-air. These so- called "air discharges" are caused, 
rding to Schonland," by discharges to heavy space - 
e concentrations below the cloud. The trend of the 

es in Fig. 1 suggests that the number of such "air 
harges" may be quite large and possibly of the same 
r as the total number of flashes actually reaching the 

Their frequent occurrence is confirmed by Simp- 
sl8 statement that this type of discharge is the one 

frequently observed, and is also supported by 
imell's78 deductions from his investigations on field 
ges. A numerical confirmation of this suggestion is 

rded by a study80 of Lutkin's8 data, which suggests 
"air discharges" of a type similar to Schonland'sr4 

of leader stroke alone occur about as frequently 
ashes to earth. 
honlandll first put forward the idea that the occur - 

of several successive strokes along the channel 
d by the first stroke to earth -the whole constituting 
ultiple stroke " -is due to discharges from different 
of the cloud volume. In this connection McEachron58 

Schonlandtl have 
kes may result from different types of storm. This 
question for meteorologists, but it can be shown80 
the variations found by McEachron in all probability 

It from a process of random sampling from a general 
bution of flashes with the observed proportions of 
e and multiple strokes (Table 1), and therefore do not 
titute evidence in favour of his hypothesis. 
honland only makes the statement that "the multiple - 

discharge is more usually associated with the 
sive and violent frontal type of thunderstorm than 
the type which owes its origin to thermal convection," 
does not give the number of storms of each type to 
h the data refer. The possibility remains, therefore, 
the greater number of multiple strokes observed in 

tal -type storms may be similarly due to chance. 

(2.2) Total Durations of Flashes 
e statistical data available on the overall durations of 

ng flashes refer only to multiple flashes 42.58, 71 

as is shown later, it is justifiable to assume that 
e strokes never last longer than 0- I sec., and since 
roportion of flashes consisting of only a single stroke 
own, the curves reproduced in Fig. 2 have been 
red showing the overall durations of flashes, and the 
are summarized in Table 1. For comparison with 
and in order to obtain data appropriate to Great 

In, the aforementioned data on atmospherics were 
ed by the authors, and the results are included in 

I and Fig. 2. The agreement between three of the 
curves is good, while the discrepancy in the fourth, 
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Fig. 2. -Total durations of lightning flashes. 

McEachron's, has already been partly explained. The 
fact that this last curve is also displaced in the direction 
of smaller values of flash -duration, together with the 
displacement of the curve for the number of strokes in a 
flash already commented on, affords strong evidence that 
the later strokes of a flash are weaker than the earlier 
ones. This conclusion derives further support from the 
agreement between the time intervals between strokes 
observed by McEachron and those of other authors, as 
will be seen in the following section, indicating that inter- 
mediate strokes can only have failed to record in a few 
instances. 

It can therefore be concluded that lightning flashes 
have a mean duration of about 0.25 sec. and that dura- 
tions exceeding i sec. may be expected for a small per- 
centage of flashes. 

Another curve published by McEachron,48 based on 
measurements of lightning flashes to the Empire State 
Building, New York, shows, over the whole range, con- 
siderably longer times than those given in Fig. 2. In 
contrast to the normal case of flashes to open country, 
however, practically all these strokes start with an upward 
leader from the building, which initiates a comparatively 
long- continuing low- current stroke. From the specimen 
records given it can be seen that the first subsequent 
component stroke, which has a downward leader, begins, 
as a rule, from 0.2 to 0.3 sec. after the initial upward 
leader stroke. If this time is deducted the data then agree 
quite well with the curves of Fig. 2, indicating that, from 
the first normal, downward stroke onwards, this case is 
comparable with the ordinary flash. 

(2. 3) Time Intervals between Strokes 
The time interval between successive strokes is taken 

to be that time which elapses between the start of one 
component stroke in a multiple flash and the start of the 
following stroke. Statistical results of various investi- 
gators are plotted in Fig. 3 and are summarized in Table 1. 
It will be seen that the agreement between the various 
results is again reasonably good, in that they all show 
much the same range, with an average value of about 
70 rnillisec. 

Most values quoted by other authors2' 35, 51, 74, 75 fall 
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within the limits of Fig. 3. Shorter values4, 58, 79 of the 
order of milliseconds or a few hundred microseconds are, 
as will be shown, of the order of the duration of component 
strokes, and it may be a matter of definition whether 
discharges occurring within time intervals of a few milli- 
seconds, which are sometimes referred to as doublets, 
should be regarded as separate strokes. In any case, their 
occurrence is too infrequent to alter materially the general 
distribution shown in Fig. 3. 

(2.4) Analysis of the Stroke 
Malan and Collens9 have found that the first com- 

ponent stroke of a flash shows a number of luminous 
pulses superimposed on a background of continuous but 
fainter luminosity, and that the first few pulses occur when 
the return stroke reaches branch points on the main 
channel of the leader stroke. In the case of the later, 
mostly unbranched, component strokes, and the later 
stages of the first stroke, the pulses are evidently associ- 
ated with similar processes occurring in the cloud. 
Malan and Collens found the most frequent number of 
pulses in such strokes to be 4 and the maximum number 6, 
though one later stroke showed as many as 20 pulses. 
They show that the durations of the pulses and the time 
intervals between them each tend to increase with the 
order of the pulse (Table 2), while the total duration of 

Table 2 

ANALYSIS OF PULSES IN A FIRST STROKE: MALAN AND 
COLLENS9 

No. of pulse Duration Time of start 

microsec. microsec. 
1 < 10 0 
2 20 25 
3 50 70 
4 100 150 -500 

uminosity ranges from a few hundred microsecónds to 
about 0 5 sec., the most frequent value found by them, 
in agreement with Halliday,* being about 1 millisec. 
Chapman29 has found that these durations are of the 

* Referred to by Appleton and Chapman,4 p. 18, 

S.i5 

v.42 

Research Board 

rtion of time in 
scissa -axis. 

same order as those during which records of the 
field change due to nearby flashes show marked deft 

(2.5) Analysis of Data obtained by Norindet 

In connection with the time characteristics 
lightning flash, mention must be made of the w 

Norinder, since his work is so widely published 
frequently quoted. He not only introduced a nu 
original methods but also approached the problem 
many angles. From his earliest results he came 
conclusion (which he maintains throughout) that 

overall duration of a lightning flash reaches valus II 
a hundredth part of a second" and that "the majo 
the discharges have a duration below 5 millisec." 
values are only about one -hundredth of those found 

where (see Fig. 2). As a result he was led to 
oscillating time sweep of only about 15 millisec. to 

the investigation of a complete flash, so that his 
must be the result of several oscillations of the time linesao, 
as is evidently the case in many of the records 
It therefore follows that Norinder's values for the 
duration of a lightning flash and for the time in 

between his " partial discharges" depend only on tie 

sweep and not on the phenomena themselves. 
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(3) MECHANISM OF THE LIGHTNING FL 

(3.1) Velocity of the Return Stroke 
Photographic investigations by means of the 

camera furnish the foundation of much of the pr 
knowledge of the lightning flash. These have e 

Schonland and his collaborators to determine the V 

of the leader stroke, which initiates the stroke, from 

to ground, and that of the return stroke, which f 

on the completion of the leader stroke, from gro 

cloud.t The picture so formed has been sketc 
Goodlet36 and Allibone.1 

The velocity of the return stroke decreases as the 

proceeds upwards, and the data given indicate t 

e See, for example, ca Fig. 11, 30 Fig. 4, 46 Fig. 9. t Schonland's data refer so far only to negative flashes, i.e. sir 
a negative cloud charge. Data are available on the velocities of 

leader strokes from McEachron's photographic study of stroke 
Empire State Building, which are originated by an upward leads 

from the building. The average velocity in this case is about 2' 
cm. per sec., as compared with Schonland's mean value of 3.8 
per sec. in the case of those strokes with it downward leader, for 
velocity is fairly uniform, 
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ocity below the cloud* can be represented approxi- 
tely by an expression of the form 

V = voe Yt (1) 

hich vo ~ 8 x 109 cm. per sec. and y 3 x 104.E 

quation (1), then, gives the rate at which the con- 
ring channel is being extended, i.e. it determines at 
instant the length of the conductor in which current 

ws to maintain the neutralization processes occurring 
e head of the return stroke. 

(3.2) Current Magnitude 

xtensive data on the magnitude of the current in a 
[fling flash have been collected from magnetic -link 
urements on transmission lines 41, 55' 72 These data 

plotted in Fig. 4 and will be seen to agree very well 

Grünewald 40 
Lewis and Foust.° 
Stekdlnikov and Lai 
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Fig. 4.- Currents in lightning flashes to transmission 
lines40, 55, 72 and to Empire State Building 48 

one another. The lower limits of the currents which 
Id be measured in these three investigations were of 
order of 1 000 to 5 000 amp. 
orinder 30' 46 has also given what purports to be the 
bution of currents in individual " partial discharges," 
ing that his data also agree well with those obtained 

the above method. In so doing he and other authori- 
57, 67 ignore the fundamental difference between the 
hods used. For whereas the link method only records 
maximum current in a complete flash, Norinder esti- 

tes the currrents from the field changes produced not 
by the individual strokes of the flash, but also 

bably by the current pulses within the strokes them- 
es, thus obtaining on an average about four values 
flash as against the one maximum value recorded by 
magnetic link. 
t follows that the two distributions should not agree, 
that that obtained from the magnetic -link measure - 
ts should be equivalent to the distribution of maxima 

groups of about four values selected at random from 
Schonlandra takes 2 km. as the height of the cloud base, while the data 

by Simpson and Scraselo indicate a mean value of about 1.25 km. for 
ds over Kew. 
These values were obtained from a consideration of the mean velocity to ad (4.2 x 10 cm. per sec.), together with those during the two periods 
bright" and "glow" luminosity (6.5 x 10u and 3 x cm. per sec.), 

sling lengths of path of I.4 and 0.6 km. respectively (Schonland, 
and Collens,ra Fig. 18). 
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Norinder's distribution. The two distributions would then 
be related somewhat as are the corresponding curves 
calculated by one of the authors some time ago for a 
similar case,39* the peak of the distribution representing 
the magnetic -link data occurring at a much higher current 
than it does in Norinder's case. As these two distribu- 
tions can only coincide when the currents in all strokes 
and pulses of a flash are equal, and as on the other hand 
evidence of considerable variation in the currents in 
question has been obtained,f the agreement between the 
two distributions is a matter for further comment, rather 
than satisfaction. In this connection it is to be noted 
that his distribution curve is apparently not based on all 
the available data and may, therefore, include only the 
larger of the observed values, while in addition two errors 
made by Norinder in the calculation of his current values 
will be referred to later [Section (3.4)]. 

McEachron48 has given what he regards as the dis- 
tribution of currents in flashes to the Empire State Building 
(dotted curve, Fig. 4). The larger values were "obtained 
from 11 magnetic -link readings. As each of these recorded 
the maximum currents in from 1 to 19 flashes, while 
links recording two of the largest currents had even been 
subjected to an unknown number of flashes, the resulting 
distribution curve is quite meaningless in view of what 
has been said above, and this consideration will account 
for the comparatively large number of very high currents. 
McEachron's distribution also shows a relatively high 
number of very low currents. These, however, were 
measured with a magnetic oscillograph which, on his own 
showing, cannot possibly measure accurately the current 
flowing over the first few microseconds, within which the 
main current peak occurs, and are thus much too small. 
These two considerations largely explain the departure of 
McEachron's data from the rest. 

In view of the extent of these data, it is important to 
obtain an accurate comparison between the currents in 
these strokes and those in normal strokes to transmission - 
line towers. For this purpose the average values of the 
maximum currents to be expected in groups of 2, 3, 5, .. . 

flashes to transmission towers were calculated and are 
compared with the values obtained by McEachron in 
Table 3. It will be seen that in practically every case his 
values are greater.I This increased current in flashes to 
the Empire State Building is all the more noteworthy since, 
in contrast to the normal case,§ most of these are initiated 
by upward leaders from the Building. These latter are 
not followed by heavy return strokes, but only by a low - 
current "continuing" stroke, so that the first stroke, which 
in the normal case was shown to be usually the heaviest, 
may be said to be missing. 

The increased currents in the case of those strokes to 
the Empire State Building with downward leader are 
probably due to the increased concentration of charge 
in the leader- stroke channel caused by the increased 
capacitance between leader- stroke channel and Building 

* Compare the curves for n = I and n = 4 in Pig. 2 of that paper. 
1- See Section (2.2) above and References (15), (30), (48). 
t A check on this conclusion could be obtained by comparing the pro- 

portion of flashes giving records on the crater -lamp oscillograph only, with 
that observed on transmission lines within the same current range, namely 
up to 24 000 amp. 

§ In this connection, Simpson'? examined photographs of lightning flashes 
and found no unimpeachable case of upward branching, the direction of 
branching being an indication of the direction of progression of the leader 
stroke. 
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Table 3 

COMPARISON OF CURRENTS IN FLASHES TO EMPIRE STATE 
BUILDING WITH THOSE TO TRANSMISSION -LINE TOWERS 

Number of 
flashes (n) 

Transmission -line towers Empire State 
Building Chance that 

observed value 
is exceeded in 

n flashes to 
transmission- 
line towers 

Mean value 
of distribution 
of of maxima in 

groups of 
n flashes 

Median* value 
of distribution 
of maxima in 

groups of 
n flashes 

serve Obd 
current in 
n flashes 

amperes amperes amperes per cent 
1 31 400 24 200 27 500 43.5 
1 31 400 24 200 89 000 5.5 
2 45 500 37 000 ' 40 000 44.5 
3 54 900 45 000 88 200 18.5 
5 68 100 56 600 132 300 7.5 
6 73 100 61 000 105 000 19.5 
8 81 400 69 000 129 500 12 

11 91 200 82 300 105 000 32.5 
19 109 000 104 500 89 600 64.2 

The median value is such that there is an equal chance of any observed 
value being above or below it. 

as compared with that between leader -stroke channel 
and its image in the earth in the stroke to normal country. 

Consideration for the present is thus reduced to the 
magnetic -link data obtained on overhead lines. These as 
they stand give an average current of about 30 000 amp. 
From them the distribution of currents in individual strokes 
can be calculated, assuming that the latter occur quite at 
random. The average stroke current is found on this 
assumption to be about 16 000 amp. As the first stroke is 
usually the most intense, the distribution of the currents 
therein probably approximates to that obtained from the 
magnetic links. However, in view of the lower limit im- 
posed on the data by the magnetic links, a somewhat lower 
average value, say 20 000 amp., can be assumed and will 
be used in what follows. For succeeding strokes the 
current values are probably less, as has been indicated 
in Section (2.2). 

(3.3) Current Wave -form 
Though many observations have been made by direct 

and indirect methods on the shape of the current wave in 
lightning strokes occurring under various conditions, none 
of these is complete in scope and unambiguous. Cathode - 
ray oscillographic records of the wave form of surges on 
overhead transmission lines caused by direct strokes to a 
phase wire, in which flashover and reflection are absent, 
can be regarded as showing the current wave -shape at the 
foot of the lightning channel, allowance being made for dis- 
tortion during travel. These waves, as a first approxima- 
tion, have usually been represented by an expression of the 
form 

E = Eo(e -cd -e -st) . . . . (2) 

From a summary67 of the available data (Fig. 5) the average 
values of a and ß were found to be approximately 
4 x l04 and 4.6 x 105 respectively, which correspond to 
the observed average time to crest and to half value of 
about 6 microsec. and 23.5 microsec. respectively. These 
records certainly represent only those strokes in which the 
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Ii 

current was too small to cause flashover, say less 

the most 4 000 amp., and thus (Fig. 4) are derived 
very small proportion of the total number of 

striking the line. However, a check on the wave f 

be obtained from Berger's24 average value for tle 

mum rate of increase of current, i.e. 10 000 amp. pc 

sec., which corresponds to an average rate of c 

current of the order of 3 000 to 5 000 amp. per 
This, in relation to the average crest value of 2000 
indicates for the time to crest a value of the order 

7 microsec., which agrees well with the above data. 

Cathode -ray oscillograms42 of the lightning cu 

tained on a steel cable, about 900 metres long, attar 
captive balloon, and of strokes to the Empire Stat 
ing,64 are likewise in general agreement with the fo 

sented by equation (2), the times to half value being 

in the former and longer in the latter than those o 

on transmission lines. 
Superimposed on the smooth waves represe 

equation (2) are the effects due to the current pu 
sponding to the bursts of luminosity observed by Sc 

and his colleagues [Section (2.4)]. It has been su 

that an increase of current of the order of at I 

should result when a branch point is reached, a 

considerable importance to the engineer. This vie 

ever, overlooks the fact that a large part of the c 

quired for the neutralization of the charge on the 

will already have left the earth before the branch is 

owing to the greater capacitance between the main 

and the branch than between the latter and its 

the earth, an effect which increases for later b 

This effect accounts for the fact that this inc 

luminosity is greater near the branch than lower 
channel [e.g. several of the strokes reproduced in R 

(9), Fig. 7]. Thus the current at the foot of the 

will only increase by a comparatively small amou 

the branch is reached and by a decreasing amo 

higher branches. 
Evidence of these pulses has been obtained in 

graphic investigations of surges on transmission 
and in measurements of field changes46 due to near 

Furthermore, records of field changes *14 caused 

* The electrostatic field change due to a lightning stroke is 

3 portions, "a" that occurring during the leader stroke, " h" then 
produced by the initial s,ages of the return stroke and represenul 
of the order of 100 microsec., and "c" the succeeding slower RI, 

caused by the progression of the return stroke in the cloud, -1 

period of the order of milliseconds. 
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stroke are found to be relatively simple in the case 
strokes, and to show an increasing complexity and 

on in successive strokes. In the latter the branches 
the cloud and, according to the theory given below, 

away from the advancing return stroke towards the 
centre about to be tapped, so that the capacitance 

n branch and image is greater than that between 
h and the part of the main channel already neu- 

Much of the charge required for neutralization 
branch will therefore have to travel from the earth up 
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strokes, which meanwhile may have been proceeding 
towards concentrations of positive charge in the cloud. 
During the former of these two periods the capacitance of 
unit length of the channel and the charge deposited therein, 
as well as the velocity of propagation, decrease relatively 
rapidly with increase of height, caúsing the initial rapid 
decrease of current. During the second period the rate 
of diminution of capacitance, etc., is considerably reduced, 
so that a slower rate of decrease of current will result. 

Schonlandlt considers that the channel then becomes 

(a) 

......,ti 
(c) (d) 

(e) (f ) (ñ) (h) 

Fig. 6.- Diagram illustrating leader and return strokes to first and subsequent strokes. 
(a) to (d) Schonland.11 (a) to (c) and (e) to (h) sequence described herein. 

ain channel, thus causing the observed complexity in 
erved field change of subsequent strokes. 

considering the later stages of the return stroke, i.e. 
the first I00 microsec. or so, when the return stroke 

hed the cloud, several items of evidence as to the 
wave are available. In the first place, in McEach- 

8 records of the current flowing in strokes to the 
re State Building a current of 2 500 amp. is exceeded 
bout 2¡ millisec in one case, and in several others 
amp. is exceeded for times greater than 1 millisec.* 
nts of similar magnitude and duration can also be 

80 from Appleton and Chapman's4 records of the 
static field changes (e3) due to comparatively near 

using formula (3), below. For example, their 
(vi) shows that an average current of between 2 000 

000 amp. flows for a period of 3 millisec. 
two investigations also confirm, as does that of 

and14 in South Africa, that similar if somewhat re- 
current values are obtained over these times in the 
ve strokes of a flash. 

e above two periods of current flow, namely the first 
cr,e -ec, or so, and the 1 or 2 millisec. thereafter, con - 
the stroke proper .and represent the progression of 
urn- stroke processes to the negative cloud charge 

ally tapped, followed by the gradual discharge to 
of this charge, and the overtaking of any leader 

ough the strokes to the Empire State Building observed by McEachron 
mentioned above in Section (3.2). usually initiated by an upward 
nevertheless the successive strokes are in this respect normal, being 

by a downward leader, so that they do afford information which 
Probability applicable to the normal case. 

inactive and uncharged (see Fig. 6), and that successive 
strokes result from breakdown from new charge centres in 
the cloud, towards this channel. It would appear, how- 
ever, that in the presence of the fields which exist during 
the interval between strokes, a channel, in contact with the 
earth, which, as will be seen later, has in most cases just 
carried several coulombs, will not act in the way described 
but will become positively charged and originate leader 
strokes towards the surrounding negatively charged cloud 
centres. The downward continuous leader strokes to suc- 
cessive strokes are thus really pseudo -return strokes from 
the cloud charge, which become return strokes proper on 
reaching the earth (see Fig. 6). 

Several lines of evidences° support this theory, includ- 
ing a lightning photograph, obtained by E. A. Evans,35* 
which is reproduced in Fig. 7, and which clearly shows 
streamers pointing away from Inc main channel and indi- 
cates, therefore, its progression towards a new charge centre. 
The current flowing during this period will be much less 
than that flowing during the formation of the leader stroke 
channel between cloud and earth (on an average at least 
100 amp.), owing to the greatly reduced capacitance of the 
channel in the cloud. Its non -appearance in McEachron's 
crater -lamp oscillographic records suggests that it is prob- 
ably less than 20 amp. 

From the above considerations Fig. 8 then represents 
diagrammatically the average current wave -shape for the 

A copy of his thesis was very kindly sent to the authors by Dr. Evans. 
The photograph is actually included to illustrate the nature of breakdown 
within the cloud. 
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Fig. 7.- Lightning striking in foothills of Colorado Rockies, showing the nature of the discharge 
channels within a storm cloud (E. A. Evans35). 
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Fig. 8.- Current wave in lightning channel. 

first stroke of a lightning flash to earth. It will be seen 
from Fig. 8(a) that the charge deposited along the leader - 
stroke channel and neutralized during the first 100 micro - 
sec. or so, is of the order of 0.5 to 1 coulomb, while that 
flowing to earth thereafter is of the order of 8 coulombs. 

Confirmation of the general shape of this wave has re- 
cently been obtainedó5 by means of the fulchronograph. 

For succeeding strokes the form will be similar, though 
the pulsations caused by the branches below the cloud of 
the first stroke will be absent. 

Though Norinder's data on the magnetic field produced 
by a lightning flash to earth should provide a good check 
of at least the high -current part of the wave deduced above, 
they are found to be very misleading as they stand. He 
repeatedly refers to "lightning currents," "individual 
current pulses," "individual pulses," but it appears that 
these terms refer in some cases to the current pulses in his 
antenna, which depend on the differential of the current in 
the lightning channel, and in others to the current in the 
lightning channel itself. On the first interpretation, the 
data in his earlier paper46 are consistent with the oscillo- 
grams he reproduces, and agree reasonably well with the 
characteristic of the initial high -current part of the lightning 
current wave, described above. This explanation fails, 
however, when applied to the data in a later paper.3° 

Furthermore, there are several features about the 

grams themselves which require explanation, e.g, 

scale is represented as linear, whereas presumably i 
be sinusoidal,* the existence of times to crest 
more than twice the upper limit of the correspon 
tribution curve,t and the absence of that part 

(dH /dt) curve corresponding to , either the rising 

falling portion of the lightning current wave, the 

being in many cases entirely on one side of the 
In view of the above criticisms it has not been 
to utilize most of this extensive body of data, 
it is highly desirable that these discrepancies s 

cleared up. 

(3.4) Magnetic and Radiation Field- Changes 
Lightning 

The electric and magnetic field strengths at a 

r from a dipole of moment M are given by the 
expression:$ 

M 1 dM 1 d2 M 
E 

r'3 cr'2 dt c2r dt2 

1 dM 1 d2M H 
Cr2 dt + c2r dt2 

in which e and M are measured in electrostatic 
H in electromagnetic units, c being the velocity 
The three terms in expression (3) are the electros 
the magnetic (Em) and the radiation (Er) fields res 

If it be the current in the return stroke at time t 

the velocity of propagation up the lightning ch 
assuming that the current distribution is the 

below the tip of the return stroke is uniform at any 

the change of electric moment effected in time dig 

{'r 
dM = 2irdtJ vtdt 

0 

3xI0 

o 

) 

9.-Ca culat 
tc 

lion (4)] t 
rage strol, 

components 
ble 4, toge 

* See Section (2.5) above. 
t Compare Figs. 4 and 10 of Reference (30). 
$ For discussion or the applicability of these formulae. see Ra 

and Wilkinssa and Chapman.* 
§ It is shown in Section (3.8) that this assumption is probably 

accurate so far as the present calculation is concerned. 
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equations (1) and (2) above, 

dM 
2iovo(e 

-at - e-( 
dt Y 

-) (1 - e -vt) 

ing the mean values for the constants involved, 
ed in Sections (3.1) to (3.3) above, the terms involving 
t and d M /dt in equations (3) and (4) have been 
ated so that calculated and observed field changes can 
mpared both as regards amplitude and wave -shape. 

9 shows the form of the magnetic field change 

. (6) 

o 

i 
II 

Field change 

I I 

L I n hl/d term 

[ 

MEE 
dZlyd ,term ̀  

- - 
mcrosec 

- - 80 10 20 40 __ - - 
Time, 

9.-Ca culated magnetic and radiation field changes due 
to current in lightning channel. 

Lion (4)] to be expected at a distance of 3 km. from 
erage stroke. The variation of the crest values of the 
omponents of the magnetic field with distance is given 

able 4, together with that of the resultant field. 
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whole length of the lightning channel, a procedure in which 
he has been followed by Chapman 29 Actually the return 
stroke has only progressed for less than 0.5 km. towards the 
cloud when the magnetic field reaches its crest value after 
a few microseconds, so that this will be seen to lead to 
values of the current required to cause the observed fields 
which are much too small. On the other hand, Norinder 
omits the second term in equation (4), which, from 
Table 4, leads to a considerable counterbalancing error in 
the estimated current, to which must be added his selection 
of data mentioned in Section (3.2) above. These three 
considerations will be seen to invalidate completely the 
distribution of lightning currents obtained by Norinder. 

A further check on the results derived above is afforded 
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Fig. 10.- Variation with distance of origin of field changes 
due to (a) strokes and (b) flashes. 

1000 10000 

Table 4 

VARIATION WITH DISTANCE OF MAGNETIC FIELD DUE TO LIGHTNING STROKE 

Distance, km. 3 4 5 6 8 10 

pst of dM /dt term (e.m.u. x 10 -3) .. 1.75 0.98 0.63 0.44 0.25 0.16 
pst of d2M /dt2 term (e.m.u. x 10 -3) .. 3.0 2.25 1.8 1.5 1.12 0.9 
pst of magnetic field (e.m.u. x 10 -3) .. 3.6 2.55 2.0 1.75 1.2 0.95 

ulae, see Ra 

is probably 
1. 

e calculated amplitudes of the magnetic field changes 
well with the range of values obtained by Norinder,30 
ly from 0 to 5 x 10-3 e.m. units for strokes a few 
etres away, and the parameters of the wave form are 
o f the same order of magnitude.* Considerable 
on of the wave forms observed from those given in 

9 may be expected, since the latter only represents the 
of an unbranched first stroke. 
will be seen that the above expression for the change 
ectric moment [equation (6)] takes into account the 

e in length of the channel in which the current is 
ng as well as the variation in the current itself. This 
portant and throws further light on the currents 

ed by Norinder, who based his calculations on the 
ption of a constant current flowing throughout the 

Spare with 46 Figs. 18 and 19, 3e Figs. 9 and 10, 43 Fig. 3, which considerable variation among themselves. 

by measurements of the radiation field produced at greater 
distances and observed in oscillographic studies of atmo- 
spherics. The available data are plotted in Fig. 10. The 
agreement between the values thus calculated and those 
observed by Appleton and Chapman4 (Table 5) is again 
quite good. 

Table 5 

VARIATION WITH DISTANCE OF RADIATION FIELD DUE 

TO LIGHTNING STROKE 

Distance, km. 50 [100 175 350 

Er calculated (V /m) 
Er observed (V /m) 

5.4 
5.0 

2.7 
1.7 

1.5 
0.8 

.0.8 
0.3 
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As regards the wave form of Curve (b), Fig. 9, the 
estimated "frequency" appears high when compared with 
the waves obtained by the above investigators,21' 8 who 
mostly found a duration of about 100 microsec.. for the 
first cycle. However, Schonland,28,14 who apparently uses 
a higher recording speed, obtains a duration of about 50 
to 70 microsec., which agrees well with the above curve. 

While it has been shown that the field changes derived 
from the theoretical considerations given herein agree quite 
well with test results obtained by several investigators, it 
may be noted that widely different values have been given 
and that, for example, the ratio of the electrostatic to the 
radiation field change at a distance of 25 km. varies by as 
much as 200 : l in recent investigations.4' 8 

An interesting controversy has arisen concerning the 
radiation fields observed at great distances. While Watson 
Watt,* Lutkin8 and Laby7 suggest that the observed oscil- 
lations are due to variations of the current in the lightning 
channel itself, Schonland28 maintains that they are due to 
successive reflections of a single oscillation from an iono- 
spheric layer at a height of about 85 km. This latter ex- 
planation is in accord with the picture of the lightning 
process developed above, since there appear to be no 
changes of moment in the "c" portion of the first stroke 
in any way comparable with those found during the 
return stroke proper. The observed regularity and con- 
stancy of the oscillations also indicate that Schonland's 
explanation is the more likely. Again, records of the 
field change produced by comparatively near strokes, 
distant, say, 15 km., which already show a well -developed 
single oscillation, should likewise show the wave -train 
observed at greater distances, particularly so as the second 
or even later cycles ultimately become of much greater 
amplitude than the first. Finally, it is interesting to note 
that several of the atmospherics obtained by Lutkin 
(Fig. 118) at Leuchars, actually appear to contain one or 
more half -cycles more than those obtained at Slough, 
which was presumably nearer to their source. 

(3.5) Electrostatic Field Changes and Charges Neutralized 
during Stroke and Flash 

Considerable confusion apparently exists as to the charge 
lowered in a lightning stroke, and the manner in which it 
is constituted. In this connection the physicist, if he 
thinks of the engineer at all, would appear at times to adopt 
the attitude of wanting to make his flesh creep. Chap - 
man,29 for example, considers the possibility of a current 
of 300 000 amp. flowing for 50 microsec., and discusses 
the charge lowered in such a stroke in relation to the 
average quantity of electricity observed by Wilson to be 
discharged in a flash. Such a current, lasting for such a 
time, is quite beyond the bounds of possibility on present 
data, however, and certainly bears no relation whatsoever 
to average conditions. Goodlet36 also considers the 
average charge observed by Wilson in relation to strokes 
having crest values of 100 000 amp., i.e. a current only ex- 
ceeded in about 5 % of the flashes (see Eig_ 4).. Similarly 
Bellaschi22 finds it "established" that the long- duration 
component of a few hundred to several thousand amperes 
may "range from 0.1 sec., and even longer in some cases, 
to about 0.001 sec." 

The first detailed determination of the Charge brought to 
See discussion on paper by B. L. Goodlet(Reference (36)J. 
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earth in a complete lightning flash was that de 

Wilson77 from his now classical researches on 
produced by flashes at different distances, the 
which are shown in Fig. 10, together with those 
investigators, while the largest field changes obst 
63 000 volts per metre for a flash at 0 3 km.,78 and 

volts per metre for a stroke at 1 km 43 Still higher 

exceeding 100 000 volts per metre, which have bee: 

by several investigator-s,89, 83, 61 appear open 
doubt. 

Wilson found that his data were best explained 
assumption that a charge of 20 coulombs flowed 
from a height of 2 km., while Wormell, who ded 

values from discharges beyond the range of 
apparatus, finds somewhat higher values for the 

moment neutralized, though over the range co 
both investigations the two sets of data a 

Such a variation of the estimated moment 
with distance could be explaiped in the case of s 
earth by the neutralization of space- charge during 
charge. For example, the results to be expected 
distribution of charges, for which there will be 
to be some further evidence, are shown in Fig. I 
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visualizes the neutralization of equal and opposite 
of about 30 coulombs in the case of a cloud-cl1 
the heights of the two charges being 2.5 and 6 km 

tively, and of 10 coulombs of space -charge at an 

height of 1 km. in the case of the corresponding 
earth. 

One or two points may be mentioned regar1e 

diagram. In the first place the resultant "field 
distance" curve will be obtained by summing at 

tance the individual curves, representing the varie 

of discharge, each curve having associated Vt 

* It may be noted that the curve actually drawn in Wilson's; 
not represent the conditions which he postulates. and that even, 

there is evidence of the increase of apparent moment destro,sed 
of distance. 
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priate percentage frequency of occurrence. Again, 
Id- changes at near distances will be much smaller 

would be indicated by the formulae owing to the 
at, as emphasized in Section (3.7), the charges in 
n are not concentrated but are spread over areas 
y square kilometres, throughout which the field will 

roximately constant. On the assumption that the 
in question cover an area of about 100 km ?, the 

ble trend of the curve (ai) is indicated by the broken 
e other curves being subject to a similar modifica- 
Again, the apparent decrease, with increasing dis- 
of the calculated relative to the observed fields, may 
to the selection of larger values for measurement. 
light of the above the agreement between the ob- 
values and those calculated on the assumed distri- 
of charges will be seen to be quite satisfactory, the 

nts destroyed being of the order of 130 coulomb km. 
case of a flash to earth and 210 coulomb km. in the 
a cloud -to -cloud flash, as compared with Wilson's 

ormell's mean values of 100 and 220 coulomb km. 
vely. 

chron48 has found for the charge, in flashes to the 
State Building in New York, values ranging from 

er 0.5 coulomb to about 165 coulombs. He states 
is latter value is about 8 times the maximum pre - 

estimated, confusing, in so doing, Wilson's" 
e value of 20 with the latter's maximum value 
was probably about 100 coulombs;7o so that 

hron's values are not 8 times but only about twice 
previously estimated. Comparison of the average 
about 44 and 20 coulombs respectively, yields the 
ult. 

ever, one important feature of the continuing stroke 
ring from the Empire State Building has not hitherto 
ointed out, namely, that while in the ordinary case 
arge which reaches the ground is the charge leaving 

d minus the charge neutralized en route during the 
rd leader -stroke process, in the case of a stroke 
upward leader it is the charge in the cloud plus the 
neutralized during the upward leader process, the 
neutralized being of opposite sign in the two cases. 

mbination of these two researches, i.e. oscillographic 
ement of the lightning current and of the field 
caused by a discharge, appears to offer the possi- 
f deriving information concerning the space- charge 
ized during a stroke with an upward leader, and 
fact suggest the values used in obtaining the curves 

1 1, which will be seen to agree with the mean value 
ut 40 coulombs found by McEachron for the sum 
cloud and space charges. 
gards individual strokes, using equation (3) above, 
rge Q per stroke which best fits Appleton and 

an' s4 data is found to be 16.5 coulombs, which, as 
are on an average 2 to 3 strokes per flash, again 
reasonably well with the larger values for the cloud 
suggested above, when it is remembered that their 
nges are likely to refer for the most part to the 
tense first strokes. 

ay be concluded, therefore, that the charge lowered 
cloud in a normal lightning flash is probably 

O coulombs, of which about one -third is apparently 
ized by space charge between cloud and ground. 

tter proportion may appear high, but is supported 
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by the existence of the large proportion of "air discharges" 
shown to occur in Section (2.1). 

The wave shape in Fig. 8 represents the case of the 
average stroke to earth, and would be the current or charge 
flowing through a piece of earthed apparatus if the appa- 
ratus itself or the line were struck in the immediate neigh- 
bourhood. When no flashover is caused as the result of 
a stroke to a line the stroke must be a very weak one, and 
the charge involved will be only that in the portion (a) of 
Fig. 8, the crest value being less than the current required 
to cause flashover. In the case of a 132 -kV line this latter 
current is about 4 000 amp. and the maximum charge in 
the surge of the order of 0 2 or 0.3 coulomb, though this 
will depend on the position of the point at which the line 
is struck. 

(3.6) Analysis of Electrostatic Field Change due to a Stroke 
The analysis given in Section (3.5) renders possible the 

calculation of the three portions of the electrostatic field 
change due to near strokes, and their comparison with 
experimental investigations 4, la 

The slow "a" portion of the field change of the first 
stroke results, as has been seen, from the lowering of a 
charge of about 1 coulomb on an average, which is de- 
posited along the leader channel itself, together with that 
required to neutralize the major part of the space charge, 
say 6 or 7 of the 10 coulombs of positive charge at an 
average height of about 1 km. above the ground. From 
equation (3) the resulting field change at distance r is given 
approximately by 

2Q1H- 2Qrhr -}- 2qH- 2gh2 
(7) 

r3 

in which 
Qt = space charge neutralized 7 coulombs; 

q = charge in leader channel ^ 1 coulomb; 
H = initial height of cloud charge ^ 2.5 km.; 
ht = average height of space charge neutralized ^ 1 km.; 
h2 = average height of charge in leader- stroke channel 

= 0.5to1km. 
Using the above values, equation (7) gives for the "a" 

field change of the average stroke a value of 13.5 volts per 
metre at 25 km. 

The "b" change is simply that due to the sudden 
neutralization of the charge in the leader -stroke channel, 
namely about 1 coulomb at an average height of about 
1 km. At the above distance this produces a field change 
of 1.15 volts per metre. 

The "c" change is that due to the lowering from the 
cloud of the charge represented by the long tail of the 
current wave in Fig. 8(b), namely about 8 coulombs, which 
at 25 km. produces a field change of 22.8 volts per metre. 
These components add up to 37.5 volts per metre, a value 
which compares quite well with that obtained from the 
mean curve in Fig. 10, namely 45 volts per metre. 

It will be seen from Table 6 that the "a" portion and the 
sum of the "b" and "c" portions agree well with the corre- 
sponding values observed by Appleton and Chapman, but 
that there is a wide discrepancy in the individual values of 
the "b" and "c" portions. Examination of their oscillo- 
grams, however, indicates that the "c" portion is in fact 
considerably greater than the "b" portion in the oscillo- 
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Table 6 

ANALYSIS OF ELECTROSTATIC FIELD CHANGE: RATIOS OF 

"a," "b" and "c" PORTIONS 

Calculated .. 0.36 0.03 0.61 
Appleton and Chapman4 0.33 0.46 0.21 
Schonland, Hodges and 

Collens14 .. .. 0.25 0.37 0.38 

grams given in their Fig. 6, and is equal to about half the 
total field change. 

The discrepancy is thus seen to be only one of definition. 
In the present work the " b" portion has been limited to 
that part of the field change due to the return stroke 
proper, i.e. the first 100 microsec. or so. In this time, 
field changes of the order suggested by these investigators 
for the " b" portion cannot possibly occur, since they are 
equivalent to the lowering from cloud to ground of a 
charge of about 6 coulombs in 100 microsec., a value about 
10 times that occurring in a like time in the average stroke. 

In addition to the above considerations, it is to be noted 
that the slow field changes recorded by these investigators 
are reduced to a greater or less extent by the tendency of 
the cathode beam to return to zero. This reduction, owing 
to the leakage of the induced charge over the high resistance 
(10 megohms) inserted for this purpose or over the insula- 
tion or to the air,* would appear to have a much greater 
effect on Schonland's results, owing to the effect of the 
biasing of his zero in order to retain the cathode beam on 
the masked zero line.t That the "b" change is often very 
small relative to the "c" change can be seen from several 
of his oscillograms, notably14 Fig. 8, (a) and (b), in which 
the latter is at least four times the " b" change despite 
the defects described above. 

It will be realized that the field change in the case of" air 
discharges" will consist solely of the "a" portion, while in 
strokes which only just reach the ground the "c" portion 
will be negligible or. absent. In view of the high relative 
frequency of comparatively small currents the latter may 
well be of very frequent occurrence. 

(3.7) Potentials Developed in Thunderstorms, and 
Initiation of Lightning Flashes 

The voltage required to cause a lightning discharge is 
usually believed to be not less than 109 volts,77' 66 which, 
however, was obtained from consideration of a charge of 
the order of 20 coulombs, concentrated in a sphere of 
about 400 m. radius, or alternatively of the field required 
to cause breakdown, say 10 000 volts per cm. existing over 
a distance of about 2 km. The question arises as to whether 
such fields are necessary to cause a discharge. 

In the first place, though the average charge lowered 
from the cloud in a flash is of the order of 30 coulombs, 
the average number of strokes is about 3, and the time 

Schonland14 uses as aerial a wire apparently about 3 m. high, so that in 
the case of near strokes the effect of brush discharge may be added to those 
described. 

t For example, the true zero after the stroke in 14 Fig. 8 (a) is apparently 
between 1 and 2 cm. below that indicated, and the duration of the "c" portion 
is at least 1.6 millisec., though the time to the maximum value of the field 
i:only about 0.5 millisec. 

intervals between these suggest considerable sepa 

the charges which give rise to successive strok, 

order of several kilometres.* If the 30 coulombs 
tributed over an area of, say, 100 km ?, at a 

2.5 km., then the potential relative to earth wo 

about 8 x 107 volts, and the field would be of t 
350 volts per cm., which is in fact of the or.. 

maximum field changes observed at the earth's s 

Section (3.5)]. Again, the maximum field obse 

the negative charge of the cloud by' Simpson and 

was less than half this value. 
The capacitance of the leader- stroke channel, 

long and 10 cm. radius, is found36 to be of the 

1.25 x 10 -8 F. The charge on this ch. 
Section (3.6), is about 0.7 coulomb on an aver 

potential is about 6 x 107 volts, agreeing with 

estimate. 
Another important observation48 in this co 

that a discontinuity in the field at the earth's surf 

order of that caused by the Empire State B 

verses thé whole lightning= process. The leaf 

then starts from the earth, resulting in the n 

flashes to the building being very much higher 
be received by the area "protected" by it. 

This observation indicates that high field- 
the order of the breakdown voltage are not n 

initiation of the lightning discharge, but an o 

is required of the order of only 1 % to 10 % of 

together with a discontinuity in that field of the 

that caused by the Empire State Building. A 

centration of field can easily result from a 

elongation of space charge in the cloud, and in 

nection Wormell78 observed that clouds in 

bourhood sometimes developed pronounced m. 

structure during fluctuations of the electric . 

potential of the top of the building relative to 

of the order 350 volts per cm. is about I 

volts in the case of the Cities Service Building 
voltage of less than this would seem to be s 

initiate a downward leader in the normal case,$ 

that sufficient charge or energy is available to 
self -propagating discharge which ensues. 
measurements made on the oscillograms pu'' 

McEachron, which, in turn, substantiate the y 

lated from the observed "a" portions of field 

caused by strokes, must be sufficient to maintain 
in the discharge channel of the order of 100 or 

The field at the tip of this discharge channel 
the free electrons necessary for the discharge,ll, 
voltage required to maintain the conductivity in 

carrying the above current would then only be of 

of arc voltage, less than 100 volts per cm., plus 

static difference in potential between the top 
of the charged column. 

It would appear that the superimposed "darts' 
by Schonland and others may be only incidental 

to attraction of surrounding space charge into 

* Distances of quite this order are indicated by the time int 
strokes, in association with the observed leader- stroke velocilia 
of the pre -discharge field over distances of this order has also 

by Worme11.78 
t The Empire State Building is 1 250 ft. high, but a stroke 

leader occurred to the Cities Service Building, heig'tt 950 ft. 
$ This results both from the consideration that flashes ara 

at the cloud in the normal case, and that the pre -discharge fiel 

is usually less than the field change, 78 though its value at the 
has not yet been determined. 

channel 
an's come 

e stepped 1 

by the ab 
or absent i 

ange bein 

thus be 
,tial of the 
! ilson's va 

"concentra 
tip of the 
the field e 

ka has ree 

that every 
volts peír 

l which is 

ut 100 amp 
ns of one 
behind thi 

and indeed 
showing n 

Lary recom 
to be quit 
Again, if 
d there w 

whole gap t 

nland mak 
Çon in the le 

of about 1 

the ionize 
the values 

of the aver 
f 250 kWh 
es, or abo 

echanism 

of 
been sugt 
ociated 

teral condu 
tip progre: 
it rises. S 

as a cum 
consey 

channel, ant 
of the da 

bright step 
r extending 
fthe discha 
d decreasing 
the return 

Wnnot be i 

progression 
tense lumin 
in the earl 

an29 regards 
tts the'dura 
lusbe the c 
er leader stl 
Xplanation 

tion of lun 
Xcitedd state 



able sep., 

ive stro,, 
coulombs 
t ?, at a 
arth wo 
i be of 
f the or 

earth's s 

eld obse 
npson an 

channel, 
be of the 

ais chai 
an aver.;. 

seing with 

this coi. 

arth's s 

State B 

The lea 

in the n 

t higher 
it. 

h field -s 
e not n. 

, but an 
10 %of 

ield of tlx 

ng. A 
from a 

ed, and in 

)uds in 

;laced m 
electric 
:lative to 

is about 
Building 
to be 

mal easel 
able to 
nsues. 
rams puy 

de the v. 

ns of fies 

maintain 
of 100 or 

channel 
charge,' 
ctivity in 

only be of 

:m., plus 
the top 

;ed "darts' 
y inciden 
: harge into 

the time int 
oke velocitia 
der has also 

but a stroke 
it 950 ft. 

flashes are 
discharge field 

alue at the t 

BRUCE AND GOLDE: THE LIGHTNING DISCHARGE 499 

channel [see Section (3.8)]. In this connection 
an's comment is of interest: "Apart from the fact 

e stepped process rarely precedes subsequent strokes, 
by the absence of pulsations, it is quite often very 

or absent in the case of first strokes, a long smooth 
ange being the only precursor to the rapid main 

11 

thus be seen that such a mechanism only requires 
tial of the order of 5 x 107 volts in all, as compared 
ilson's value of 109 to 6 x 109 volts, given the 

"concentration" of the order of 5 -10 million volts 
tip of the initiating point or charge concentration 
the field discontinuity. 

k° has recently suggested a mechanism which re- 
that every 50 microsec. or so a field of the order of 
volts per cm. is required to break down afresh a 

1 which is known to be carrying an average current 
ut 100 amp., and in which a charge of the order of 
ns of one sign per cm. length of path is being de- 
behind the head of the discharge. This seems un- 

and indeed there are many records of the "a" field 
showing no such discontinuities. The application 
nary recombination theory to such a channel would 
to be quite unjustified, the ions being of one sign 
Again, if the 2 x 109 volts were available as 

d there would be no need for any leader process, 
hole gap could break down straight away. 

eland makes repeated reference to the age of the 
on in the leader- stroke channel, but with an average 
of about 100 amp. flowing therein it is difficult to 
the ionization can age. 

the values ofpotential and charge given above, the 
of the average lightning flash is found to be of the 
f 250 kWh, as compared with Wilson's77 value of 
es, or about 2 800 kWh. 

echanism of Leader and Return Strokes and Form 
of Lightning Current Wave 

been suggested in the preceding section that the 
ociated with the leaders of first strokes result 

teral conduction from the initial channel outwards 
tip progresses and the potential at each point 
it rises. Some such phenomenon, which may be 

as a cumulative corona effect, would appear to be 
consequence of the lengthening of the leader- 

channel, and would explain the first of nine charac- 
of the darts described by Schonland,15 namely: 

bright step appears as the termination of a fainter 
r extending the whole way down from the starting 
f the discharge, such streamers increasing in bright - 
d decreasing in breadth as their ends are approached." 
the return stroke this ionization in each horizontal 

ennot be recombined instantaneously, since the 
progression of this process will again take time. 
tense luminosity observed in Schonland's photo - 
in the early stages of the return strokes, which 
29 regards as a heavy -current pulse, thus probably 
is the 'duration of this neutralization process, and 
pus be the counterpart of the darts observed during 
er leader strokes. This would appear to be a more 

oplanation than Schonland's own suggestion that 
tion of luminosity is associated with the duration 
xcited state of nitrogen, which is only of the order 

of 10-7 sec., the duration of the luminosity being 100 times 
as great. 

This view suggests a probable explanation of the form of 
the lightning current wave, which has not hitherto been 
satisfactorily explained. The only suggestions so far 
offered is that the front of the wave represents the streamers 
rising from the earth to meet the downcoming leader. 
This, however, visualizes streamers carrying, currents of the 
order of thousands of amperes, which, as shown in the 
preceding section, do not exist. Though a precise calcula- 
tion based on the above theory has not yet been achieved, 
the following very approximate and somewhat hypothetical 
calculation yields results which will be seen to agree well 
with observation. 

The duration of the intense luminosity of the return 
stroke near the earth is about 10 microsec .9 It is assumed 
for the purpose of calculation that the charge Qh at any 
height h decays exponentially in such a way that, after 
about 10 microsec., all but a few per cent of the charge has 
been recombined. 

As to the value of Qh itself, this again has not been pre- 
cisely estimated, but depends on the capacitance of the 
channel and the potential at height h. The distribution of 
capacitance along the leader- stroke channel and the con- 
sideration that the charge distribution will be such as to 
produce a fairly uniform potential drop along this channel 
lead to a distribution of charge per unit length decreasing 
markedly from earth to cloud,* which agrees with the 
general form of the tail of the lightning current wave. 
Here again, for the purpose of calculation a form has been 
assumed for this variation of charge, and two cases have 
been considered. In each case the charge was regarded as 
decreasing exponentially with increase of height; in the one 
case the charge density at the cloud was taken as 20 %, and 
in the other as 1 %, of its value at the earth, between which 
forms it was believed the distribution would lie. In each 
case the expression (1) in Section (3.1) was used for the 
velocity of the tip of the return stroke. The two current 
waves so calculatedt are shown in Fig. 12 as Curves 

r0 

08 

06 

04 

02 

(c) 

(a) 

0 2 4 6 8 10 12 14 16 IB 20 

Time, microsec. 

Fig. 12.- Calcu:ated and observed lightning current 
wave- shapes. 

° This conclusion will be seen to differ markedly from Schonland's'4 idea 
of a uniform distribution of charge along the leader -stroke channel. This 
las was, however, based on his assumption of the equality of the "a" and 
"b" portions of the electrostatic field change, which has been shown to he 
in error. 

t The expression for the current wave is proportional to 
v_on 

r_s(1 
_ e -St) 

e -atJ 
a -ß7t.( v0 1Sd7a 

\vo - 87t/ 

in which vo and S have the va ues quoted in Section (3.1), (3 has the values 
given for the two cases considered, and a - 3 x 105. This was calculated 
accurately over the first 8 microsec., the tail of the wave being calculated 
by an approximate practical method. 
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(a) (Qh = Q0e -18.5 x so-5h) and (b) (Qh = Q0e -07 x 10_5h) 

and will be seen to agree well with the average wave ob- 
served, Curve (c), which was derived in Section (3.3). 

It is to be noted that the variation of capacitance of the 
leader- stroke channel with height, and hence of the charge 
deposited therein, will be comparatively rapid near the 
ground and much less rapid higher up the channel. It is 
therefore to be expected that a more rapidly decaying ex- 
ponential distribution of charge will give a better approxi- 
mation to the front, and a more slowly decaying exponential 
distribution of charge to the tail, of the wave. That this 
is in fact observed will be seen from Fig. 12. 

It would thus appear that calculation along the lines 
indicated may be expected to lead to a more accurate 
estimate of the current wave. 

It will be seen that the present view would result in some 
modification of the calculation of the magnetic and radia- 
tion fields given in Section (3.4). Comparison of the curves 
of dM /dt as originally calculated (Fig. 9) and as obtained 
on the present theory, indicates that the difference is 
unimportant. 

LIGHTNING DISCHARGE 

elusions arrived at by various authors are far from 

ing a consistent picture. 
Wilson20 showed that while strokes of given 

earth produce a field change of the same sign 
tances, strokes between charges of opposite polo 

do not reach the earth produce field changes of 

polarity according as they occur within or bey: 
called "reversal distance." As the number of 

cloud discharges is always considerably greater 
number of flashes to earth, great care has to be 

analysing field -change records of unknown 
positive field- change represents an increase (alge 

potential gradient at the point of recording, 
negative stroke to earth causes a positive fields 

The most consistent evidence on this question is 

by investigations carried out in tropical regions 

where it was found that thunderclouds were in 

majority of cases of bipolar structure, with the 

charge at the bottom and the positive at the top, 

in a high proportion (l7_ :1) of negative fl 

Table 7). 

Table 7 

POLARITIES OF LIGHTNING FLASHES TO EARTH 

Investigator Reference Country Year Method Total 
number 

Appleton, Watson Watt 
and Herd 

(5) 

Flashes 

Egypt 
to Open Country 

1923 Field - change measure- 
ments 

Halliday . . (6) South Africa 1929 -30 do. 283 
Schonland (10) South Africa 1926 -27 do. 71 
Jensen .. (44) U.S.A. 1929 -31 do. 116 
Lutkin .. .. .. (8) Great Britain 1936 do. 100 
Watson Watt, Herd and (21) 1931 and do. 605 

Lutkin 1933 -34 
Wilson* .. (77) Great Britain 1914 -17 do. 53 
Wormell* (78) Great Britain 1926 -36 do. 137 
Norinder.. (63) Sweden 1936 -37 Voltages induced in an- 

tenna 
51 

Toepler .. (73) Germany and Round Magnetization of basalt 149 
Italy about 1900 rocks 

Whipple and Scrase (76) Great Britain 1932 -34 Point discharge recorder 562 

Flashes to Earthed Metal Structures 
Berger .. (24) Switzerland 1935 Magnetic -link measure- 

ments 
12' 

Grünewald .. (41) Germany 1933 -38 do. 1 689 
Lewis and Foust . . (56) U.S.A. 1933 -38 do. 734 
Rokkaku and Katoh . . (69) Japan 1936 do. 19 
Stekolnikov and Lamdon (72) Russia 1937 do. 22 
McEachron .. (48) U.S.A. 1935 -37 Crater-lamp oscillograph 27 

Ratio o 

posión 

Pract 
ne 

11 

11 

65 

3.55 

2.1 

3.18 

2 

2.25 

31 

7.1 

14 

11 

6.1 

All 

* These data are based on flashes between parts of the cloud and to earth at distances of about 3 to 6 km. from the point of observa 

(3.9) Polarity of Lightning Flashes to Earth 
(3.9.1) Hashes to Open Country. 

Though a great many attempts have been made to 
determine the polarity of lightning flashes to earth, the con- 

The investigations of Wilson and Wormell do 

any indication as to whether the flashes concerned 
between parts of the cloud, or from the cloud to 

or lower atmosphere, or from cloud to earth. T 
figures quoted in Table 7 for these two authors 
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.changes produced by flashes at distances of about 
km., which is below the reversal distance of most 
o -cloud discharges, and beyond the reversal dis- 

of "air discharges," and gives, therefore, at least an 
on of the polarity distribution of the charges in the 
While the above ratio of negative to positive 

is reduced from 17:1 to about 3: 1, it is important 
that both authors found.considerable variation of 
age ratio in different storms and years, as did also 

y6 in South Africa. 
above data show unambiguously a pronounced 
ce between the polarity distributions of thunder - 
in tropical and temperate regions, and the average 
f about 3:1 in the latter is in agreement with the 
determination of the polarity of cloud charges 
out by means of balloon measurements by Simpson 
ase19 at Kew. 
y be mentioned in this connection that Lutkin,8 by 

iding his oscillographic data on atmospherics ac- 
to time of day and year, purports to show that the 

f positive to negative field- changes increases in the 
of the day, and that this ratio is higher during 
months than in autumn. This leads him to con - 
at the majority of positive changes coincides with 

of the heat type, while negative changes become 
rominent in frontal storms. There are several 
ns to Lutkin's procedure, however, and it can be 

that an analysis avoiding these fails to support 
lesions, so that the problem of a possible con - 
between the polarity of lightning discharges and 

Practi' 'logical conditions must, for the time being, be 
ne d as open. 

11 l' . hes to Tall Earthed Structures. 
4 second part of Table 7 contains the results of the 

6.5 e magnetic -link measurements carried out over 
3.55 ears on transmission lines in different parts of the 

2I . xtensive German and American results show a re- 
3.11 le consistency over different years and show always 

2'9 r preponderance of negative over positive flashes 
observed over open country. It was first pointed 

2.2/ Lewis and Foust52 that the increased percentage of 
e flashes to transmission -line towers is due to the 

3.5 nal effect of positive streamers from towers or earth 
der the influence of an approaching negative 
This effect will increase with the height of the 
object, and this may account for the increased 
nance of negative over positive strokes on the 

American as compared with the German trans - 
lines on which the magnetic -link measurements 

14 de, as is indeed indicated by these data themselves, 
11 .tios of negative to positive being obtained on the 

6.1 oltage lines. 
All . Vestigation of the extensive German data40 with 

to the current magnitudes for negative and positive 
shows (Fig. 13) a relative predominance of high 
currents, while in the case of an American 132 -kV 
e three positive currents had values of 7 600, 
nd 193 000 amp. respectively, the last- mentioned 
e of the highest currents ever recorded. Again, on 
n 220 -kV transmission line72 the three positive 
observed lie between 110 and 160 kA, i.e. again 

7 

t of observa 

)rmell do 

concerned 
cloud to 

earth. 
authors 

loo 

Positive currents 

Negative currents n- - - - -,, 

I 

X 

t 

x. 

20 40 60 ao MO 

Current, kiloamp. 

Fig. 13.- Currents in transmission -line towers. 
For description of curves see Fig. 4. 
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very near the upper end of the current range. These high 
positive currents may be due to the discharge in one stroke 
of the concentrated positive charge found to exist at the 
foot of many" thunderclouds,19 or to an increased velocity 
of positive as compared with negative return strokes. 
This could be readily determined from high -speed camera 
records of positive return strokes, of which none have so 
far been published. 

(4) LIGHTNING SURGES ON TRANSMISSION LINES 
(4.1) Time Characteristics and Magnitudes 

From the preceding sections it will be seen that a com- 
plete multiple flash to earth, which may last for about a 
second, consists of a series of strokes of high current 
magnitude, usually separated by intervals of the order of 
70 millisec., with an upper limit of a few tenths of a second, 
probably superimposed on a continuous current flow of 
small amplitude. The effect of such flashes on trans- 
mission lines will now be discussed. 

If a flash of the type described hits the ground at a short 
distance from the line, the charges held on the phase con- 
ductors by the electrostatic effect of the cloud overhead 
and the apprcaching leader channel are released from the 
moment when the leader stroke reaches the earth and 
are propagated along the line as travelling waves. These 
so- called induced surges have frequently been recorded23,43 
and their multiple structure has been confirmed.43 Owing 
to their comparatively low amplitude they are, however, 
of no importance on high- voltage transmission lines, though 
their effects have to be considered on medium -voltage lines. 

It is now generally accepted that high- voltage trans- 
mission lines are endangered only by direct strokes to 
parts of the system. Such flashes may either occur to 
the phase wires themselves or to a tower or earth wire. 
The highest voltages which can be impressed on a system 
in various cases were fully discussed in Goodlet's36 paper, 
to which reference may be made. A stroke to a tower or 
earth wire may be expected to develop in every respect like 
a direct stroke to earth, so that its average characteristics 
are those deduced in the foregoing sections. If the first 
stroke is of sufficient amplitude and steepness to cause a 
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single- or multiple -phase back flashover, a steep- fronted 
surge of an amplitude about equal to the sparkover voltage 
of the line insulation is impressed on the phase conductor, 
while its tail is determined by the IR drop between the top 
of the tower and earth. It is probable that a back flash- 
over will develop into an earth fault, the interruption of 
which is a matter for protective gear. If the arc is inter- 
rupted before a second component stroke occurs, i.e. on an 
average after about 3 cycles, later strokes may or may not 
produce further back flashovers to the same or other 
phases, though this probability will decrease with later 
component strokes. In any case, as long as the line is not 
reclosed, station apparatus will not be subjected to subse- 
quent surges. If no interruption of the power follow -up 
current takes place, subsequent strokes will produce a 
sequence of surges on the phase wires affected. 

For the case of a direct stroke to a phase wire, different 
conditions apply. This case can be likened to that of a 
charged body, i.e. the leader channel, approaching and 
finally making contact with an insulated conductor of 
great length, the phase wire. The potential impressed on 
the phase wire can, as a first approximation, be determined 
by the product of the current leaving the lightning channel 
and the surge impedance of the two branches of conductor 
in parallel. Assuming a value of about 200 ohms for the 
latter and a sparkover voltage of 1 million volts for a 
132 -kV line on steel towers, consideration of Fig. 4 shows 
that about 86 % of all flashes striking the line will produce 
flashover. The surge impressed on the phase conductor 
has therefore a short front with a high voltage peak, after 
which the voltage falls steeply and approaches the value of 
the residual tower potential, as in the above case. After 
the flashover to earth, the stroke again assumes the charac- 
teristics of a direct stroke to earth as long as the ensuing 
power arc is not interrupted by external influences. Owing 
to the multiple nature of flashes the phase wire may again 
be subjected to a sequence of surges having amplitudes 
and wave shapes given by the voltage drop in the tower 
earthing impedance. Both cases show, therefore, that the 
fundamental rule of keeping the earthing resistance of 
transmission -line towers low not only tends to prevent back 
flashover but also reduces the amplitudes of successive 
surges once a flashover has taken place. 

In the comparatively rare but very dangerous case in 
which the current discharged into the line is insufficient to 
cause flashover of the line insulator, the charge lowered in 
the leader channel is partly dissipated while travelling along 
the line as a surge and partly flows to earth at the first 
transformer encountered. As indicated in Section (3.3), 
strokes which fail to cause flashover must approach in 
intensity the limiting case of the "air discharges" which 
fail to reach the earth. There would thus appear to be 
little likelihood of successive strokes to the phase wire 
occurring without flashover. 

Direct confirmation of the last consideration cannot easily 
be found. The great majority of over -voltage records ob- 
tained oscillographically on overhead transmission lines are 
limited to a few hundred microseconds' duration, so that 
only the first part of the current wave of the first stroke 
could be recorded. Against this argument it can, however, 
be pointed out that with fast -sweep oscillographs with auto- 
matic tripping arrangements there should be ample time 
between strokes to record later strokes as separate traces, 

LIGHTNING DISCHARGE 

but no such record has been obtained. There 
few records available, taken by Berger,24 which e 

some 50 to 100 millisec. and should, according to 

show at least the first of possible subsequent st 

no such indication can be found in any record 
a direct stroke to a phase wire. In the case o 

oscillogram (Fig. 2123) which shows a second stra 

30 millisec. after the first, a direct stroke to the no 

appears most unlikely, as the surges are practic 
same shape and amplitude on all three phases. 

The extensive data on multiple strokes obtained 

study of the operations of expulsion tubes58 

examined in this connection. In the first place, 

number of flashes and tube operations it is evi 

more than two -fifths of the strokes failed to cause 
of the tubes. This would be most unlikely had 

charges struck the phase wires directly, so that 
strong indications that the operations resulted 
flashovers. Further and very strong support for 

elusion is derived from the pârticulars of the phase: 

in successive strokes 59 Out of a total of 34 

strokes tabulated, only one shows all components 
the same phase, which, however, is the bottom 

which a direct stroke is least likely. This affo 

indication that the tube operations were not 
direct strokes to phase wires but by back flash° 

the results confirm only the multiple structure of 

earth and not to phase wires. 
The suggestion that a stroke to a phase cond 

does not cause flashover is most unlikely to devel 

multiple stroke cannot, therefore, be disproved by 

experience and would have to be checked by the 

of surges on transmission lines with recording ti 

1 sec. 

(4.2) Polarity 
As is pointed out in the preceding section, 

transmission lines may be due either to direct sir 

phase wire, or to back flashover, or to induction 

While the last- mentioned produce surges of polo 

site to that of the inducing lightning current, 
others are of the same polarity, though, as will le 

not subject to the same polarity ratio, so that the 

distribution of all possible surges greatly depend 

relative number of the three types mentioned. 
the present survey to the more dangerous cases 

strokes to a phase wire, or to back flashover, ii 

recalled that lightning discharges to steel towers 

wires show a higher percentage of negative po 

would be expected over open country, and from 

servation it has hitherto been inferred that 

polarity distribution also holds for the case of d' 

to phase wires. This assumption overlooks the 

the streamers which rise from towers or earth 

meet the descending leader stroke will not as a 

from insulated phase wires. It therefore appear 

able to assume that the polarity distribution 
lightning surges on transmission lines will be 

that observed for flashes over open country. To 

suggestion, it would be necessary to analyse the 

of lightning surges which are caused unambigu 

direct strokes to a phase wire, and not by inducti 

or by back flashover. Their number, however, is 
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Table 8 f 

es OF DIRECT LIGHTNING SURGES ON TRANSMISSION 
LINES 

Investigator 

and Beck32 

ss and Cox '4. 

loff and Price33 

Total 
number 

Ratio of 
negative 

to positive 
surges 

Line 
voltage 

(kV) 

Lower limit 
of surge 
voltage 

(kV) 

4 3 : 1 154 300 
220 

7 6 : 1 132 600 

9 3.5:1 220 600 

is so difficult to identify them, that Table 8, which 
the relevant data available, should be considered 

ome reserve. In spite of this, the indication is that 
surges occur more frequently than would be ex- 

from the second half of Table 7, and in particular 
do of 3.5 : 1 (Table 8) for the Wallenpaupack- 
ed line differs markedly from the ratio of 30 negative 
sitive flash to the earthed structure on the same 
determined by magnetic -link measurements. 
er interesting evidence on this question can be 

ed from magnetic -link investigations carried out on 
oltage transmission lines in Russia.72 Sub -dividing 

tilts into those obtained on steel towers and wooden - 
es respectively, the ratio of negative to positive 
is found to be 6.3 : 1 (22 observations) for the 
and 2.1 : 1 (36 observations) for the latter, which 
further evidence for the effect of earthed structures 
ared with insulated wooden poles. " Similar con - 
can also be drawn from magnetic -link measure - 

of currents discharged through medium- voltage 
g arresters,54 for which the ratio of observed nega- 

positive currents decreases throughout the recorded 
range of 13 000 to 500 amp. from a value of 3 7 
The upper value, which should relate to currents 

by direct strokes to phase wires, agrees, again, quite 
'th the average value found over open country 
7), while the increasing number of strokes of positive 

for smaller current values is due to induced 

e it is, therefore, premature to regard the available 
as conclusive, there seems to be some support for 

don that the polarity distribution among strokes 
wires more closely resembles that among strokes 
n country than that among strokes to steel towers 
wires. It must not be overlooked, however, that 
number of negative surges on transmission lines 

by the higher percentage of negative strokes 
by back flashover of the line insulation. 

OMIIENDATIONS FOR FURTHER WORK 
ugh it will be seen from the foregoing sections that 
etailed questions have been answered and that a 
nsistent picture of lightning phenomena can now 

cted, there still remain many points on which 
rches should throw further light. Many of 

referred to, above or elsewhere,80 but it may be 
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desirable to collect and summarize the main problems con- 
fronting the engineer, as seen from the point of view of the 
present work. 

His primary interest is concentrated on the phenomena 
occurring on transmission lines, regarding which, as has 
been shown, much information is still lacking, particularly 
as deductions from investigations carried out over open 
country or on tall conducting structures cannot readily be 
applied to the case of flashes to overhead lines. Amongst 
the outstanding questions, the most important one seems 
to be linked up with the suggestion that the multiple 
structure of lightning strokes to earth does not apply in 
the case of direct strokes to an insulated phase wire, which 
do not cause flashover. Also the magnitude of the con- 
tinuous current flow on which the stroke currents may be 
superimposed, as suggested r in Section (3.3), requires 
further investigation. 

It is hardly within the scope of the present paper to 
make detailed suggestions as to the methods to be used in 
further work on the lightning problem. It seems of greater. 
importance to stress the authors' conviction that future 
progress will be greatly assisted by a closer co- operation 
between investigators of different aspects of the phenomena 
and the use of different types of apparatus at the same 
locality, as it seems more promising to obtain independent 
data covering as many aspects as possible of the same 
lightning flashes than to carry out individual investigations 
at various points which have then to be correlated. To 
quote an instance, it appears advisable not only to resume 
surge investigations on transmission lines by means of a 
cathode -ray oscillograph, carried out simultaneously on all 

and cover duration of a possible 
multiple flash, but to supplement them by field measure- 
ments at several points along the line, as this would appear 
to be the most satisfactory method of determining the 
characteristics of direct strokes to a phase wire. 

Finally, it should be emphasized that the engineer is in- 
terested not only in the conditions he has to guard against 
but also in the frequency of their occurrence. In view of 
the relatively small number of lightning flashes at any one 
locality, it is therefore essential to have the results of 
investigations spread over several years, and presented with 
as varied a statistical analysis as possible. 

It would be appropriate to terminate this survey of the 
lightning problem with recommendations for revised test- 
ing methods for apparatus subject to the danger of lightning 
impact. At present such impulse testing is limited to the 
application of the standardized 1 /50- microsec. test wave, 
though recently a modified wave in which the high -current 
pulse is followed by a lower- current tail of some hundreds 
or thousands of amperes in amplitude and of several milli- 
seconds' duration has been suggested and produced 22 It 
will be seen that such a wave would represent quite well 
the wave deduced in Section (3.3). Furthermore, no 
attempt appears to have been made to simulate the multiple 
stroke, which would undoubtedly exert a great influence on 
all types of apparatus in which the dissipation of the 
lightning current is accompanied by heating effects. This 
point is worthy of further consideration. 

While any part of a transmission system hit by a multiple 
flash would certainly be subjected to the full sequence of 
current discharge described above, it is generally agreed 
that it would not be economically sound to design electrical 

6 
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apparatus to withstand a heavy direct flash. If this case 
is excluded, therefore, the considerations of Section (4.1) 
show that the stresses to which apparatus can be subjected 
either by a stroke to a phase wire followed by a flashover to 
earth or by a stroke to a tower or earth wire, with subse- 
quent back flashover, are greatly reduced. In the most 
dangerous case of a stroke to a phase wire which just does 
not cause flashover, the main outstanding question is 
whether such a stroke can develop a long low- current tail, 
followed by successive current discharges. Until this 
question has been answered it will be premature to attempt 
a complete solution of the problem of impulse testing. 

(6) CONCLUSIONS 
(a) The average charge in a lightning flash is of the order 

of 30 coulombs, or 50 % greater than has hitherto been 
commonly accepted, and about one -third of this charge is 
probably neutralized by the intervening space charge. 

(b) The potential required to cause a lightning discharge 
is only a few per cent of that hitherto believed necessary, 
namely of the order of 5 x 107 volts, as compared with 
Wilson's value of 109 to 6 x 109 volts, so that the energy 
involved in a flash is of the order of 250 kWh. 

(c) A theory is advanced to explain the shape of the 
lightning current wave, and a multiple flash is shown to 
consist of a continuous low- current flow on which the high 
currents in individual strokes are superimposed. 

(d) Examination of the statistical data available shows 
that thunderstorms all over the world, including Great 
Britain, are similar as regards the time characteristics of 
the flashes and the number of strokes per flash. Strokes 
to the Empire State Building are shown to be similar in 
overall duration to those to ordinary country when allow- 
ance is made for the duration of the initial continuing 
stroke. 

(e) Norinder's data on the time characteristics of 
flashes, which differ markedly from all other data, are 
shown to result from a misinterpretation of his records. 

(f) Evidence purporting to suggest that storms in tem- 
perate regions vary as to the number of strokes per flash 
and as to their polarity characteristics is found to be 
inconclusive. 

(g) It is concluded that "air discharges" are, as suggested 
by Simpson, relatively frequent. 

(h) Several lines of evidence lead to the conclusion that 
the later strokes of a flash are less intense than the earlier 
strokes. 

(j) Successive strokes are initiated by streamers from the 
original stroke to other cloud centres. 

(k) It is suggested that strokes to phase wires of trans- 
mission lines which do not cause flashover are unlikely to 
be followed by subsequent strokes. This requires experi- 
mental confirmation. 

(1) An expression is deduced for the stroke mechanism 
which enables the various field changes to be calculated. 
The values are shown to agree with observations of the 
magnetic and radiation fields, made by various investi- 
gators, as regards shape and amplitude. Curves are given 
for the field- change observed at different distances for 
stroke and flash. 

(m) Norinder's values for the currents in individual 
strokes are shown to be in error. Comparisons of these 
with magnetic -link data available on lightning currents 

have hitherto overlooked an important selective 
which renders their agreement disconcerting. 

(n) Statistical analysis of McEachrori's data 
-that lightning currents to the Empire State E 

greater than those in flashes to normal country 

explanation for this is suggested. It is shown 
considerations render meaningless the distribute 
currents as presented by him. 

(o) It is pointed out that the charge r 
McEachron for a stroke with upward leader 
charge required for neutralization of space c 
the first leader stroke, in addition to that for the 
tion of the cloud charge. 

(p) The magnitudes of the cloud and sp 
arrived at are shown to afford an explanad 
observed data on electrostatic field changes. 

(q) It is shown that existing ideas as to the r 

three components of the electrostatic field chan 
stroke are in error, and it is suggested that 
records of the slow field-changes are considera 
by leakage of the charge induced on his aerial. 

(r) Support is found for the suggestion that 

form of atmospherics is due to successive refi 
the ionosphere and not to current pulsati 
lightning channel. 

(s) Negative flashes to earth are more fre 

positive flashes, the ratio being, however, 
smaller in temperate than in tropical regions. 

(t) The polarities of surges due to direct 
transmission lines cannot be directly ded 
magnetic -link observations on transmission -line 

(u) A larger proportion of very high positive 
observed as compared with negative currents, 
are suggested for this. 

(y) Based on the present survey, problems are 

which require further investigation, and in 
methods for their solution are indicated. 
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data I can find, that the total energy may vary from about 
100 to- about 2 000 kWh, which includes the authors' 
value of 250 kWh. 

Many workers quote figures of 100 and 200 kA for the 
peak current of a lightning discharge, and I consider that 
the authors are incorrect in dividing by the number of 
strokes to obtain the current per stroke. If a piece of steel 
be magnetized by a given current the resulting residual 
magnetism will be somewhat less than that found from a 
NH curve. Now if a second current impulse be given, in 
the same direction and of the same magnitude, the new 
residual magnetism will be only slightly increased on 
account of the incremental permeability of the steel. It 
will certainly not be doubled, and so dividing by 2 will not 
be correct. In practice, all subsequent strokes are less than 
the first, and so no noticeable increase is likely. Further, 
owing to the very brief time, magnetization may not be 
complete and so many strokes tend to give a truer result 
for the current in the first stroke than will that measured 
after only one stroke. Whilst the average value given, 
20 kA, may be correct, for calculations relating to pro- 
tection I have used figures of 100 and 200 kA. A further 
point in this connection is Bellaschi's work on the fusing 
of lightning conductors.* He found that conductors of 
0.02 cm? fused after a discharge, and according to his 
formula this corresponds to 200 kA for 1 millisec., or 
20 discharges each of 50 microsec. Whilst this is unusual, 
it should not be ignored in conductor calculations. 

Dr. E. A. Evans (United States): The lightning discharge 
shown in Fig. 7 was photographed at approximately 
11 p.m: on the 26th June, 1931, from a look -out on the 
peak of Devil's Head Mountain, Colorado, U.S.A. The 
look -out is located roughly midway between Denver and 
Colorado Springs, and 6 miles west of the foothills which 
separate the "Front Range" of the Rocky Mountains from 
the plains. Its elevation is 9 348 ft. while that of the 
country into which the stroke struck was about 7 000 ft. 
The distance from ground to cloud -base was 5 600 ft. 
± 600 ft., while the distance from the cloud terminal to 
the right -hand visible extremity of the stroke was between 
2.5 and 3.5 miles. The film was changed after each dis- 
charge, so the picture represents one complete discharge, 
which probably was multiple. As the authors state, this 
photograph was used in my Dissertationt to illustrate the 
nature of discharge channels within a thundercloud. The 
mental picture which I had in 1932 of how these channels 
were förmed may be of some interest. (It must be re- 
membered that the terms "leader stroke" and "return 
stroke" had not entered the literature at that time.) 
Quoting from the Dissertation, pages 26-27: - 

"The manner in which feeder channels form between the 
cloud terminal of a. stroke and the charged regions of a 
cloud is probably as follows: In the case of a negatively 
charged region, 'charge is drained from the region imme- 
diately around the origin of the stroke as the stroke pro- 
gresses down from the cloud toward the ground; in the 
case of a positively charged region, the charge immediately 
around the cloud terminal of the stroke is neutralized' by 
the drainage of negative charge into the region during this 
period. The drainage of charge probably results from 
three causes: from the charging of the successive elements 

Electrical Engineering, 1935, 54, p. 837. 
t Stanford University, 1932. 

of the stroke channel as it builds toward the gro 

the ionization processes going on at the advancing 
of the stroke; and from the movement of charge 
conducting channel by induction. (Just as chug 
lates at the ends of a conductor placed in an el 

so charge should accumulate at the two extre 
lightning stroke due to the field between the grotto, 

charged cloud region not yet tapped by the stro 

reduction in charge in a limited region at the on 

stroke, and the accumulation of charge of opposi 

this region due to induction, results in an inc 
gradient between this region and neighbouring c 

gions of the cloud. When this gradient increase 

a value that electrons and positive ions can pro 

cient ionization by collision, a conducting Channel 

form from the cloud terminal of the stroke, and 
the charged regioñs of the cloud in a manner sim 

in which a stroke builds down from the cloud 
earth. As soon as the stroke makes contact 
ground, the rate of drainagof charge from the 
the origin of the stroke and the rate of accus 
charge of opposite sign there by induction, is 

creased. This results in a more rapid and extens 
of the conducting feeder channels into the charged 

The feeder channels continue to build into these 

long as sufficient gradients are maintained at their 

for adequate ionization by collision." 
Again quoting from a discussion of the influe 

charge distribution about a discharge centre upon 

of discharges emanating from it, followed by a 

of the multiple discharge mechanism, pages 28- 

Dissertation :- 
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usually predominantly a mixture of single and f 
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vious discharge during the dark' period between 

ges. This movement could occur due to induction, 

e ionized channel is subjected to the field between 
tapped charged regions of the cloud and the ground. 

dient at the cloud terminal of the stroke should be 

low breakdown value at the termination of the first 

a moderate movement of charge would suffice to 

e the gradient sufficiently to cause the growth of a 

channel into regions of charge still untapped. These 

would then discharge to ground through the feeder 

l and the still partially ionized path of the previous 

is reason to believe* that current flows con - 
lythroughout the duration of most if not all "mul- 

discharges. The apparently separate strokes of the 

ge are high- current pulses superimposed on a low - 

continuous discharge. Therefore, with sufficiently 

e.photographic equipment and conditions favour - 
rpicture- taking, it should be possible to show that 
rk=' period referred to in the above quotation is not 
non- luminous. 

K. B. McEachron (United States): The authors 
one a real service in bringing together the results 
d by many investigators and attempting to correlate 
to a comprehensive whole. 
reference to the number of successive strokes in a 
e data recorded by the crater -lamp oscillograph did 

nt the number of operations of the expulsion pro- 
bes, while the limitations stated were recognized 

original paper. However, the results do indicate 
of sufficient magnitude to operate protector tubes 

level is a little less than the flashover of the line 
lr5, thus indicating the prevalence of successive 
of sufficient magnitude to be of importance on a 
lated for 138 kV. In terms of successive strokes in 

tning flash itself, -the numbers tend to be too small. 
much interested in the suggestion of the authors 
number of so- called "air discharges" may be quite 

Since 1934, both in Pittsfield and in New York we 
n photographing lightning using a variety of Boys 

. From a total of 69 records of strokes to the 
State Building which were photographed, only 

ds were obtained in which a streamer from the 
_ could be identified without a following stroke to 
ding,. This of course is an "air discharge," but 

frm the building rather than from the cloud. 
745 records in Pittsfield, of which none are known 
'flatly upward -directed leaders, only a very few 
nclassified as of the" air discharge" type, and most 

are uncertain because of possible confusion 
such strokes and cloud -to -cloud strokes. 

pest that Schonland, like ourselves, was led to 
as the result of observing strokes from many 

that storms have habits from the point of view of 
ce of multiple or single strokes. It is true, as the 
state, that in the protector =tube investigation the 

ns observed may have resulted from random 
However, the results obtained from data both 

ew York and from Pittsfield lead me to believe that 
Orrns have a greater tendency to produce multiple 
than do others. 
MCEACHRON, Electrical World, 1940, 113, p. 56. 
CEACRRON, Transactions of the American I.E.E., 1941, 60, P. 859. 
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Concerning the duration of lightning flashes, in 1939 I 
published* some curves which showed the maximum dura- 
tion of flashes to the Empire State Building to be 1.5 sec., 
with .1:1% having a duration of at least 0.35 sec. These 
results were based on 53 strokes. The present 50 % value 
is 0.3 sec., while the maximum is still 1.5 sec. These re- 
sults are based on records obtained during the past 4 
years. 

I do not agree with the authors that time should be 
measured, in the case of the Empire State flashes, from the 
first downward leader unless the same method is applied to 
the initial downward -leader flashes, i.e. eliminating the 
initial stroke from consideration. As a matter of fact, as 
is pointed out later in the paper, the charge in the upward 
initial leader stroke to the building is probably less than it 
would have been had the same stroke been initiated by a 
downward leader. This would lead me to believe that 
there is some foundation for the expectation that strokes 
to the Empire State Building might have a shorter duration 
than to ordinary terrain. Since most of the other data are 
photographic, and as such are dependent upon atmo- 
spheric conditions but more particularly upon the nearness 
of the stroke, I am inclined to believe that better accuracy 
of measurement is possible in New York since the distance 
to the base of the stroke was fixed at 2 410 ft. Additional 
data (tripublished) show that, with fast films and lenses, 
even longer duration is to be expected than that already 
reported. 

In connection with Fig 4, it is important to call attention 
to the fact that the crater -lamp oscillograph used in the 
Empire State Building investigation does not give accurate 
crest values, but does indicate individual current peaks; 
while the magnetic link indicates onlythe maximum current 
of many strokes, being of the order of 30 kA or more for 
some of the measurements shown in Table 3. It is obvious 
that these two types of resul is cannot be satisfactorily shown 
in the same curve. New data from the Empire State Build- 
ing are presented in Fig. A, showing that the current in inde- 
vidual current peaks is considerably less throughout the 
whole range of the curve than that shown in Fig. 4. The 
data presented in Fig. A were recorded with the high -speed 
cathode -ray oscillograph and are reasonably accurate. 

* Journal of the Franklin Institute, 1939, 227, p. 149. 
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Probably none of these oscillographs record the first current 
peak with an initial downward leader- stroke, although 
downward initial leader- strokes to the building have been 
observed. 

Data obtained in 1938 and 1939 on strokes to the Empire 
State Building show that 50 % of the current peaks will have 
a duration to half crest current of at least 30 microsec., a 
time to crest of at least 1 microsec., a crest current of at 
least 5 000 amp. and a charge of at least á coulomb -time 
being measured to half current. 

In Fig. B is reproduced a composite record of low -speed 

which results in the increased current. Althougl 
have not always been photographed in cone:;, 

rapid increases in current, I am of the opinion 
would illave been found if the photography had 
enough. In this discussion I have followed the 

use of the terms "stroke" and "flash" rather than 
I have just indicated. 

In connection with the authors' discussion e 

Figs, 6 and 7, relating to the progression of strea. 

the cloud away from the main stroke channel, I I. 

evidence which may be of some help. Stroke 21, 
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and high -speed oscillograms of a flash to the Empire State 
Building. This record gives indication of the flow of con- 
tinuous current between the cloud and the building from 
the time the path is once completed until the discharge 
through the channel is completed, which may be at times 
as much as 1.5 sec. later. Our photographic records taken 
in Pittsfield of strokes to ordinary terrain, coupled with the 
results obtained in New York with a new rotating film 
camera with 4 times the range of exposure used in work now 
published, together with considerable oscillographic data 
similar to that of Fig. B, lead me to believe that in the 
lightning flash, once current is started, it does not cease 
until the flash is over. This is the reason why I prefer to 
think of lightning as a flow of continuous current with 
superimposed current peaks. Apparently any sudden 
change in current requires the leader mechanism which is 
responsible for the increased space charge,,the discharge of 

shown in my 1939 paper* as Fig. 18, is a stroke 
reversal of polarity took place after 0.13 sec. Al 

on the Boys camera photograph is shown a series of 

in illumination which is characteristic of that al 

at the beginning of the upward leader stroke. 
gests the extension of the stroke channel into r 

tions of the cloud through the medium of the s. 

mechanism. Up to the end of 1937, only 3 of the . 

for which oscillograms were obtained showed any 

of current -these always coming at the end. Th 

always began negative, indicating that the port' 
cloud where the flash was first established was n'; 

Of the 49 flashes recorded oscillographically to 

stroke has been entirely positive, while 41, or Sl 

entirely negative. Of the 8 having some positiv 
4 began with negative current. Of the other 4, I s 

" Loc. cit. 
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ble interest, as the first recorded current was positive 

larity, followed later by 3 negative current peaks, all 

together by continuously flowing current, mostly 
ive. This first current peak which was positive had a 
current of 58 000 amp. and a duration to half value 
t microsec. Since this stroke occurred in the daytime 
rrelating photographs are available, but the oscillo- 
tripped 0.027 sec. before current was recorded. 

it was not known whether the initial leader was up 
wn. 

authors' suggestion that there is a difference in 
between the initial upward and - downward leaders, 

t the charge measured at the Empire State Building 
be higher than would otherwise be the case, seems to 
be reasonable. I do not believe that it would have 
effect upon the results, since most of the measured 
is contributed by the continuing current between 

t peaks and not by the peaks of flashes. The largest 
nib value in an individual current peak was slightly 
an 5, was associated with a positive stroke of 

t amp., and was transferred in 115 microsec. As- 
that the charge transferred by the upward leader 

coulombs, which is greatly in excess of any measured 
during the upward leader period, the effect on the 

measured is very small indeed. Certainly the upward 
'charge, as measured thus far, does not constitute 
than 2 % of the total measured in the entire flash. 
alues for space charge suggested by the authors seem 
arge in view of existing data. It is my hope that 
direct measurements of space charge will soon be 
ble. 

any study of lightning whose object is the determina- 
f the wave shapes to be applied to electrical apparatus, 
d. between cloud and ground is not of primary 
t. The problem is to determine the wave shapes of 

It and translate them into travelling waves on trans - 
on lines. However, considerable interest centres 
d the long spark of thousands of feet in one length, 
extension of the laboratory lengths of sparks Corn- 

y studied. I agree with the authors that the poten- 
hich have been calculated for lightning have probably 
too high in view of the knowledge now available 
.g to the mechanism of discharge. 
o not agree, however, with their conclusion that 
ers rising upward from the earth to meet the down - 
g leader cannot contain large values of current. 

and Torok* measured streamer currents (in what 
called suppressed discharges) between 50 -cm. spheres 
d 75 cm., of the order of 5 000 amp. Conceivably 
currents could be considerably greater under the con - 

existing just before the leader makes contact. 
ver, I know of no data which will strongly support 
ggestion that the crest of the current in the stroke is 

at the moment of contact- with a streamer from the 
or with the earth itself. This suggestion is one which 
d still be kept in mind as a possibility. 

ee with the authors that strokes to conductors which 
of result in flashover should be studied, but such a 

would be difficult. I believe that more data are 
with respect to the positive stroke -its frequency of 

ence and its magnitude. There is some reason, 
on available data, to believe that positive strokes are 

° Electric Journal, 1929, 26, p. 107. 
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likely to be greater in magnitude. Some additional data 
with reference to wave shapes of natural lightning strokes 
are needed, particularly with reference to the initial stroke 
characteristics. Additional data are also required of a 
detailed character concerning the effect of flashes having 
strokes of various magnitudes and shapes combined with 
continuing current. 

Mr. J. M. Meek: As the authors point out, there has 
been little previous attèinpt by the various investigators of 
lightning phenomena to correlate their data, and the 
laborious task of such correlation is well performed in the 
present paper. However, a survey, if it is to be critical, 
must necessarily be subjective and reflect the opinions of 
the authors. For the purposes of abbreviation it is not 
always possible to discuss many details in full, and it is 
frequently necessary to make certain assumptions regarding 
various quantities without 'much explanation. Such 
assumptions, while apparently well- founded in the view of 
the authors, may themselves be subject to criticism in the 
light of further reference to the original articles. 

One such assumption which the authors make concerns 
the average value of the current flowing in the leader- stroke 
channel. This current is assumed to be at least 100 amp., 
a value no doubt based on the oscillograms obtained by 
McEachron.* However, a close study of these oscillo- 
grams reveals that the current is of a pulsating nature and 
that the value of 100 amp. chosen is virtually the average 
crest value of the pulses (see, for instance, Figs. 17 and 19 
of McEachron's article). The time scale of the oscillo- 
grams is such that a clear -cut picture of the current in the 
leader stroke cannot be observed. The current peaks may 
well correspond to the outset of individual step leaders 
from the tower of the Empire State Building, while the 
intervening current may be much smaller in magnitude. 
However, owing to the time scale of the oscillograms, 
one only observes the jagged envelope of the current 
peaks rather than a precise record of the variation of 
current. The average value of the current may then well 
be of the order of several amperes, in agreement with the 
estimated value given by Schonland. 

Some confirmation that the average current must be con- 
siderably lower than that quoted by the authors may be 
derived from a comparison of the oscillograms with the 
rotating- camera photographs taken by McEachron. The 
latter has pointed out that he is able to correlate the varia- 
tion of current in the lightning discharge with the intensity 
of the image as photographed on the moving film. He 
further claims that as a result of calibrations based on such 
measurements it is possible to estimate the current variation 
with a fair degree of accuracy by a study of the moving- 
camera photograph alone. Now it will be noticed that in 
his photographs the stepped -leader process is only very 
weakly photographable, whereas the subsequent strokes of 
a multiple discharge are most readily photographed even 
when they are carrying currents of no more than 100 or 
200 amperes, as measured on the synchronized oscillogram 
(see, for instance, Figs. 25, 26 and 27 of McEachron's 
article). It would thus appear that the average current in 
the stepped- leader process must be considerably less than 
100 amperes though pulses of current approaching this 
value may accompany each individual step leader, which are 
faintly traced out on the weakly photographed background. 

* Journal of the Franklin Institute, 1939, 227, p. 149. 
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A further reason for the belief that the average current in 
the leader channel is probably less than 100 amperes is 
based on a rough calculation of the electric field about such 
a channel, in the manner indicated by Goodlet.* The 
leader- stroke channel may be considered td approximate to 
a long cylinder of radius r and length 1. The electric field 
at its circumference is then given by 

X= 
rQ e.s.u. 

where Q e.s.u. is the total charge on the cylinder. If the 
channel develops with a speed y cm. per sec. the average 
currentxi in the channel is i = (QJI)v e.s.u., so that 

\ 2i X= - e.s.u. 
ry 

Now the average speed of the leader stroke is about 
2 x 107 cm. per sec., so that, if we now measure i in 
amperes, 

2i 3x109x300 X= x 
2 x 107 

= 9 x 104 
á 

volts per cm. 
r 

The authors quote 10 cm. for the channel radius; and, if one 
then takes their accepted value of 100 amp. for i, the field 
strength Xis 900 000 volts per cm., which is a fantastically 
high figure. The air surrounding the channel is bound to 
break down until the channel diameter is increased to such 
an extent that the electric field about the channel is of the 
order of the corona value. To reduce X to 30 000 volts 
per cm., the channel radius must be 300 cm. for the current 
of 100 amp. (i.e. a channel diameter of 6 m.). 

Now visual observations of lightning channels lead one 
to suppose that their radius is not more than 10 cm.? 
Then, if one considers that the average radius of the leader 
channel is 3 cm., X = 30 000 volts per cm. for i = 1 amp. 
Such values give a more reasonable figure for X than those 
adopted by the authors. However, the above calculation 
is not regarded as by any means rigidly accurate. For it 
is realized that the path of the leader is a tortuous and 
branched one, and can only be approximately represented 
by the long cylinder suggested. Nevertheless, relatively 
long stretches are traversed by the leader without branch- 
ing, and 'also the radius of the visible part of the channel, 
which must carry the bulk of the charge, is. certainly not 
greater than 10 cm. Thus the calculation is likely to give 
at least the order of magnitude of the electric field about the 
channel. 

I would thus suggest the possibility that the average 
current in the leader channel is only of the order of 1 amp. 
There will be considerable variation of current with time, 
the current rising to successive peak values with the outset 
of individual step leaders. After a step leader the current 
will decay until the next step , leader occurs, when it will 
rise to a peak value. It is thought that this decay in 
current during the interval between individual step leaders 
is itself the reason for the stepped nature of the develop- 
ment. For, as the current falls to low values, there is an 

Journal I.E.E., 1937, 81, p. 487. 
t Proceedings of the Royal Society, A, 1938, 164, p. 132. 

increase in resistance of the channel and also in the 

drop along the channel. Such variations may be 
for on the basis of recombination of ions` in ti 

channel, as is indicated elsewhere.* The effect 

considered similar to that for arcs when the cur 
duced to low values. It is known that for c 

than about 0.1 amp. no actual continuous arc tak 

between electrodes but a spark or continuous 
obtained.t 

The authors are evidently convinced that there 

ageing of ionization in the leader channel. They 

the possibility that recombination of ions takes 
the grounds that the ions are of one sign only, bu 

electrons and positive ions will be created in equal 
as the leader progresses, the electrons quickly at 
form negative ions. If then, as the authors supp 
is no change in ionization in the leader channel, whu 

reason can there be for the appearance of step 

For their sole function appears to be the re- ionizati 

channel in which the densityof ionization has d 

since the previous step. In the mechanism pro 

myself,$ on the basis of recombination of ions, 
for step leaders is readily accounted for. Fur 
regularity of the time -intervals between steps can 

plained. However, this mechanism is admitted 
likely to operate if the leader current is of the 
0.1 to 1.0 amp., at which currents arcs are kn0uw 

unstable; whereas the authors consider the curren 

in excess of 100 amp., a value which I believe to 

high, for the reasons given above. 
It should not be thought that the value of cloud 

as determined in my article is considered by n 
correct, and it was only intended to indicate a me 

calculation. Indeed, all such simplified calculation 
ing with the voltage -gradient and current in 
channels should be viewed with much scepticism 

main purpose of the article was to give a qualitative 
of the various features of the lightning discharge 
anism. Further, a footnote to that article indica 

calculations based on an oscillographic study of the 

required to break down a pre -ionized gap in the la 

now show that the propagation of a lightning disc 

occur for an average voltage- gradient between do 

ground of only 600 volts per cm. It is hoped to 

more details at an early date. 
The authors make the peculiar statement that 

2 x 109 volts were available as suggested there would 

need for any leader process as the whole gap would 

down straight away." Surely in all normal cases of 

down the main discharge only takes place when 

ducting channel bridging the electrodes has been 

by some pre -ionizing process or, in other terms, I 

stroke.§ Admittedly this leader stroke may not 

in a stepped manner -it may proceed across the 

single bound, eg. the dart leader -but it will ali 

present. 
A still photograph of a lightning discharge in whirl 

is no key to the time sequence of events is g 

J. M. MEEK: Physical Review; 1939, 55, p. 972. 
t C. G. Surrs: Physical Review. 1938, 53, p. 609; C. G. Sòrrs: 

Applied Physics, 1939. 10, p. 648; J. D. COBENE, R. B. Powsa 
WINDER: ibid., 1939, 10, p. 420; .t. D. COME and H. KE.EMPEfla 

of the Franklin Institute, 1940, 229, p. 477. 
Loc. cit. 

§ J. M. MEEK: Physical Review, 1940, 57, p. 722; L. B. LOEE O 

MEEK: Journal of Applied Physics, 1940, 11, pp. 438, 459. 
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ble of many interpretations. Thus it is surprising that 
uthors make use of the photograph in Fig. 7 to support 
argument relating to dart leaders -unless, of course, 
have a rotating- camera photograph of the same dis- 

though no statement is made to this effect. The 
rs pointing away from the main channel could 
y have been formed by the process described by the 

s. But there appears to be no reason for supposing 
they may not equally well have developed as a branch 

the main stepped leader stroke as the latter pro - 
to earth. However, the fact that the photograph 

of be regarded as evidence does not condemn the 
ors' suggestions with regard to dart leaders. These 

tions, together with many others which the authors 
onward, provide stimulating material for thought. 
J. L. Miller: One of the most interesting aspects of 
ogress in lightning research is the correlation that is 

y but surely growing between the engineer's measure- 
of lightning -flash duration and the physicist's data 

ed from various other sources. Up to a short time 
engineer had been thinking in terms of a micro - 

d's duration of the stroke, without, for instance, 
able to correlate his ideas with the previous work on 
pherics. The position is now very much improved, 
er, and as far as I can see the situation at 
t the engineer is probably quite correct in using, 
ore, a steep- fronted type of voltage wave having 

I of several microseconds' duration when designing 
testing transmission apparatus (such as transformers 
insulators) that is liable in service to breakdown 

high -voltage conditions; but when considering 
apparatus (arresters, fuses and expulsion gaps) which 

to carry surge current he must additionally base his 
and tests on the more recent data. 

examining the data of previous workers the authors' 
has been difficult, but in many cases they have been 

show that reasonable agreement exists between the 
results of others. In addition, they themselves have 

ither no cause to criticize such previous work or have 
able to support it. Their remarks on the number of 
es in a flash, the duration of flashes, the time -intervals 

strokes, the current magnitude, the velocity of the 
stroke, and many other points, all come into this 
ry. On the equally important question of the voltage 
ed to initiate a flash and of the mechanism of stroke 
gation (together with certain connected problems 
as, for instance, that relating to electrostatic field 
es), however, the authors appear to throw overboard 
of the previous preconceived ideas. 
w the new and lower values for the voltage required 
tiate a stroke will not in general cause us to modify 
eas of the voltage occurring at, say, the top of a 
a tower, because the latter voltage is substantially 
lied in a straightforward manner, principally by the 
t and the earth resistance. What is not straight - 

rd, however, is the case of a stroke to a line con - 
. The authors prefer to calculate the voltage arising 
e line Murder these conditions from the surge - 

ce and current values. Here I do not agree, and I 
at in dealing with the mechanism of the stroke in 
n to such cases, consideration of current alone is 
dent and voltage considerations must be brought into 
eture. The old idea of a stroke voltage, travelling on 

Si 

a pseudo conductor having a surge impedance, was of 
assistance in this connection, although I always had diffi- 
culty in reconciling it with the earlier explanation of the 
formation of the front of the voltage wave which stated that 
the front represented the streamers rising from earth to 
meet the leader stroke. Now that both of the above ideas 
appear to be rejected by the authors, however, it appears 
that they will have to enlarge their own theory [given in 
Section (3.8)] so as to incorporate voltage. Unfortunately, 
the mechanism as they describe it will not readily lend 
itself to such treatment until further information on 
the questions of charge and channel capacitance is avail- 
able. 

One can readily see, therefore, that there is still a great 
deal to be done, and it is a pity that in the course of the 
past 3-4 years, during which physicists have been attacking 
the problem from various angles and with considerable 
success, the engineer has not continued his own cathode -ray 
oscillograph work on the transmission lines themselves. 
Eventually it may be found that final decisions from the 
engineer's point of view will depend on such measurements, 
and therefore there is a very strong case for beginning to 
make them on a relatively large scale when the war is over. 
This will demand, I am certain, both a multiplication and 
a simplification of cathode -ray oscillograph equipments 
if tangible results are to be obtained with minimum 
cost. 

Reverting to the question of the voltage required to 
initiate the stroke, I would ask whether the authors regard 
their second calculation in Section (3.7) as really water- 
tight. It appears to me that the capacitance calculation 
may be in considerable error; first, because it has pre- 
sumably been simplified to the case of the capacitance of a 
vertical straight wire earthed at one end; and secondly, 
because the simple quantity /capacitance /voltage relation- 
ship has been applied to a distributed circuit, where in 
reality the capacitance per unit length is decreasing rapidly 
towards the cloud. Simple calculations will show that it 
is possible to obtain answers differing several fold from 
that given in the paper. 

Section (4.1) is the most immediately practical part of 
the paper, and here one can raise numerous interesting 
points. I will refer very briefly to four of Vim 

First, it is difficult to see on what grounds the authors 
refer to Goodlet's paper as a source of information on the 
subject of the maximum voltages that can appear on a 
system, in view of the fact that Goodlet used in his calcula- 
tions the stroke surge -impedance idea which is rejected in 
the present paper. 

Secondly, one must criticize the authors' figure of 106 
volts for the impulse flashover voltage of a 132 -kV line. 
Surely this voltage may be much higher - perhaps 1.5 to 
2.0 x 106 volts -under direct -stroke conditions. 

Thirdly, in their brief analysis of line phenomena, the 
authors leave out of consideration both the surge impe- 
dance of a tower and the time of travel along conductors 
before flashover occurs. The first may be, and the second 
is, of considerable importance with rapid rates pf voltage 
increase. 

Fourthly, the authors state in Section (4.1): "It is 
probable that a back flashover-will develop into an earth 
fault...." Here I disagree, since actually the chances 
are about 2 or 3 to 1 against such a state of affairs arising. 
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Now the authors in this connection only consider earth 
faults with or without power- current interruption, but 
actually from what I have said it is apparent that they 
should also have included the case of back flashover with- 
out an earth fault developing. This leads to the conclusion 
that station apparatus ought to be subjected to more than 
one surge even more frequently than the authors imply. 

The mystery regarding the lack of corroborative oscillo- 
graphic evidence that such multiple surges exist on lines, 
is difficult to solve. However, in the case of a back flash- 
over without an earth fault, for instance, the second and 
third strokes, which will occur at time -intervals after the 
first corresponding to several power- frequency cycles, 
might well connect with other phases since the direction of 
flashover is partly controlled by the power- frequency 
potentials existing on the lines at the moment of incidence. 
Thus, since most oscillograph investigations have been 
carried out on one phase only and since the mean value of 
the number of strokes is 3, one would not expect to record 
on the average more than 1 surge per phase when there is 
no earth fault. Even if more were recorded they might 
well have very long time -intervals between them and so be 
missed because the intermediate strokes would have con- 
nected with the other phases. Rather similar thoughts can 
be set down to cover the other cases, although the specu- 
lative arguments are necessarily much more complicated. 

Finally, I would point 'out that subsequent surges in the 
case of an uncleared earth fault will not have their ampli- 
tudes controlled so simply as the authors state, by the 
voltage drop in the tower earth impedance. Surely one 
must take into account the fact that there is an arc already 
in existence and that the tower foot resistance will be 
paralleled with half the self surge impedance of the faulty 
phase. Thus, these factors combined with the fact that 
later flashes of a multiple stroke do not carry so much 
current as the first, mean that subsequent surges will not 
attain such high amplitudes as the first surge, particularly 
when the initial flashover has been initiated by a rather 
high earth resistance. 

Mr. E. T. Norris: When little is known or understood 
about a subject a paper on it must consist largely in 
speculation and romance. It is a significant proof of the 
progress which has been made in recent years in the study 
of the lightning discharge that the proportion of specula- 
tion in the present paper is so much reduced in comparison 
with previous papers on the same subject. Even so, our 
knowledge of the inechanism and characteristics of the 
lightning flash is still far from complete, and the authors 
have built up from available data interesting theories and 
syntheses to fill the gaps in that knowledge. Other ex- 
perts on the subject will, of course, be able to appraise and 
criticize the assumptions involved in these theories, but for 
the ordinary reader it would have been helpful if the authors 
had indicated the degree of justifiability in each case. 

The electrical supply engineer is directly interested 
mainly in the voltage wave -shape and amplitude of the 
resultant surge on a transmission line. The stroke current 
is important to the extent that it builds up the voltage by 
surge -impedance or IR drop, but the relationship is not a 
simple one as the sparkover voltage of a line is not a con- 
stant but depends upon the wave front. For example, a 
typical 132 -kV line insulator flashover varies from 500 kV 
for a 1.5- microsec. wave front to 1 500 kV for a 0.25- 

microsec. front. The process described in the th' 

graph of Section (4.1) is therefore not so simple as it 

appear. In this connection, would the authors 
from their reference to Fig. 8 in Section (3.5) that 
shape of the voltage on a tower top or earth wire is 

to the current wave -shape and determined by tht 

impedance of the tower or the resistance of th 

connection? 
In the case of direct strokes to a phase 

employing the same method as is used in the 
on page 502, a heavy current stroke of 200 

(which is practically possible according to Fig. 4) 

result in a surge voltage .amplitude on the phase 

200 000 x 200 = 4 x 107 volts. Will the author 

ment on this value, in view of their conclusion in 

(3.7) that the total potential of a stroke is only S 

volts in all? If in this example the wave shape i 
to that illustrated in Fig. 12 the voltage wave -front 

of the order of 10 000 kV per microsec., a not inco 

value, for which the sparkover voltage of a 132 

insulator is about 2 000 kV, -or double the value 

authors' example. There will thus result a wave o 

0.2- microsec, front and 2 000 -kV amplitude, whirl 

inevitably break down between turns and coils any 

transformer of ordinary present -day construction. 
In view of these considerations, and also 

other source of surge -a back flashover from a str 

tower or earth wire -is also steep- fronted, as the 

state on page 502, it seems to me that the major 
of the existing standards for impulse testing is in 

tively long front of the 1 /50- microsec. test wave. 
specifications the standard wave is chopped by f 
a test gap or bushing, but even this does not give 

combination of high amplitude and steep front 

duced, and therefore is not representative of ac 

ditions unless the lines and substations are el 

shielded from direct hits.* The severity of the 

stroke and of the long low- current tail ment 

Section (5) would seem to be of greatest impo 

connection with discharge -type lightning arres 

which special testing apparatus is required. 
Mr. F. R. Perry: I am particularly interested 

authors' remarks on the subject of future research 

lightning stroke in relation to transmission -line p 

I would support their contention that closer coo 

between the various methods of obtaining infor 

desirable and that a number of different types of r 

equipment, all located at one research station and 

on the same lightning flashes, should be employed 

The work of Schonland, McEachron, and W 

Beck has shown that the lightning flash usually co 

a number of heavy- current pulses lasting for co 

tively short periods (of the order of 100 microso, 

separated by intervals ranging from probably t 

0.6 sec., during which there is current flow of 

magnitude. The whole discharge process may, In 

cases, persist up to 1 sec. Most of the information 
to this picture has been obtained by means of Boys 

photographing the lightning flash. The fulchron 

has been developed to record the long -time currens 

amplitudes, but as far as voltage measurements as 

mission lines are concerned very little is known ah 

* See Electrician, 1936, 116, p. 531. 
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t of multiple strokes, although the presence of multiple 
due to this cause has been demonstrated (by Berger 

McEachron). 
ure work should therefore be directed with the view of 
'ng information concerning two points : (a) Multiple 

es in relation to their effects on transmission lines. 
rents in the lightning discharge, with special reference 

e low -value long -time currents and also in relation to 
easurements made by magnetic links. 

ith regard to (a), the problem would probably have to 
ved by using two different methods of recording. In 

first, a high- writing -speed cathode -ray oscillograph 
Id be equipped with a time -sweep circuit which would 
a single sweep of about 100 microsec. duration and 
h should then recharge for the next operation in about 
sec. or less. In this way successive strokes of a 
ple- stroke flash could be recorded on an open scale to 
an accurate and measurable record of steep voltage - 
es; This scheme would also entail the use of a slowly 
g film or of a mechanism to move the recording film 

each record so as to separate the records of the indi- 
1 pulses. In addition, it would be necessary to use a 

nd oscillograph designed to give a record for a time of 
o1 sec., and this could be done most conveniently by 

of a moving film which in itself would provide the 
ary time - sweep. This second record would show the 

litude of the individual pulses and their relative posi- 
in time, but few details of their wave shape. It 

d, however, indicate the low- amplitude changes taking 
between the high- amplitude pulses. 
this method should be employed on each of the three 

the recording equipment required would be for - 
able, but the technique is similar to that employed by 
nland in using a fast -moving film to give details of the 
'dual strokes together with a slower- moving film which 
s less detail but places the individual strokes in their 

time relationship 
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These oscillographic records should be combined with 
Boys- camerá studies of the same flashes, as the Boys - 
camera technique has undoubtedly contributed the major 
portion of our knowledge of the lightning flash. This 
combination of records will not be easy, however, as con- 
ditions which are favourable for the one form of measure- 
ment may not be suitable for the other, e.g. a close flash 
would give good oscillographic records but would be 
largely out of the camera's field of view; also heavy rain 
would spoil photographic records though it would not 
affect oscillographic studies. These combined records 
have been taken on the Empire State Building, but this 
represents a special and a favourable site for such 
work. 

With regard to current measurements, these could be best 
obtained, in a short time, by flying a balloon carrying a 
steel cable under a storm cloud, though it should be 
recognized that this condition is probably quite different 
from that obtaining on a transmission line. Current 
records should be taken oscillographically, employing the 
fast and slow type of record suggested above, and also by 
means of magnetic links in the hope that the former would 
help to interpret the results given by the latter. This 
point is important, as if certain obscurities of magnetic- 
link measurements could be elucidated the magnetic 
link would undoubtedly be the most convenient form 
of device to use for current measurements on transmission 
lines. 

As, ¡n addition to the above, measurements should be 
made of field changes and point- discharge currents, it is 
clear that heavy financial considerations are involved. 
Furthermore, the research should be planned, as the 
authors suggest, to cover a period of years in order to be 
sure of covering the widest possible range of results. 

[The reply of Messrs. C. E. R. Bruce and R. H. Golde 
to this discussion will be found on page 517.] 

CUSSION BEFORE THE NORTH -WESTERN CENTRE, AT MANCHESTER, 19TH APRIL, 1941, 
ON THE ABOVE PAPER AND THE PAPER BY MR. F. R. PERRY (SEE PAGE 69) 

J. L. Miller: Both papers are of considerable im- 
ce and contain data, descriptions of experiments and 

cisms of the work of others that are of major interest 
who are engaged on transmission, transient and 

thing problems. To take one example, the criticisms 
essrs. Bruce and Golde of Norinder's work on the 

rmination of lightning- current values and on the 
ment of the duration of the lightning stroke appear 

and thus apparently clear up discrepancies that have 
ed for a long time. Mr. Perry's paper, also, as those 
are familiar with transient measurement at high vol- 
will readily appreciate, is a record of work well done 
r great difficulty in the field. The remarks in the 
paper on magnetic links, the full description of the 

'ts used and the survey of the results given at the end 
e paper particularly satisfy me. 

g first with Mr. Perry's paper, I would refer to 
cathode -ray oscillograph itself. I am of the opinion 
the use of a deflection chamber in two portions, 
stating as it does the incorporation of an additional 

um-tight valve, is an unnecessary complication. This 
of simplicity is occasioned simply by the fact that the 

author considered, quite rightly, that the time of 40 min. 
required for the cooling and reheating of the condensation 
pumps was too long. The use of his complicated de- 
flection- changer enabled the effective time to be reduced 
to about 10 min., but surely the same result could have 
been achieved directly and more simply by the use of a 
mercury diffusion pump, which, in my opinion, is always 
to be preferred in cases where, as in the case of the high- 
speed oscillograph, the final vacuum required need not 
be a good one. 

Mr. Perry gives full details of his potential -divider 
system, and I am pleased to see that he avoids the use of 
the insulator- string divider which he so rightly condemns 
later in the paper. As he states, this type of divider is 
susceptible to considerable and sudden alteration of ratio, 
so that spurious results are liable to be obtained. It is a 
pity that one of the most interesting records, from the 
points of view of amplitude and of rate of voltage change, 
of a lightning surge ever recorded in the United States (I 
refer to the Wallenpaupach -Siegfried 220 -kV line) was 
obtained with this type of potentiometer. From the 
description of the potentiometer and delay -cable circuits 
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it is apparent that the requirements worked out by F. P. 
Burch have been met. It would have completed the pic- 
ture. however, if Mr, Perry had included, in addition to the 
schematic diagram in Fig. 1, a more detailed sketch of 
the potentiometer itself, so that the steps taken to avoid 
extraneous linkages between the high- voltage and inter- 
mediate electrodes would have become apparent. I would 
also ask whether the author is sure that an air- insulated 
cable is impracticable for field work. If it has not to be 
moved about too much, such a cable is quite practicable, 
and in fact one has been devised in the Ferranti 
laboratories. 

On page 75, Mr. Perry refers to the difficulty of tripping 
the oscillograph circuits with slow- fronted low- amplitude 
surges so that the fronts are recorded. As far as I can 
see, one practicable solution might have been to use a 
Kipp relay. Even here, however, there is probably an 
inherent time -lag of the order of 0.5 microsec., but this 
would have been an improvement on the ordinary spark - 
gap relay actually used. This time -lag, which in general 
exists even with high- amplitude surges when a Kipp relay 
is used, might have been obviated with such surges by 
having .a spark -gap relay suitably coupled in parallel, so 
that the latter would have operated on the incidence of the 
steep -fronted high- voltage surges, and the former on the 
slow- fronted low- amplitude surges. 

I find myself almost in complete accord with Mr. Perry's 
remarks on the use of magnetic links as measurers of tower 
currents. They have perhaps been too readily accepted as 
a complete answer to the problem of measuring surge 
current in towers, and the author's critical résumé of the 
difficulties associated with their use as an instrument is 
refreshing. I am not sure, however, that Mr. Perry is 
wise in giving undue prominence, for instance, to the case 
mentioned by Zaduk, because as far as I know there is 
little evidence to support the view that multiple lightning 
strokes may consist of currents having opposite polarities. 
Perhaps Messrs. Bruce and Golde may have something to 
say about this aspect of the lightning stroke. Neverthe- 
less, I agree with Mr. Perry when he states that while 
magnetic links have their limitations, the information they 
provide cannot yet be obtained by other means. 

Mr. Perry's remarks about the oscillograph time -sweep 
seem very reasonable to me and I am of the opinion that 
his very slow return trace, which enables power -frequency 
phenomena existing after the incidence of the surge to be 
examined, is to be preferred to the rather quicker retrace 
sometimes used by American investigators. The adop- 
tion of such a technique, in conjunction with the use of 
klydonographs, may add in future investigations to our 
knowledge of the important `power- frequency voltage 
changes arising. 

Turning now to the question of the characteristics of 
lightning surges, the engineer requires information essen- 
tially on two points. The first is the maximum rate-of 
rise of voltage and the second is the maximum expected 
current in the stroke. 

The maximum rate of rise of voltage in the stroke is 
important because it will enable the engineer, when he has 
been able to determine accurately the values c f th. impulse 
ratios of insulators and gaps should this rate of rise really 
prove to be great (only unreliable figures are so far avail- 
able for flashovers on very steep fronts), to judge more 

accurately the maximum potential occurring on a 
to decide with more certainty than exists now whe 
height, and consequently the surge impedance, of a 
tower is a factor controlling flashover. Inde: 
measurements of the rate of rise of stroke voltage to 

enable him to arrive at conclusions regarding the 
steepness of surge likely to occur on a line; and if 

be corroborated by actual measurements on lines, 

with the aid of the impulse -ratio figures referred to 

he will be in a position to assess the order of the 
major insulation stresses arising in a transformer 
under the worst conditions.* Knowledge of the m 

current in the stroke is important because it aft': 

design of those protective devices that depend for 

proper functioning on the discharge of sure curt 

earth, and because it controls, with tower foot resin 

the maximum voltages existing at the top of a tower 

the slower rates of voltage rise. 
Neither paper gives much information with re 

maximum rate of lighting voltage -rise; in 

Section (3.3) of Messrs. Bruce and Golde's paper, 

contains' some discussion of the parallel problem, 
rate of current rise, only adds to the confusion. 
stance, in this section the authors analyse earlier 

and obtain an average time to crest of the current 

of 6 microsec. In addition, they quote Berger's a 

values of maximum rate of current rise and m 

current and obtain a time to crest of 7 microsec., Si 

at first sight the agreement appears good. Neve 
one must not conclude that all is well, because in ti 

case the authors base their conclusions on current 

cannot possibly exceed 4 000 amp., and in the second 

quote Berger's "average" maximum values. If h 

first case the authors had found it possible to 
analysis on the larger stroke currents, and if in the 

they had used a figure of 20 000 amp. per micro 

Goodlet stated, Berger's results suggest that this fi 

representative of the average stroke) in association 
stroke current of, say, . 40 000 amp., then steeper 

fronts would have come into prominence. It 

appear, therefore, that the authors at the present 

have no real justification for what is tantamount to 

a limit of 6-7 microsec. to the wave -front steepness 
lightning stroke. 

With regard to transmission -line surges, it is pr 

correct to say that the steepness of a voltage wa 

on a line bears no simple relationship to the time to 

of the current wave in the stroke. Thus, even with 

of 6-7 microsec., much steeper voltage fronts may 

on the line, partly because flashover may take place 

before the lightning voltage has reached maximum 
and partly because of the existence of other factors, 

such factor I have previously described,t and it 

therefore be interesting to have the authors' views oc 

Actually, on the basis of conservative data and 

premises, I have previously argued:r that on a 66 -kt' 

a Actually, of course, the problem is far too complex to be 

fully here. In practice, because of attenuation, very steep fronts 

impinge on transformers when the stroke is near, and in such casts di 

tail due to flashover may be as steep as, or even sleeper than, the front . 

even now the engineer ought to be aware of the order of the max 

of change of voltage likely to occur in practice. Nevertheless, co' 
is essential for various reasons connected with the question of surge 

transformer windings. 
t Journal I.E.E., 1937, 81, p. 29. 

Ibid., 1939, 84, p. 187.' 
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instance, one might expect a wave front at the point 
cidence of about 0.25 microsec., rising to about 

MV before flashover. I have heard of no criticism 

his figure and thus it is best to assume, until further 
become available, that such rapid rates of rise are 

be expected. If surges like that recorded on thé 
lenpaupack- Siegfried 220 -kV line -which rose to 3 MV 

bout a microsecond- really arise only once every 2 

s, say, they are to the engineer not only of interest 
also of great importance. 
ith regard to the maximum current in the stroke, there 
othing in Messrs. Bruce and Golde's paper to upset 
view my colleagues and I have held, based on an 
'nation of the same published data as were available 

others, that stroke currents of the order of 
000 amp. occur with sufficient frequency to be im- 
ant. Both Fig. 4 and Table 3 support this con - 
ion. Coupled in importance with the question of 
current magnitude, of course, is the duration of the 
ke, and here there is much room for further Tabora- 
work since thermal effects are probably controlled 
by the fact that the stroke may be multiple in 

acter rather than by the duration of one component 
tie stroke. 
egarding the "Recommendations for Further Work" 
ch are made by Messrs. Bruce and Golde, I agree that 
now necessary to simulate the multiple stroke in im- 

testing. This requirement will undoubtedly add 
plication to the impulse test circuits and to the oscillo- 
h recording apparatus; nevertheless, I think it is 
able and even necessary to take this step in relation 
nsmission -line apparatus in which the dissipation of 

thing current is accompanied by heating. As far as I 
see at the moment, however, such considerations should 
affect the impulse testing of transformers. 
ne final point refers to the statement in the same 
on of the same paper that it would not be economically 
.d to design electrical apparatus to withstand a heavy 
t flash. Surely this statement is too far -reaching. 

take transformers, for instance: if we knew the maxi - 
rate of voltage rise we should be able to determine 
accurately the impulse ratio of gaps and insulators 

hence the maximum voltage to which transformers 
likely to be subjected under the worst conditions. If 

values are not too pessimistic, then it may be prac- 
le to design transformers to withstand direct strokes. 
he moment these facts are simply not known, and 
fore I criticize the authors' somewhat dogmatic 
ment, particularly as evidence* has recently come to 
notice that under certain conditions surge absorbers 
s ed in accordance with the views my colleagues and 
ve previously expressed have survived direct strokes. 
there are perhaps signs that, in due course, it may be 
ble to design lightning -proof apparatus with certainty. 
. T. E. Allibone: It has been interesting to have the 
Itaneous presentation of an experimental and a 
refleal paper on lightning, and my general impres- 
of Mr. Perry's paper coincide with the recommenda- 
for further work outlined in Messrs. Bruce and 

e's paper. Even in a so- called lightning- infested 
sty such as the Nigerian plateau, and in the Transvaal 
e Dr. Schonland and his associates were so successful 

* Electrical World, 1941, 115 (10), p. 158 (864). 
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in their photographic studies of lightning, the chances of 
obtaining oscillographic records on a particular trans- 
mission line appear to be very small. Mr. Perry is to be 
congratulated on his untiring efforts to obtain the results 
almost single -handed whilst operating at 6 000 miles from 
his base and having to move his apparatus to three locali- 
ties during the 21 years under review. It is gratifying to 
note that the apparatus was used successfully for 2 further 
years in Nigeria and would have been there longer but for 
the outbreak of war. Even in Nigeria, however, the site 
chosen was far from ideal: the insulation of the lines was 
low (only 33 kV), so that only low -current flashes could 
have been recorded without flashover of the system; the 
recording station was near to the junction of several lines, 
thus rendering the interpretation of results more difficult; 
and the number of magnetic links was insufficient. It 
would be advisable for Mr. Perry to lay down the optimum 
requirements for a future expedition, for, as the other 
authors have shown, 'there remains a lot of information 
to be gathered about lightning and its effect on lines. 

The only solution with regard to the time -base on which 
to record oscillograms of single and multiple strokes 
appears to be the use of at least two oscillographs per 
phase, each operating with a different base; the rotating - 
drum oscillograph may be an alternative solution: as for 
voltage deflection, the non -linear scale will have to be 
developed satisfactorily. Since our knowledge of maxi- 
mum currents in flashes comes solely from magnetic -link 
data (except for the results obtained on the Empire State 
Building) it is essential to show either that the currents in 
all legs of a tower areroughly equal, or to put links on all 
legs of all towers. One point about link records which is 
mysterious is the magnitude of the current of opposite 
polarity which flows in most flashes. Mr. Perry, in 
common with other investigators, notes that all current 
measurements showed a 20 % to 30 % current oscillation, 
whereas McEachron found only 3 out of 27 strokes to 
discharge currents of both polarities, and the highest 
positive (reversed) current only amounted to + 2 000 amp. 
It would be interesting to know whether the calibration of 
magnetic links with heavy currents is sufficiently satis- 
factory to ensure that this so- called current reversal indi- 
cated by a pair of links is not fictitious. I note that the 
other authors do not mention the current reversal indi- 
cated by links. 

Messrs. Bruce and Golde's description of the develop- 
ment of leader strokes from the head of the first stroke 
towards fresh centres of charged cloud was advanced by 
Meek* and by Wagner, McCann and MacLane;t but the 
latter, in common with Schonland, visualize the meeting 
of such leader strokes with leaders emanating from the 
other charge centres. There seems to be plenty of evi- 
dence that the "continuing stroke" can persist at even high 
current values up to the moment when a subsequent stroke 
occurs [e.g. McEachron, Fig. 1 of Ref. (64), Figs. 7 and 8 

of Ref. (48); Schonland and others, Figs. 3 and 9 of 
Ref. (15)], although many other photographs indicate a 
complete cessation of current (absence of luminosity) 
between component strokes of a flash. I should think, 
therefore, that both the authors' and Schonland's descrip- 
tions apply: when the continuing stroke lasts until the next 

* Physical Review, 1939, 55, p. 972. 
t American I.E.E. paper preprint, May, 1940, 
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leader occurs, the authors' description applies; when there 
is a cessation of current, the discharge is restarted by the 
arrival of a leader from a remote charged cloud. 

In Sections (3.5), (3.6) and (3.7) the authors discuss the 
development of the first leader stroke and the charge 
lowered by it. For the development of the longest sparks 
in the laboratory an average gradient of the order of 3 kV 
per cm. is required between point or small sphere electrode 
and ground plane, but it should be noted that the field 
near the earth plane is only of the order of one -tenth of 
the average field: this corresponds to the frequently 
measured value of field change at the earth's surface some 
distance from the flash to ground, and to absolute values 
of the field at-ground as a thundercloud passes overhead. 
It was, however, surprising that Simpson and Scrase* 
found no higher gradient than this anywhere between 
ground and cloud base. In a more recent paper Simpson 
and Robinsont present a generalized picture of a thunder- 
cloud in which a positive charge is located below the main 
concentration of negative charge, and they have plotted 
the field strengths to be expected from such charge con- 
centrations. They estimate that whereas up to the positive 
charge in the base of the cloud macroscopic gradients are 
not expected to exceed 1 000 volt per cm., between the 
charge centres of different sign, gradients over 4 kV per cm. 
can be expected. It is to be noted that these values were 
not in fact observed by Simpson and Robinson; this does 
not mean that therefore their reasoning is wrong, but 
merely that the balloons did not encounter the most 
strongly stressed regions of the cloud. If, however, these 
gradients are produced, local deformations of field may 
well produce the gradients of about 10 kV per cm. likely 
to cause breakdown at these altitudes in cloud, and the 
flash will then start as an inter -cloud flash. This will 
bring the charge from the large negatively charged region 
into the small positively charged region below and so in- 
crease the local gradient to earth that a flash to earth 
results. Such an effect would not evoke a breakdown 
process at very low gradients, as postulated by the authors. 

This suggestion, if correct, would also explain the field 
changes produced by "air discharges." These are usually 
explained by the neutralization of 10 coulombs of positive 
space charge by the leader stoke. But the recombination 
of so many ion pairs would result in an enormous emission 
of light compared with the light emitted during the first 
100 microsec. of the main stroke when a paltry 0.5 to 1.0 
coulomb in the leader channel is neutralized. The so- 
called air discharges would then be regarded as the exten- 
sion of a negative -to- positive cloud breakdown towards 
earth, and the field change observed at the ground would 
be mainly due to the cancellation of the cloud charges 
rather than to the destruction of 10 coulombs of positive 
space charge below the cloud. By appropriate choice of 
charges not inconsistent with Simpson and Robinson's 
views, a field change agreeing with equation (7) can be 
obtained. 

The above suggestion results in a higher cloud potential 
than that mentioned by the authors but is not inconsistent 
with the capacitance calculation in Section (3.7) since the 
diameter of the channel there quoted relates to the main 
stroke, and not necessarily to the leader stroke. 

* Proceedings of the Royal Society, A, 1937, 161, p. 309, 
t Ibid., 1941, 177, p. 281, 

I am particularly interested in the authors' 
relating to the directional effect of transmiss:, 

towers in picking out negative flashes to ground, 
scale -model tests* I noted the difference be 
behaviour of a point electrode on an earthed plane 

tion to a positive or negative advancing leader stro 

recently Wagner, McCann and MacLanet repen 

tests and extended the range from 1 to 3 milliol 

They observed that with the increasing scale of the I 

selective action of the point diminished. I was 

think, therefore, that my tests had misled me and 

lightning the selective action of towers was nil. 
Mr. H. M. Lacey: Both papers have the 

objective of providing the engineer with info 
the conditions which lightning imposes on a 

connected to overhead lines. Mr. Perry has adop 

direct method, which consists in recording surge 

particular point in an overhead line. Messrs. B 

Golde, on the other hand, utilize the available info 

as to the nature of lightnings with the ultimate o 

indicating the conditions at -the point where I 

strikes either the line or an earthed object in the i 

vicinity. Both methods have their uses, and it is 

that neither can give a complete solution without 
some use of the information obtained by the 

method. The direct method failed partially, pa 

in its early stages, through lack of knowledge of 

scale which is necessary if the complete phenomen 
be recorded. On the other hand, the more th 

method is greatly helped by measurements on o 

lines, as they provide verification of certain data 

otherwise would need to be assumed. 
If the direct method alone were used it would be 

nary to continue recording for a very long period in 

provide complete information. It would also be 

to use two time scales. One of these should be verj 

to provide detailed information of the wave shape 

first part of the stroke, whereas the other should 

total length of 0 5 to 1.0 sec. so as to reproduce 
strokes. 

Recent research made on behalf of the E.R.A.1 

some light on one of the difficulties encountered 
Perry. When lightning strikes a tower the latter 

raised to a high voltage in two ways. First, the to 

appreciable inductance, which may be of the order 

20 iJ,H, and this produces a voltage proportional 
rate of change of current. A voltage proportion 
peak value of the current is also produced by the 

current through the tower footing resistance. If 

rent is very great, the effective value of this resistance 

necessarily the d.c. value. If the latter value is 

the process by which a large current flows to earth 

one of ordinary conduction, but is more closely 
breakdown process in the immediate neighbour 
the electrode. Thus the d.c. resistance can be 

as a maximum value, whereas the effective value 

very much lower in soils of high resistivity. This 

tion, which was first suggested by Goodlet, 
applies to those cases cited by Mr. Perry in w 

product of peak current and footing resistance gave 

which were too high to be credible. 

* Journall.E.E., 1938, 82, p. 513. t Lard 
$ R. DAVIS and J. E, M. JOHNSTON: Ibid., 1941, 88, Part 11, PA 
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E. T. Norris: I shall confine my remarks to the 
by Messrs. Bruce and Golde. 
the electrical engineer one of the most important 

cteristics of lightning is the value of the current in 

troke. Both in Europe and in America much effort 
een devoted to measurement of this current. The 

to, which are summarized in Fig. 4 of the paper, are 
ally expressed in terms of percentage frequency of 

nce. This method is liable to give rise to mis- 
g conclusions in two respects. In the first place, it 
al to ignore values below a certain figure (1 000 to 
amp., from page 491) in order to restrict the range 
surement and on the grounds that low values are of 

onsequence. This means that readings from the 
for low current limits are meaningless. For example, 
indicates that since 90 % of stroke currents are above 
amp., 10 % will be below. This is quite wrong, 
there is an unknown and possibly very large number 
ecorded strokes in this range. Such a deduction 

Fig. 4 as the authors draw in the first paragraph of 
on(3.3) therefore restricts their argument unduly, and 
estion is rather whether such low currents are repre- 

tive as regards wave shape of larger and more im- 
t currents. Is this interpretation of Fig. 4 respon- 

for the authors' statement, in the fifth paragraph of 
on (4.1), that currents not causing flashover are 
paratively rare "? Is not the opposite the case? 
e second defect of Fig. 4 is that it indicates that high 

s of 100 000 -200 000 amp. constitute a very low 
tage of the total, and obviously suclì currents are so 

as to be quite negligible as a menace. This illusion 
ds entirely on the dilution - effect of the numerous 
er values. If, for example, Fig. 4 is redrawn, omitting 
ts below 40 000 amp. -a legitimate and reasonable 
for many transmission systems -then dangerous 
ts of 150 000 amp. will appear alarmingly probable. 
a current of 150 000 amp. can occur, the vital con - 

of the operating engineer is not whether it is one 
g 100 or 100 000 smaller and harmless surges, which 

t Load 
Part U, p4e1 

THE AUTHORS' REPLIES 
C. E. R. Bruce and R. H. Golde (in reply): It 

most convenient to reply to the various points 
according to the order in which their subject matter 
red in the paper. 

e the time characteristics of the lightning flash 
to have been generally accepted, Dr. McEachron 

ts that flashes to open country will be found to be of 
r duration than those to the Empire State Building; 

is contradicted by all the data available, which 
de the electrical effects as well as the photographic 

s. Further reasons for the reverse conclusion will 
be given in a later paper. The absence of photo - 
ic evidence for "air discharges," also referred to by 

Eachron, may be due to the fact that they are 
y hidden within the lower clouds and also by inter - 
g rain. It must not be forgotten that Sir George 
on's conclusion was based on the examination of 

'graphs of lightning flashes. 
s interesting to note that three of the observers with 

st extensive experience in observing thunderstorms, 
and, McEachron and Evans, are all of the opinion 
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is all that Fig. 4 states, but the likelihood of such a surge 
occurring on a given line. That is, the maximum current 
should be expressed not in terms of other currents (in 
which case it usually appears sufficiently rare to be negli- 
gible), but in terms of time and space, e.g. in strokes per 
annum per mile of line for a given isoceraunic level of 
thunderstorm intensity. 

Referring again to currents too low in value to cause 
flashover, the authors describe these as "very dangerous" 
on pages 502 and "the most dangerous" on page 504. Will 
they amplify these statements? I have suggested earlier 
in this discussion that they will be very common, and 
therefore it would seem that they cannot be very dangerous 
except perhaps to expulsion gaps or lightning arresters, 
of the discharge type, which might fail by overheating. 

Mr. J. B. Hansel': I shall confine my remarks to Mr. 
Perry's paper. 

I am interested in Fig. 11(a), which shows a reversal of 
the voltage in the travelling wave. As the voltage stresses 
in a transformer winding under impulse conditions depend, 
in some degree, on the total change in voltage across the 
transformer terminals, when a wave in which the voltage 
changes from positive to negative strikes the terminals it 
will cause a greater stress between turns than a wave which 
has the same voltage amplitude but in which there is no 
reversal. Fig. 11(a) therefore shows a condition which 
might over -stress the winding of a transformer designed on 
the assumption that the change in voltage across the ter- 
minals was proportional to the amplitude of the impulse 
wave. A similar reversal in voltage of a travelling wave 
is sometimes caused by a combination of reflection and 
flashover, and I should be glad to know whether the 
author has found reversals of the type shown in Fig. 11 

to be common. 
Mr. A. W. Crompton: I should be interested to learn 

what it is hoped will be the outcome of the very exterdsive 
investigations described by the authors, from the point of 
view of the operation and maintenance of supplies which 
are subject to interference by lightning. 

TO THE DISCUSSIONS 

that storms can be sub- divided into two classes, according 
to the type of flash to which they give rise. 

In order to make clear the lower limits of observation 
of the investigations of current magnitudes referred to in 
Fig. 4, this Figure has been redrawn in accordance with the 
original text of the paper. As against Mr. Norris's sug- 
gestion that currents below 5 000 amp. may be very fre- 
quent, the latest data kindly submitted to us by Mr. Lewis 
indicate that the most frequent current value lies in the 
neighbourhood of 10 000 amp. Furthermore, out of a 
total of 734 records only 72 lie between 1 000 and 5 000 amp. 
as against 121 between 5 000 and 10 000 amp. The fre- 
quency of currents below 1 000 amp. is, however, still un- 
known. As to the upper, range of the curve, it would 
certainly be most useful to be able to express the very high 
current values in terms of strokes per mile per annum, but 
this is not yet possible with any degree of accuracy. 

Dr. McEachron's Fig. A is interesting, but it must be 
realized that it only refers to strokes to the Empire State 
Building, which are tripped off by the high building before 
they would normally have occurred over open country. In 
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the normal flash some of the charges forming individual 
strokes in Dr. McEachron's case might have coalesced to 
form fewer and heavier strokes. In any case the curve 
shown is based on a very small number of flashes, which 
partly explains the low maximum value, and a direct com- 
parison with Fig. 4 is quite misleading in view of the 
selective principle described in the paper. 

If Mr. Banner is interested in maximum values of light- 
ning currents he will find all he requires in Fig. 4. We fail 
to follow, however, his criticism of our method of calcu- 
lating the average lightning current, which he appears to 
have completely misunderstood. The calculation is obvi- 
ously a statistical and not a simple arithmetical one. 
Mr. Banner is also wrong in his statement on the fusing 
effect of lightning currents, as more recent papers by 
Bellaschi than the one quoted by him show that fusing 
is mainly determined by the long- duration low- current 
component. 

We are pleased to note that Dr. McEachron agrees with 
our comments on the limitations of the current values ob- 
tained with the crater -lamp oscillograph and on the pro- 
priety of associating them in the same distribution curve 
with values obtained by means of magnetic links, and that 
he agrees also with our deduction that a low" leader stroke" 
current must in most cases continue to flow during the 
whole duration of the stroke. His further evidence for the 
progression of streamers into the cloud is interesting, but 
it is to be noted that a change of polarity of the current 
must be accompanied by an increase of luminosity of the 
channel owing to the recombination which is bound to take 
place therein. 

Mr. Norris raises the important question whether the 
current wave form deduced from oscillographic records of 
surges on transmission lines is representative of the wave 
shape- for higher currents. It may be noted that the 
average wave -shape deduced from Fig. 5 agrees well with 
records of direct high -current discharges to tall structures. 
As regards Dr. Miller's comments on the wave front, we 
think that our use of Berger's data is quite correct since we 
are dealing with average conditions. The maximum rate 
of rise does not exist throughout the whole front. Again, 
the famous oscillogram taken on the Wallenpaupack- 
Siegfried line did not reach 3 MV in 1 microsec., as stated 
by Dr. Miller, but in more than 5 microsec., and even then 
it had not reached its peak value. We have therefore no 
reason to alter the suggested wave- shape, though Dr. Miller 
misquotes us in suggesting that we set a lower limit of 
6 microsec. for the wave front, this being, as stated, the 
average value (see Fig. 5). 

From a comparison with the values obtained in his own 
investigation Dr. McEachron concludes that the value we 
obtained for the space charge neutralized in the average 
stroke is too high. It is to be observed, however, that the 
potential required for a flash to the Empire State Building 
is probably much less than that required for a flash to open 
country, so that, the corona currents* being proportional 
to the square of the voltage, these losses in the normal case 
may be many times those observed by Dr. McEachron; but 
this question will be further dealt with in a forthcoming 
paper. It will be shown therein that calculations of the 
"a" field change, based on the low cloud potentials and the 
theory of the leader stroke put forward by one of us, agree 

G. E. R. Baucm: Nature, 1941, 147, p. 805. 

exactly with those observed by Appleton and 
This will answer Dr. Allibone's comments on 
potential, for, of course, as stated in the paper, a 

tion of field must exist in this lo w average field su, 

initiate the . discharge. Also, as regards Dr. 
comment on the direction of leaders to successive 
various writers may well have stated what happens, 

view of Schonland's statement to the contrary, m, 

mere statement is required. We give seven lines 

dence in addition to the photograph, and, more 
phasize the importance of the new view to the 

as the conclusion as to the physical necessity of 

tinuous current in the majority of multiple 

to ordinary country had certainly not been 

previously. 
In reply to Mr. Meek, there is no doubt that c 

the order of hundreds or even thousands of am 

flow during the leader stroke [see Section (3.6) 

Nature, 1941, 147, p. 805] and that Schonland's 
bination theory, which Mr. Meek amplified, is wro . 

own estimate of the diameter of the corona envelop 

the order of metres, and the value of 10 cm. was 

to err on the right side, i.e. it gave too high a value 

thundercloud potential. The correctness of the 

adopted for the radius was of little moment 
potential is little affected thereby, and only the 

magnitude was required. This also answers Dr, 

query as to the calculation of the cloud potential 

explanation of the darts in the first leader stroke 
given elsewhere (Nature, loc. cit.), and be f 
cussed in a forthcoming paper. 

Dr. Allibone, in his comments on "air discharge] 

to take account of the time factor, for the neutra 
the 6 to 10 coulombs of space charge during the 

stroke or "air discharge" occupies a time of the 

100 to 1 000 times the duration of the return stroll 

The value given in the paper for the energy of 

is again an average value, and the spread of the 

individual flashes may well be as wide as Mr. 

claims. 
Though he agrees that there is no support for 

that the current peak is reached when an upward 
from the earth makes contact with the downcoming 
Dr. McEachron is unwilling to discard it. W 

average time to crest value of 6 microsec. and a vd 

streamer propagation of 2 5 x 107 cm. per sec., the 

of the streamer would be 150 m. One of us has 

shown* that all the evidence available precludes the 

rence of streamers of anything like this length. 
results of Slepian and Torok are at variance with al 

similar work, and their accuracy must be rese 

extremely doubtful. 
While the possibility of polarity reversals within 

ning flash appears to be proved, statistical data 

subject are very meagre. The latest data are con 

Dr. McEachron's contribution to this discussion, is 

he states that out of 49 flashes 8 showed a reversal 

negative to positive polarity. 
The limitations of model tests have been disc 

another paper,* and as the tests by Wagner, Mc 

McLane to which Dr. Allibone refers appear subject 

same fundamental objections they cannot be used 

* Journal I.E.E., 1941, 88, Part R, p. 67. 

ent again: 

respect to 

evidence ie 

Norris a 
'ng questit 

ping surges 
ver, outsic 

ose of Secti 
, which we 

hat bearing 
has upon 

lems like th 

and there 
eluded froc 

{ reply to I'1 

e voltage a 
phase cond 
of this volts 

the tower f 

dance hold: 
ver, sufficie 

ally, in the 
nce sets up 

of the curre 
phase wire 

iab]e reek 
fact also it 

tial which 
wire. 

art from tl 
oltage surge 
d by the sl 

g channe 
g the dur 

its steepnes 
d difficult'. 

the chances 
fault ai 

over occurt 
ge zero tha 

But in a 
t earth fault 

power fol 
Dr. Mil 

ge appearin 
of an uncle 

rance of th 
footing res 

ohms its effet 

has been pi 
e that the 
or 5 000 ai 
r. It foll 
do not cu 

t, On the 
rly c 
live 

danger 
gear a: 

Miller tak 
nomically 

vl' direct 
.tus may b 

VOL. 88, pAil 



on and ,.. 

exits on 
Japer, a 
e field sui,, 

ds Dr. 
successive 
it happen; 
Intrary, 
seven lines 

id, mor:, 
v to the 
,essity of 

multiple 
not been 

bt that c 

ds of am 

on (3.6) 

,honland's 
ed, is wro 

a envelope 

0 cm. was 

igh a value 

ess of tie 

noment r 

only the 

ewers Dr, 

d potential 

er stroke 
vil be f 

discharge; 

e. neutra 
the 

ne of the 

;turn stole 

energy of 

,d of the 

e as Mr. 

'port for 

! upward 
swncoming 

3rd it. W 

. and aval 

ier sec., the 

of us has 

ecludes the 

length. 
Ince withal 

t be re 

sals within! 

tical data 

a are con 

scussion, m 

d a reversal 

been disc 

;ner, Mc 

pear subject 

tot be used 

p. 67. 

BRUCE AND GOLDE: THE LIGHTNING DISCHARGE: DISCUSSION 

ent against the selective effect of transmission towers 

respect to negative and positive strokes, for which 

evidence is given in the paper. 
. Norris and Dr. Miller raise a number of very in- 
ng questions in connection with the occurrence of 
ing surges on transmission lines, many of which fall, 

ver, outside the scope of the present paper. The 
se of Section (4.1) was not a full analysis of lightning 
, which would require another paper, but a discussion 
at bearing the new picture of the complete lightning 
has upon the average surges which will result. 
ems like the maximum possible steepness of lightning 
and the resulting insulation flashovers must therefore 
lulled from the present discussion. 

reply to Mr. Norris's question as to the wave shape 
voltage appearing at the top of a stricken tower or 

phase conductor, it must be noted that the representa- 
of this voltage by the product of the lightning current 
the tower footing resistance or a constant line surge 

ance holds only as a first approximation, which was, 
ver, sufficiently accurate for the purpose of this paper. 
ally, in the case of a stroke to a tower, the latter's in- 
nce sets up a potential which increases with the steep - 
of the current front, and in the case of a direct stroke 
phase wire the occurrence of corona results in an 
'able reduction of the line surge impedance. This 

fact also invalidates Mr. Norris's calculations of the 
ial which might be set up on a very highly insulated 
wire. 

art from the foregoing limitations, the steepness of 
outage surge impressed on a phase conductor is deter - 

by the shape of the current wave in the gaseous 
g channel, and flashover of the line insulation, while 
g the duration of the resulting surge front, cannot 

its steepness, as is apparently suggested by Dr. Miller. 
d difficulty also in following Dr: Miller's contention 

the chances against a back flashover developing into 
fault are about 2 or 3 to 1, as the chance of a 

ver occurring so shortly before normal -frequency 
ge zero that interruption takes place appears rather 
. But in any event a back flashover without subse- 
earth fault would be equivalent to the case of inter - 
power follow -up current, which is dealt with in the 

. Dr. Miller is certainly correct in stating that the 
ge appearing on a phase conductor after the occur - 
of an uncleared earth fault is determined by the surge 

ce of the stricken phase wire in parallel with the 
footing resistance, but as the former is of the order of 

hms its effect on all but the highest footing resistances 

has been pointed out above that there is reason to 
that the number of flashes discharging less than 

or 5 000 amp. is only a small fraction of the total 
r, It follows, therefore, that lightning discharges 
do not cause a flashover are comparatively infre- 

On the other hand, they are regarded as par- 
t, dangerous, since they cannot be interrupted by 
tive gear as are flashes involving earth faults or shoa- 

ts. 

Miller takes us to task for our statement that it is 
onomically sound to design apparatus to withstand 
vy direct flash. Undoubtedly various pieces of 
tus may be able to withstand certain types of direct 
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discharges, but there is no denying the fact that all modern 
practice favours the protection of stations, and even of a 
few spans of transmission line adjoining the stations, 
against the possibility of direct strokes to the system, and 
this is surely evidence for the above contention. 

It is very pleasing to note a consensus of agreement with 
our suggestion for future research in the field, and particu- 
larly on transmission lines. A discussion of the various 
points raised by several speakers may, however, be post- 
poned until such work can be resumed. 

Mr. F. R. Perry (in reply to the discussion before the 
North - Western Centre): Dr. Miller criticizes the use of a 
vacuum valve between the deflection chamber and the 
camera chamber because of the complication it entails. 
It is true that this device does complicate the manufacture 
of the oscillograph and the pumping devices used, but the 
operation of the valve is very simple. The use of mercury 
pumps would eliminate the need for this valve but it 
would introduce other objections which are not present 
when oil condensation pumps are used, e.g. the use of 
mercury pumps means that vacuum joints cannot be 
soldered (w ich is frequently convenient) and, further, 
if the mercury should enter the main vacuum system by 
accident, the problem of cleaning the interior is much 
more difficult than it would be if oil pumps were used. 
I note that Dr. Miller agrees with my criticisms of the 
insulator -string type of potential divider. With regard to 
the oil- immersed condenser type of divider used for the 
work described in the paper, no special precautions were 
taken to avoid extraneous inter- linkages between the high 
voltage and intermediate electrodes but it is believed, 
from laboratory experience with similar dividers, that 
these inter -linkages must be small and not of serious con- 
sequence with the voltage -steepnesses as recorded in the 
paper. With regard to an air- insulated cable, this was 
rejected when the work was first planned as it was not 
known how difficult field conditions might prove to be. 
It was found, however, that an air -insulated cable might 
well have been used, under the actual conditions of 
recording, but special precautions would have had 
to be taken to ensure that the cable would be weather- 
proof. 

I have no personal experience with the Kipp type of 
relay but it seems quite probable that it could have been 
used, in the manner described, in conjunction with a 
spark -gap relay. The latter, however, behaves the more 
satisfactorily as the surge amplitude and steepness increase, 
and, as the higher- amplitude surges were initially con- 
sidered to be of major interest, no special provision was 
thought to be necessary for the recording of the lc wer- 
amplitude slow- fronted waves. For the sake of statistical 
completeness, however, it is clear that all types of waves 
should be adequately recorded and any future investi- 
gation should make suitable provision for recording waves 
of all types. 

The current record mentioned by Zaduk apparently 
involved two entirely independent flashes, but it would 
appear to be a very rare coincidence that two such flashes 
should strike the same mast, unless that mast were an 
especially prominent feature of the landscape. Assuming 
that the two strokes were part of the same flash, although 
of opposite polarities, it would not be surprising if they both 
followed the same track. In view of the recent work by 

37 
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Simpson and Scrasé,* and by Simpson and Robinson,t it 
would seem that strokes of opposite polarity in the same 
flash would not be beyond the bounds of possibility. 

Dr. Allibone makes some very pertinent, remarks upon 
the difficulty of obtaining records even in areas subjected 
to frequent lightning storms, and invites a statement on 
the optimum requirements of a future expedition with 
regard to the type of line and the location of the recording 
site. The difficulty with this aspect of the problem is 
that, whilst it would be possible to define the ideal con- 

- thesé.might bear no relation to the practical case 
of supplying power, and the work was intended to be 
related to normal working conditions. It would, of course, 
be possible to build a line specially for the purpose of 
recording lightning transients, and by using suitable ter- 
minal resistances the effect of reflections from the terminal 
points could be eliminated. I cannot see, however, that 
power could be supplied along such a line and, as the 
question of how the power system is disturbed by lightning 
faults is of interest, though only examined as a side issue 
in the paper, it is not clear that such artificial conditions 
would be desirable. If however, a power line 40 to 50 

miles long, with no branches, were available in the right 
region and the recording site could be located somewhere 
near thé middle of this, then any reflections which occurred 
would in general not modify the original pulse and could 
be readily identified. For choice, the line should be 
designed for an operating voltage of 132 kV or higher, 
in order to increase the chances of recording lightning 
voltages of high magnitudes. I am interested in Dr. 
Allibone's remarks about the necessity of employing two 
different time -bases in order to record the multiple as 
well as single strokes, and I would refer him to my con - 
tribution to the discussion on Messrs. Bruce and Golde's 
paPer (see page 512), where I have expressed similar views. 
With regard to the problem of a wide -range voltage 
deflection, I would say that a non -linear scale would have 
to be developed satisfactorily before it ought to be used 
in work of this kind as, otherwise, it would merely intro- 
duce a further complication and probable errors into a 
recording process which even now is not simple nor highly 
accurate. 

The problem of whether the currents in all four legs of 
a tower are equal, is one to which I hope to contribute 
some data in a paper to be presented to The Institution at 
a later date. 

Mr. Lacey remarks that laboratory measurements have 
shown that, under surge -current conditions, the tower 
footing resistance may be much lower than the value 
obtained from low- voltage measurement. This, of course, 
does not release the power engineer from the necessity of 
obtaining low footing resistances wherever practicable as, 

Proceedings of the Royal Society, A, 1937, 161, p. 309. 
t Ibid., 1941, 177, p. 281. 

even when this lowering effect is brought into 

the probability of back flashover usually exists 
degree. 

In Mr. Norris's remarks on the paper by Mes 
and Golde (see page 517) a criticism is made of the 

in which the . statistical analysis of current values 

sented and a plea is put forward that results s 

expressed in terms of time and space. Whilst 

method would undoubtedly be more valuable, ith 

ful whether it could be accurately used with the inf 

at present available. For example, Dr. Miller s 

if surges of 3 million volts, attained in a mi 

arose only once in 2 years, this fact would be 

importance to the engineer. However, to dete 
the frequency of occurrence of such a stroke was 

order, I would suggest that it would be n 

pursue investigations at the same site continuo 
period of 8 to 10 years. Even then, it would 

possible to say with certainty that the result a 

the particular site in questict, though engineers 
with other regions might be pleased to adopt such 

information however indirectly connected with 
problems. It isslear that, if the answers to theseq 

are of prime importance to the electrical ind 
industry must be prepared to finance on an 

scale the means to determine these answers; or 

that, it must decide to base its designs upon some 

standard, however inadequately supported by 

such time'as answers are forthcoming This is, 

what happens at present. 
In reply to Mr. Hansell, Fig. 11(b) was the on] 

of this precise type which was obtained in the 

under review, but this does not prove that it was 

case that existed. It would seem that, with direi 

to a mast, this type of record might well 
frequently, and it is evident from the co 

remarks of Messrs. Golde and Hawley (see page 

522) that a similar reversal of polarity does 
travelling induced waves. In these cases, ho 

amplitudes involved are much smaller and the 

therefore less dangerous. 
Dealing with Mr. Crompton's remarks, it is 

course, as a .result of these investigations, to in 

operation and maintenance of supplies which as 

to interference by lightning. This, however, 
done until the mechanism of the lightning stroke 

stood and the magnitudes of the currents and 

involved are measured. I would refer Mr. Cro 

the remarks of Dr. Miller and Mr. Norris for 

what information is of interest and what is still 

in connection with this problem. Information on 

data can be applied to many problems depending 

electrical apparatus being considered, but this 

too complex to be treated here. 
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DISCUSSION ON 
"THE LIGHTNING DISCHARGE "* 

THER WRITTEN CONTRIBUTION TO THE DISCUSSION 

, G. D. McCann (U.S.A.) (communicated): I am 
ated with the investigation programme being con - 

by the Westinghouse Co.t in the U.S.A., in which 
g currents on power systems and in direct strokes 

iects of various heights are being measured with a 

rof new recording instruments,* notably the fulchro- 
ph. In this investigation we have recently obtained 

which have a direct bearing on the question whether 
ted by the authors) "multiple strokes consist of a 
ous low current flow on which the high currents in 

dual strokes are superimposed." 
thought that many of the characteristics of strokes 

ed to such tall structures as the Empire State Build - 
typical of those to lower structures such as trans - 

n lines. Records obtained in the Westinghouse 
igation on structures varying in height from 85 ft. to 
have shown that for objects as low as 360 ft. on flat 
the stroke can sometimes be initiated by a streamer 

gating from the object upward towards the cloud in- 
of from the cloud towards the ground, as is typical 
rmal strokes. As the height of the object increases, 
centage of strokes having this mechanism also in- 
, until for such objects as the Empire State Building 

yokes are of this nature. It has been pointed out 
ously§ that not only the multiple character but also 
ave shape of the current in strokes of this type can 
'te different from that for strokes to the ground or 
er structures. It is quite likely that the higher field 
nts at the top of such tall structures, which precipi- 
pward streamers, also increase the chance of current 
g continually in the stroke channel. 
our investigation ten new recording stations were 
hed, at the beginning of the 1941 lightning season, 

rest -fire observation towers of the Commonwealth of 
lvania. One of the strokes recorded to these 

ns during 1941 was a multiple stroke of three cour- 
ts, for which it is known that the current did not flow 
uously. A record of this stroke is shown in Fig. C. 
struments used to obtain this record consist of the 

crest ammeter, to record the crest current; the mag- 
surge -front recorder, to measure the effective front 
rage rate of rise; the magnetic surge integrator, which 

s both the total charge in a stroke component and 
ge in the first 300 µs.; and the photographic surge - 

t recorder (Fig. D), which is capable of measuring 
t as a function of time and which records not only 

ultiple character of strokes, including the number of 
Per by Messrs C. E. R. BRUCE and R. H. GOLDE (see 88, Part II, 
F. WAGNER, G. D. MCCANN and E. BECK: Transactions of the American 
1941, 60, p. 1222; C. F. WAGNER and G. D. MCCANN: Electrical 

Mn¢, 1941, 60, pp. 374, 438, 483. 
F, WAGNER and G. D. MCCANN: Transactions of the American I.E.E., 

9, p.1061. 
Weal Engineering, 1941, 60, pp. 374, 438, 483. 
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components, the time -intervals between them, and the total 
stroke duration, but also has such a high current sensitivity 
(0.2 amp.) as to measure completely the lower -magnitude, 
long -duration portions of stroke components. A labo- 
ratory record obtained with a photographic recorder of a 
somewhat different design from that used on the fire towers 
in shown in Fig. E. 

1000 - 

0 . 002 
Time, see. 

Fig. E.- Laboratory surge recorded with the photographic 
recorder. 

0 04 

It employs the principle of photographing on a rotating 
film the intensity of a small gap carrying the surge current 

to be measured. Instead of a conventional lens 

specially designed pinhole and set of barriers is u 

pinhole is so constructed that (as shown in Fig, 

from the spark gap spreads out in a non -uniform 
over the film perpendicular to its direction of moa 
greatest intensity is at the centre axis of the pi 

the intensity decreases with the distance from 
Thus, the width and density of the film image is a( 

of the luminosity of the arc and, therefore, of 

current. For a given current magnitude the film 

can be measured with a densitometer at 'a dista 

the centre axis where the saturation point of the film 

has not been reached. Currents can be measu 
accuracy of about 100 %, over the very great 

0.2 to 150 000 amp. 
The set of barriers prevents spreading of the 

the direction of motion of the film. The nar 

image at any instant the higher the resolving po 

time. The width of the image is 0.01 in., and for 

of recorder shown in Fig.- b and used at the fie 

stations, with a film 5 in. in diameter rotating at 

of 2 r.p.s. the time intensity is 600µs. The rota 

is driven by a motor operating from 6 -volt dry cell 

Its speed is maintained constant by a vibrator 
and it only draws an average current of 7 mA, a 

set of four standard dry cell batteries will last for 

months. 
Examination of the direct- stroke record of Fig, 

that the maximum duration of any of the coin 

2 500 µs., while the time -intervals between them 
0.02 sec. This is the first multiple- stroke r- 

stroke to a low object obtained so far with 
sensitivity photographic device, and further r 

that some strokes are continuous. How 

thought that this is one of the characteristic 
between strokes to very tall structures and stroke 

structures. 

[The authors' reply to this discussion will be 

page 650.] 

WEST WALES (SWANSEA) SUB -CENTRE, AT SWANSEA, 17TH JANUARY, 1942 

Prof. R. O. Kapp: I find it difficult to form any picture 
of the mechanism of the leader stroke compatible with the 
fact that this stroke seems to form as easily when it carries 
a charge of highly mobile negative particles as when it 
carries a charge of much less mobile positive ones. Yet 
it seems from the authors' investigations that in fact the 
mobility of the individual charged particles does not affect 
the ease with which the leader stroke forms. Can the 
authors suggest any explanation? 

I have also wondered whether the authors can suggest 
any reason why the proportion of negative to positive 
flashes should be so very much higher in high than in low 
latitudes. It would be interesting to know whether this is 
connected only with the polarity of the under - surface of 
the clouds formed, or also with the ease with which negative 
or positive charges can form leader strokes in the two 
latitudes. 

The authors' remarks concerning multiple flashes have 
caused me to wonder whether successive strokes may have 
a cumulative effect on the air round line insulators, of such 

a nature as to affect their impulse ratio. If so, 

single strokes from impulse generators may ghc 

leading figure for the performance of such in 

practice. 
Lastly, I note that the authors have not made 

the klydonograph. Is this because of its cost, or 

give less reliable data than the magnetic -link meth 

they have employed? 
Mr. E. A. Mayo: I should like to refer to some 

effects of a violent thunderstorm which took plea 

area some time ago; it was the first big storm 

after the C.E.B. lines had been installed. Th 

started at about 10.30 p.m. and continued and 

3 a.m.. There- were five separate disturbances 
around this area, and the lightning flashes ma 
2 min. for a period of at least 1 hour. 

The lightning flashovers invariably took place 

co- ordinating gaps on the transformers, these ga 

5 ft. 6 in. whereas the spillover gaps on the line t'° 
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DISCUSSION ON "THE LIGHTNING 

ly strange because the spillover gaps were all on 

hilly ground, whereas the transformers were close to 
r stations and therefore on low ground. 
view of the fact that so many main transmission lines 

affected on this occasion and that there has been ITo 

ar occurrence since, I should like to ask what research 
ken place in the last few years to obviate a recurrence 
s trouble. 

garding the earthing of lightning conductors, I know 
case where the lightning conductor ran down a tall 
ey -stack and terminated in a steel water -tank sunk to 

its depth in the ground at the foot of the stack, this 
used as the earthing plate. A lightning flash struck 

onductor, caused some damage to the stack and burst 
water tank. Upon investigation it was found that 

gh the water tank was in the ground, the ground 
been made up around the stack with ashes and the 
tank was really insulated from true earth. Hence it 

ry necessary to ensure that whatever is used as an 
' g plate is truly at earth potential. 
. C. G. Richards: Some of the earliest types of 

g- arrester equipment to be put into service were of 
electromagnetic pattern, with variable horn -gaps. 

l burn -outs of these earlier types of arresters 
red. 

me 10 years ago lightning struck the Port Talbot 
ral Hospital, a building of which the height to the 
did not exceed 16 ft. There were no lightning con - 

'rs. The electricity installation suffered badly; most 
nub-circuit fuses, main fuses and service fuses were 

The 3 -phase 4 -wire meter for the lightning system 
completely burnt out, and the metal base and case, 
well earthed, were severely burned. The wireless re- 
r was completely burned up, including the earth wire 
e water service pipe. 
g. F is a diagram of a system of supply in which a 
former was considerably damaged by a lightning 
e. A 3 -phase 750 -kVA transformer of ratio 3.3/4.325, 
V, with earthed neutral was one of two of like size 
ted in a substation about z mile of cable length from 
-kV generating station. There were two feeder cables 
the station busbars to the substation in which this 

former was situated. This generating station also 
hed from the same busbars two 11 -kV double -circuit 

Dead lines through transformers, and one double - 
t 33 -kV overhead line through transformers. One 
of cables feeding two of these 11 -kV lines broke down 

Course in several places. I am of the opinion that 
ghtning stroke resulted in excessive voltage surges 
built up on the cables supplying these two 750 -kVA 

EY AND NORTH WALES (LIVERPOOL) 
W. Fennell: The transmission engineer would like to 
whether a lightning stroke travels up or down, but 

ust know what potential is imposed upon the insulators 
the earth guard- wires, and consequently what is the 
" um earth resistance permissible for steel towers. 

of the statements made in the paper as to earthing 
veers make one feel that it is better t`ó keep .to wood 
wherever possible. 

en the experts have settled their differences they ought 
able to put forward a practical set of data showing the 
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Fig. F.- Diagram of system of supply which resulted in lightning 
stroke on lines A breaking down a 750 -kVA 3.3/4.325 -kV 
3 -phase 50 -cycle transformer. 

transformers and on windings of the transformer then con- 
nected. I should be pleased to have the authors' views as 
to the cause of this transformer failure. 

A new type of earth -wire protection is now being adopted 
in this district in which a double earth conductor is used 
to give lightning protection to double -circuit 132 -kV over- 
head lines. Do the authors look with favour upon this 
development as something which is calculated to give a 
much higher degree of protection than the single earth 
wire? I am interested in this question because our main 
supply is taken over a 33 -kV double- circuit line which has 
several times been adversely affected by lightning strokes. 

[The authors' reply to this discussion will be found on 
page 650.1 

CENTRE, AT CHESTER, 16TH MARCH, 1942 

maximum voltages imposed upon line conductors on sys- 
tems with earthed neutral -points. Line conductors or fuse 
mountings on even small distribution lines rarely disap- 
pear as the result of a "stroke," so that the actual current 
that passes from clouds to earth is not of much importance 
to us. As telephone circuits have been fused as the result 
of a stroke there is probably an ascertainable minimum size 
of conductor which is practically immune from fusing by 
the actual lightning current. 

It is generally understood that a length of underground 
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cable will protect a substation from dangerous surges set 
up by lightning in the overhead line. We should be in- 
formed of the minimum length of underground cable which 
can be relied upon to be effective, and as to the radius of 
protection afforded by a lightning arrester of effective 
design. _ 

A few years ago we were advised to insert choke coils in 
connections to transformers and gear. Has this practice 
proved to be ineffective? At any rate, it appears to have 
died out. 

We are, I hope, approaching the stage where the manu- 
facturer can start to design and make effective lightning - 
arresters, or, if this form of protection is incorrect, line 
engineers can turn finally to automatic reclosing gear. 
Very few definite faults have occurred due to lightning on 
our 25 miles of 33 000 -volt line, and only very rarely have 
circuit -breaker or fuse openings been attributed to 
lightning. We experience considerably more insulator 
failures on the 6 600 -volt lines, and we have found that 
certain areas are much more liable to lightning strokes than 
others: If we were able to obtain some good lightning - 
arresters for 11 kV and lower voltages at a reasonable price 
we could greatly increase the reliability of rural distribution. 

The staff of the Mid -Cheshire undertaking is making 
experiments to deal with failure of supply resulting from 
transient surges. Experimental "reclosing" fuse- assem- 
blies have been made in which when a fuse operates its 
"carrier" falls out of contact and another fused carrier is 
put into circuit. A number of fuses can be put into circuit 
successively, so that when the first one operates the supply 
is restored within about 2 sec. through the second fuse. 
Although "reclosing" circuit -breakers have been in use for 
a number of years, the principle has not been applied to 
fuses in this country. Two of these were made locally and 
put into operation a few months ago, and so far they have 
proved effective. 

Mr. S. C. Harting: I am a little disappointed at the 
absence of suggestions on the part of the authors for the 
practical application of their researches. There are two 
questions which I should like to ask in connection with the 
measurement of maximum current: (1) What effect has the 
short duration of the current on the magnetization of the 
magnetic link? (2) Has a succession of current strokes a 
cumulative effect? 

Induced surges on transmission lines are dismissed by 
the authors as of little account; this may be true for the 
hjgher- voltage lines, but I do not think the effect on 
6.6 -kV and 11 -kV lines can be so easily ignored. 

The difference in the effect on transmission Iines of a 
lightning discharge when the lines are connected to or dis- 
connected from the source of power supply and the earthed 
point of the system does not appear to have received con- 
sideration in this or previous papers. My experience has 
been that a considerable amount of damage is caused by 
lightning discharges after the lines have been disconnected 
on account of a prior discharge: perhaps the authors can 
give some information on this point. 

Mr. Fennell referred to the absence of the fusing effect 
usually attributed to lightning, and cited telephone wires as 
an example of immunity; I think the analogy in respect of 
power lines is hardly correct as the latter are also subjected 
to the follow -on currents of the power supply. 

The connection of transformers direct to overhead lines, 

without fuse protection, is sometimes advocated, 
rural area with which I was previously associa 

. 

damage to transformers which were solidly cone: 
so prevalent that it was decided to fuse all transó 

and although the fuses blew, frequently, the trans(. 

were apparently undamaged. , It would appear 
a puncture of the winding occurs it is sealed up 

insulating oil, if further damage due to the po 

continuing is prevented by quick -acting fuses. 
In considering the policy of installing devices, 

protection against lightning, the inconvenience 
sumers and its effect directly and indirectly on the 

return should be taken into account in addition to 

of the actual damage to apparatus. I have 
teresting records of lightning damage on the 

undertaking both before and after the install 

thyrite pattern lightning arresters. These record) 

that the instances of damage on line outages ad 

lightning have been reduced by the installation d 

arresters from 46 % to 22 ¡?4, a good indication 

value of suitable protective gear. 
Between 1924 and 1941 there were 83 lightning 

causing 341 interruptions of supply; 90 % of the 

occurred between 12 noon and 12 midnight, mainly 

the months of April to August. 
A great step forward has been achieved in the 

application of data on lightning discharges by tie 

publication by the Electrical Research Assoá 
their comprehensive report on surge phenomena (` 

Mr. T. V. Lironi: I am anxious to have the 

opinion on several occurrences which came to my 

some years ago while I was engaged on the elect 

of Westmorland, involving the erection of some I 

of 11 -kV lines. 
As soon as certain of these lines were put into o' 

dislocation due to lightning was experienced. T 

remedies, including the erection of overhead 
and lightning arresters, were applied. These prop+ 

only palliatives, and the trouble persisted in , 

always on the same section of line. Then a 

of the area was obtained, and it was pro 

the lines which gave the greatest amount of trou' 

those which followed a line of demarcation be 

dissimilar strata. A year or so later I came across 

case where the same explanation applied, who 

working on some lines on the South Coast. I sh, 

to ask the authors whether this explanation of at 

of lightning troubles fits in with the data they haves 

Mr. A. G. Cutts: I have read a good deal of 

been happening in the field of lightning investi: 

South America and in the United States, and I ham 

that it is only the transmission engineer who 

interest in the subject. Mr. Fennell said that 

engineers would like to have something to Prot 

lines from lightning, provided it was cheap. 

lightning does little more than damage a few 

and as they cost only 6d. each it is often not thou:' 

while to trouble about preventing lightning dam 

the other" hand, I can point to four breakdowns 

have handled on big moving machinery, which wet 

attributable to lightning, and for which £10 000 

foot the repair bill. This matter is therefore and 

spending money on. 
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DISCUSSION ON "THE LIGHTNING DISCHARGE' 

F. Favell: I want to express appreciation of the work 
d out by research workers, particularly those asso- 

with the effects of lightning, on transmission lines. 

of their recommendations in the past have proved 
effective, are relatively cheap and are easily adopted 

actice. More prcgress in this connection will be very 

me. 

incident occurred recently on a 33 -kV double -circuit 
carried on steel supports with an earth wire on top 

THE AUTHORS' REPLY TO 

essrs. C. E. R. Bruce and R. H. Golde (in reply): 
fling with the more physical aspects raised in the 
,t discussions, we should like to emphasize, in reply 
r. McCann's remarks, that the new conception of a 
uous current flow throughout a multiple lightning 

e was based on purely physical considerations of the 
ostatic field existing after the first return current has 
ed the cloud. This consideration is independent of 
tial field distribution and, in particular, we fail to 

ow the pre -discharge field strength in front of an 
ted earthed point should influence the current dis- 

in the later stages of a multiple flash which may last 
1 sec. 

McCann's method of photographing the lightning 
ge is certainly ingenious, and his Fig. E proves its 
ful application for a current rang& of about 400:1. 
tural flash reproduced in Fig. C should, however, 

a current range of the order of 10 000: 1, and Mr. 
nn's statement that currents up to 150 000 amp. and 
to 0.2 amp. can be recorded would increase that 
to 750 000:1. With the ordinary photographic 

ods at present available it seems impossible to cover 
.g like that range on one and the same exposure 

out complicated additional means. It appears that 
ackening of the film effected by the first current peak 
fog the film to such an extent as to obliterate the 
of the small currents which, it is suggested, flow 

ghout the intervals between individual current peaks. 
photographic record reproduced in Fig. C does, in 
show pronounced fogging between the component 
es and we cannot, therefore, agree that this photo - 
disproves the existence of the continuous low current 

reply to Prof. Kapp's query as to the similarity of 
tes of prctagation of positive and negative leader 

the main consideration is that in each case the 
role is played by electrons. The increased corona 

ts* from a positive discharge channel may have a 
ly retarding effect in the case of positive leader strokes, 

e other main factor in leader- stroke propagation, 
y glow to arc transition, is independent of polarity. 
f. Kapp's question as to the reason for the prevalence 
tive flashes to earth in tropical regions as compared 
ore temperate districts is a matter for the meteoro- 
as field measurements under thunderclouds suggest 

r difference in the frequency of occurrence of 
charge centres at the bottom of a thundercloud. 

same speaker's suggestion that multiple strokes may 
the impulse ratio of insulator flashovers is 

tag and should be checked, though modification 
* Nature, 1941, 147, p. 805. 
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and surge diverters at each end, where a return stroke 
shattered the insulators of the bottom conductor, apparently 
on account of the high impedance of the tower. It is 
customary for steel towers to be designed taking into 
account only mechanical considerations, with the most 
economical use of steel as the factor of first importance. 
Can the authors recommend a design of tower having low 
electrical impedance, without reference to mechanical 
strength? 

THE ABOVE DISCUSSIONS 

of the present testing technique would be necessary in 
order to make possible the repeated application of high - 
voltage surges at the required time -intervals. For such 
tests the observation that subsequent strokes, are mostly 
weaker than the first should be taken into account. 
Klydonograph results were used at various places in the 
present investigation, as can be seen from the fuller account 
published elsewhere,* but for current measurements 
magnetic links are used almost exclusively on, account of 
their low cost, both initially and during operation. In 
this connection we should like to refer Mr. Harling, who 
asked about the effect of short surges and of successive 
surge applications on magnetic links, to Chapter 3 in 
"Surge Phenomena,"f in which this question is discussed in 
detail. 

Some of the questions which are of more direct interest 
to the engineer are well outside the scope of the paper and 
it is not possible, at present, to reply to all of them. 

Several speakers refer to the earthing of transmission 
lines and lightning conductors. The importance of a 
sufficiently low earthing resistance, a good general layout, 
and certain minimum cross -sections to be applied in any 
proper lightning conductor system, is well illustrated by the 
examples cited by Mr. Mayo and Mr. Richards. Mr. 
Fennell's question as to the maximum permissible earthing 
resistance of transmission towers can be answered in any 
specific case, given a knowledge of the minimum flashover 
voltage of the line insulation and of the currents discharged 
through steel towers, for which ample data are available, 
and for which a maximum value of about 150 000 amp. 
may be adopted. This value of current is the maximum 
of which we have reliable evidence, and currents in excess 
of 50 000 amp. are rare, so that reasonable security could 
be obtained by basing protective measures on this latter 
value. In addition to the . ohmic voltage drop, there 
exists an inductive voltage drop which, as mentioned by 
Mr. Favell, could only be reduced by a reduction of the 
tower impedance. As the inductance of a tower increases 
with increasing height and with decreasing width, the 
designer cannot greatly alter this value, though it must be 
emphasized that for towers of normal height the ohmic 
earthing resistance is predominant in determining the 
chance of a back flashover. Wood -pole lines reduce the 
chance of back flashovers, but they necessitate very efficient 
substation protection against the very high surge voltages 
which they can transmit. 

The question of the protection of station apparatus is 
discussed in Chapter 25 of "Surge Phenomena. "+ Mr. 
Richards will also find references in Chapters 20 and 25 of 

* E.R.A. Ref. S /T35: "Surge Phenomena." 
't Ibid. t Loc. cit., 
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that book to the protective effect of earth wires, and it need 
only be mentioned here that for double -circuit lines double 
earth wires certainly afford a higher degree of protection 
against direct strokes than single earth wires, though the 
improvement against back flashover is small. The use of 
lightning arresters, fuses, rapid reclosure, short lengths of 
cable, etc., cannot be discussed in detail and we refer Mr. 
Fennell to "Surge Phenomena" and to E.R.A. Report 
Ref. S /T37, which deals with the protective effect of cables. 
Choke coils in front of transformers may lead to dangerous 
over -voltages due to resonance with the effective trans- 
former capacitance and are also themselves greatly en- 
dangered by high- voltage surges; they should not be used. 
We wish to thank Mr. Harling for the data showing the 
reduction of damage after installation of lightning arresters, 
though an even greater reduction might be expected. Mr. 
Cutts is right in stating that protection of rotating machines 
should receive greater consideration than hitherto. 

The two cases of faults described by Mr. Mayo and 
Mr. Richards cannot be explained with certainty without 
more information. As a tentative explanation of the in- 
teresting case mentioned by Mr. Mayo, it appears likely 
that surges were produced either by direct strokes to phase 
wires or by back flashover somewhere along the line but 
not very far from the station. If, in the first case, these 
surges were just too low to cause flashover of the` pro- 
tective gaps of the line, they would travel towards the 
station and would be doubled in amplitude on reaching 
it, whereupon flashover, even of the longer gaps across the 
transformers, might well occur. A somewhat similar case 
is described in "Surge Phenomena" (pp. 167 -8). Actually, 
the flashover of the co- ordinating gap on the transformer 
may have prevented the occurrence of still higher voltages 
which may arise across the transformer winding when 
flashover does not take place at the transformer gap but, 
on reflection, at a protective gap on the line some distance 
away (see "Surge Phenomena," p. 371 and Fig. 392). 

Mr. Richards's suggested explanation for the disturbance 

described by him is most likely to be correct. A 

applied to an overhead line at some distance from 

paratively short cable is bound to cause reflection 

mena within the cable, leading to considerable vol 

at both cable ends. Such cases can be checked by 

lation if all essential data are available, and it is, in 

possible to limit the amplitudes of surges by 
suitably disposed protective gaps, though the flash 

a gap at either end of a cable reduces the effetti 
the cable in preventing rapid voltage -changes. 

Mr. Harling will find that his statement on 

portance of induced surges on medium- and low 

lines agrees, in fact, with what we have said in Secti 

His further statement as to the amount of damage 

on lines which had been disconnected by a' p 

lightning disturbance is very interesting. As Mr, 

experiences appear to be based on densely inter 
medium -voltage systems it is to be expected that any 

due to direct strokes to such a system are rapi 

divided and reduced in amplitude at the branching 

encountered. On the other hand, when a comp 4 

short line is disconnected at both ends any surge p 

on that line will not only be doubled in amplitude 

open ends but may even be further increased by 

phenomena. 
We are afraid that we cannót answer Mr. Lironii 

about the effect of geological formations on the p 

of transmission lines to lightning disturbances. M 

been written both in favour of and against such 

tions, and the matter is by no means settled. Lo 

statistical data are required to prove that certain 

of a line are subjected to more than an average n 

discharges, and it is possible that an apparent 
tration of damage over certain sections of a line 

not to a higher number of lightning discharges 

particularly bad local earthing conditions. A 

of data relating to this or similar experiences n 

very welcome. 



ed from NATURE, Vol. 147, page 8125, Jane 28, 1941.) 

The Lightning and Spark Discharges 

IT has recently been pointed out" that though the 
charge leaving the cloud in a lightning flash to earth 
is probably about half as great again as had hitherto 
been believed, the potential of the thundercloud base is 
probably only a few per cent of previous estimates?. 
It already appears' that the condition for the occur- 
rence of a flash is not that the breakdown potential 
be attained over the whole intervening space3'3, but 
that a concentration of field should occur of sufficient 
intensity to initiate what may be called a `self - 
propagating' discharge in a field which elsewhere 
may only reach a few hundred volts per cm. The 
implications of this are so important in the theory 
of discharges in general that further confirmation is 
very desirable. The purpose of this note is to suggest 
a mechanism to account for the `darts' of the first 
leader stroke and the low overall voltage, to direct 
attention to a characteristic of such discharges 
which has hitherto been overlooked, and to suggest 
the condition under which spark breakdown occurs. 

One characteristic of the first leader stroke which 
is nearly always observed is its discontinuous or 
`dart' -like appearance4, which in my opinion has not 
so far been satisfactorily accounted for. The explana- 
tion now proposed is that the `darts' represent the 
sudden transition of newly formed portions of tke 
advancing streamer from glow to arc conditions. As 
the streamer advances, an increasing current must 
flow through the tip of the preceding dart to maiil- 
tain the increasing lateral or corona current from 
the sides of the streamer. When this current? to- 
gether with the small current involved in the vertical 
progression of the tip, builds up to the order of one 
or a few amperes, sudden transition from glow to 
are will opcur6' 3, 7. The order of magnitude at least 
of the current attained when the streamer reaches `a 
length of 7 -10 metres, the average length of the 
darts, can be estimated from the charge-neutralized 
in the atmosphere by the average lightning flash, 
namely, about 10 coulombs, of which about half is 
probably neutralized during the first leader stroke'. 
From the duration of the leader stroke, say 10 -3 sec., 
and the length ofthelightning channel, say 25 km., 
this neutralization requires a lateral current of the 
order of 4 x 10 -3 amp. per cm. length of channel, or 
3 -4 amp. over the length of a dart. Allowance for 
the branching of the first stroke would merely 
reduce this current by a factor of about 3, so that 



this current is in good agreement with that for which 
glow - arc transition occurs. tcd fron 

Further support is derived from a consideration 
of the transition from arc back to glow. This occurs 
for a current which is about 10 per cent of that 
required for glow - arc transitions, so that arc con 
ditions would not be maintained in the last tenth of tl:e SEVE 
dart length, which would therefore be re- illuminattd atmospi by the succeeding dart, just as has been actually 

few mil observed by Schonland'. Again, Allibone and Meek' 
observed that currents of the same order flowed tomary 
during the leader stroke of the spark discharge, and about 1 

it is interesting to observe tat, owing to their associate 
rapidly varying nature, the' c rents in the leader discharg 
strokes in this case were often greater than those of this sug the subsequent return strokes, a conclusion supported 

and due by the relative photographic intensities of the twó 

strokes. oharacte. 

Such an arc channel can be regarded simply as an of the w 
extension of the initiating conductor, and the voltage the ionos 
gradient along it is only of the drder of 10 volts As to t 
per cm. These considerations explain the `self. ouggestec 
propagating' nature of the discharge and the large 

the slow charge neutralized by the corona, which is thus seen 

to be an important, though hitherto unrecognized, of the e 

feature of the discharge. strokes re 
The condition for the occurrence of a spark in a that the 

non -homogeneous field would thus appear to be that to the de 
the current in the brush discharge from an electrode the a and 
should be sufficient to cause glow - arc transition to occur, 

after which the leader progresses by the above 
tion whit 

mechanism. gh -frequ 

A more detailed account of this, work will be the `slow i 

published shortly. The durst 
C. E. R. BRUCE. order, bela 
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Wave Form of Atmospherics 
SEVERAL. investigators42,3 have shown that an 

atmospheric often has a characteristic `slow tail' of a 
few milliseconds' duration, in addition to the cus- 
tomary wave train of a few cycles of frequency 
about 10° cycles per second. The latter has been 
associated with the return stroke of the lightning 
discharge, and precision has recently been given* to 
this suggestion by the calculation of the amplitude 
and duration of one cycle of this wave from the 
characteristics of the return stroke, the remainder 
of the wave being presumably due to reflexions from 
the ionosphere*. 

As to the `slow tail', Appleton and Chapman2 have 
suggested that this is connected in some way with 
the slow c portion of the lightning discharge. A study 
of the electrostatic field changes caused by near 
strokes recorded by these authors2, however, suggests 
that the `slow tail' is the result of the radiation due 
to the destruction of electric moment during both 
the a and the c portions of heavy strokes, an explana- 
tion which is supported by the occurrence of the 

gh- frequency radiation due to the b portion within 
he `slow tail', observed at relatively near distances'. 

The durations involved are obviously of the right 
rder, being in each case a few milliseconds. As to 
he amplitude, my theory* of the increasing corona 

ent as the leader stroke approaches the earth 
olds, from the relation 

ID., Sr. Am 

1 d2M Er= 
C27 dt2, 

final value of the order of 10 or 20 millivolts /metre 
r the radiation field due to the a portion at 100 km., 
uming that the corona current increases as the 

quare of the voltage. E tiring the c portion a charge 
f the order of 10 coulombs often flows from cloud 

earth in a time of the order of 3 milliseconds *. If 
charge is initially at a height of 2.5 km., and 

its electric moment is destroyed exponentially, 
hich the aforementioned records2 show to be 
Proximately the case, then the above relation yields 
rest value for er at 100 km. of the order of 70 mv. /m. 



These values compare well with the observed yak 

of 125 mv. /m. at 100 km.l. 
It would thus appear that the `slow tail' represe 

the radiation resulting from the destruction of 

electric moment during the a and o portions of 

lightning stroke. 
C. E. R. BRUCe 

British Electrical and Allied Industries 
Research Association, 
15 Savoy Street, W.W. 

July 18. 
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The initiation of long electrical discharges 

BY C. E. R. BRUCE, M.A.,, B.Sc., A.M.I.E.E. 
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BY C. E. R. BRUCE, M.A., B.Sc., A.M.I.E.E. ,there 
an aver. 

(Communicated by Sir Edward Appleton, F.R.S. Received 15 October 1, betweE 

Revised 11 April 1944) eider sti 

range is 
The glow -arc transition theory of the first leader stroke of a lightning flash is furthe ;lchargE 
sidered, and shown to be in accord with all the observations available, whereas the 

bination theory is not considered to be. The greatly reduced potentials already in e avers¡ 
be adequate to cause flashes, of the order of only 1 % of those required in a homo.. iarge at 
field, and the corona currents from the leader stroke channel, are confirmed by a disc' 
the records of the currents in, and electrostatic field changes caused by, the first leader, 

ar cow 

further indicates that formulae derived from laboratory studies of corona currents i a Consul 
wires and from pointed conductors can be extrapolated to lightning voltages, i.e, 

thlas (I+ range of about 1000 to 1. 
ome cas 

1. INTRODUCTION 
order o 

It was pointed out by Larmor (1914) that when electrical breakdown of average 

once been started in a non -uniform electric field, the resulting discharge order of 
beyond the region throughout which the critical electric field strength ed tc 
breakdown was initially exceeded. This effect was discussed by Wilson (1 +e order a 

Simpson (1929), the former of whom considered that the potential difference h (IN 

to cause a vertical lightning flash between a thundercloud and earth n 1937), 

thereby reduced by a factor of not more than six below that which would be '+ thunder 

if the field had been homogeneous. Though the value obtained in this Iva, pson & 

potential of a thundercloud is that usually quoted (see e.g. Schonland ig was able 
1939a; Allibone 1941), there are grounds for believing that some work .+ r see if th 
subject doubted whether the average gradients between cloud and earth of heigh 

such a difference of potential would give rise do in fact exist. Some degree of generali; 

was recently given to these latter ideas (Bruce & Golde 1941). ve discha 

The first indication that the pre -discharge fields are comparatively his coral 

obtained when the charge distributed along the leader stroke channel was ++ +pear to b 
in relation to the latter's distributed capacitance. This charge distrib flashes ci 

derived from an interpretation of oscillographic records of the current ins' 'clan & C 

flash, in the light of observations of the velocity of the return stroke, ' reen obse 

having been obtained by Schonland and his collaborators (1934, 1935, 19 okeresult 

their photographs of lightning flashes taken with a Boys camera. The d into the 
the initial high- current portion of the lightning current wave is about! e'from i 

agreeing with the time required for the return stroke to reach the cloud '+ +n of the t 
charge distributed along the leader stroke channel having been neutralized + be rapid 
passage. This latter charge is found by integration of the oscillogramsta rntinuour 

1 coulomb, while the capacitance of such a vertical conductor just not 'r neutral 

with the earth and 2.5 km. long, from a formula given by Goodlet (r93i1 'centratio 

1.28 x 1041u,uF. Its potential is therefore 7.8 x 10' V, giving an average fie ly progre 

[ 228 ] 
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.d earth along the actual path taken by the lightning flash, of 312 V /cm., 
shape of the current wave and the distribution of capacitance along the 

;es 
tor together indicate that the field is fairly uniformly distributed. 

the results obtained by Schonland and his collaborators indicate that there 
an average about three successive strokes in a flash, while the average time 

ctober I 
between these strokes is about 1óo sec. Since the velocity of propagation 

eader stroke process is about 3 x 107 cm. /sec., this indicates that the thunder - 
harge is spread over an area of the order of 100 sq. km. This latter charge, 

is furthe .,l charge brought to earth in a flash, is on an average about 30 coulombs, so 
rasa the cm., and e average field is thus about 200 V d the potential of the thunder - ,dy inch g / p 
a homo : harge about 4.5 x 107 V. 

y a disc 
ar conclusion as to the dispersion of the charge in the thundercloud is arrived rat leader, 

r currents i a consideration of the duration of thunder. The data given by Wilson (r 920) 
Iges, i.e. thias (1924) show 'that in the case of near flashes this lasts for over 30 sec., 

some cases for over 40 sec., indicating that the diameter of the charged area 
e order of more than 10 km., in agreement with the above estimates. 

[own of average pre -discharge field between cloud and earth is thus apparently only 
harge order of one or a few hundred volts per centimetre, or only about 1 % of 
ngth rep 'wired to cause breakdown in a uniform field. This estimate is, however, of 
Nilson e order as that of the field changes and pre -discharge fields actually recorded 
[ifference earth (Wilson 1920; Wormell 1939; Simpson & Scrase 1937; Appleton & 

I. earth .n 1937), and as that of the fields recorded during the ascent of testballoons 
wouldhe thunderclouds, when lightning flashes occurred nearby (Simpson & Scrase 
1 this As pson & Robinson 1941). Through the courtesy of Sir George Simpson, the 
nlánd ig; was able to examine the records obtained in the last -mentioned investiga- 
ae work i see if there was any evidence for a gradual increase of the electric field with 
ad earth of height above the ground, but none was found. 
3egree of generally been considered that the individual strokes of a flash represent the 

ve discharge to earth of separate volumes of charge in the cloud (Schonland 
atively complication of the simpler distribution suggested above, would, how - 
nel was !pear to be unnecessary, and is rendered improbable by the occasional occur- 
; distrib flashes comprising large numbers of separate strokes, as many as 27 (Schon- 
Tentina elan & Collens 1935), and even '40 (Larsen 1905) and 42 (Matthias 1929) 

stroke, been observed in one flash. A likelier explanation would appear to be that 
1935' i'j ''keresults from the meeting of a leader progressing from the initial discharge 

a. The d into the cloud, with one which has .originated at a local elongation or pro- 
s about ce`from the main volume of charge, similar to that responsible for the 
e cloud k of the first stroke to earth. The charge deposited along this second leader 
utralized be rapidly distributed along the channel to earth, giving the phenomenon 
grams to 'ntinuous dart leader of subsequent strokes (Schonland et al. 1935), and 
just not r neutralized during the ensuingreturn stroke. In the absence of such local 
let (193' 'Centrations, the channel or channels from the point of origin of the flash 
erage fl lY Progress through the cloud neutralizing the charge therein by a gradual 
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process (corona discharge), and it may be noted that the 
+ a emtii 

t 611170 
recorded oscillographically (McEachron ¡939) was pra v o 

to earth in just such a relatively continuous manner. 
So far as the field chs.0 oes caused by successive ;strokes are concerned, 

interpretation will give rise to the same phenomena as would lbe observed 

total charge in fact initially segregated into separate p Unti 

evidence is obtained, therefore, it would appear ttn 10( panneient tt u e 

comparatively simple distribution of charge sunested. äabowe and w 

mechanism is suggested to account for the prop a; ,aäää (of am aectbrieal 

through a gas in which the field Arength, apkurt from a way tocalliimil con 

at the point of origin of the discharge, is of the of race, (oif tthaft 
I , Leda 

in the process further precision is given to .the wakes of mnz tl;ä:lcri, iimwoved 

2. In(moRTANCE (our comma comammairs 

An important ;aspect of these very 1)°111s'' ,Al,9c china] a] i gelli:an es bash re 

pointed out (Bruce 1941), namely, that beams cnoxr(ooga MEd floe 

from the leader stroke ch.amiel during its rumvll11n i1sowamds ttlhe ate 
Since, apart from the relatively small of i a11 

tenance of arc conditions, the potential of the iitin ii' -atti alco(aln cok is 

pagated into the intervening ;space, 'the _potential 
and the rrouncling m : á wrest lninild ruip to BBIBly >railfhoms (off evee 

,much smaller field stretegitlas now obtained. Suck 'potentials atte in he 

when the streamer makes (nonaitntrt coavicexlheard for 

YI' 

01 .;. 1111 4111+1 nte(y1111ff Ä(,I for 

(I)IIIIhIS'a1 aül. ne d ,, .a,411 the 

Torok 1931). It is shown herein (( i6)) ghat ilia 111á1e, Waif; the 
lateral corona currents must build up to tire order of Tirundr a (or (multi 
amperes, during the progression of theleasder-dimdke. That ssmiii unman s c' :: 
flow has' been confirmed by+í reet(escillo r iinwe ca &oTtiiJbeasuua jtin 

leader strokes from the Empire EmPireState i g 11 i .ói9;1 "+ (ainremn », :(Inn! also 

by records of the electrostatic field olanwes t,, I. :, 1i ttillt E e 

flashes ( §§ 4, 6). 

It would appear that the .eldstence otif (a.ts cofftdl s (otiiär males out 

bility of the ageing of the ionization in álß Ikatolinr aitiurelke cd3iaumt., en 

Schonland (x938), aid also the recomb ation the ory%Tare z; {al,yl aIí ru(; iI 

first leader stroke as it has been (developed by Meek ((19919)) ILf -otalo 

It is also evident (that the ority type (df eetlizetbric di ll =pale Ingf 

large currents liAiieh ame ttilatttS won to &oxw eadily ifn Alva llca ter a#(mA 

discharge, and the n e a l l i z ftiien (ef thiis &AIMS lled.ttio arm 1u r.. of I 
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g minute currents, so that at some stage in their development when an upward 

occurs from the Building, the sudden transition to arc conditions must take 
Again, if the fresh start of the pilot streamer ( Schonland 1938) after the 
lice of a dart is considered, the same sequence must ensue. The current 

to maintain the lateral corona must increase as the pilot streamer lengthens, 
an increasing current must flow through the tip of the preceding dart, or 
g point, until a total current of the order of an ampere is reached, at which 

e sudden transition from glow to arc conductivity is known to occur (Todd 
e 193o; Attwood, Dow & Krausrdck 1931; Fan 1939). This condition is 

nted diagrammatically in figure 1, in which IT is this critical transition cur- 
e reason for the complete breakdown of the whole additional length of the 

tB4dli 

01 lT- ~. 

A 

Glow 
c 

PIousE L Diagram illustrating formation of leader stroke darts 
(IE is the current required for glow to are transition.) 

r, AB, to are conditions at this point in its history, is that a position of 
ty has been reached, since the currents flowing along the streamer from A 
point A', near B. are already large enough to maintain arc conditions, with 

falient only- about-one tèn h äf --for the conduction of the 
ent in the glow aegime, if only are conditions could be initiated theme., 

ows from the observation (Attwood et al. 1931) that, when once established 
ductivity is maintained down to currents of the order of only one -tenth of 
quired to cause glow to arc transition, before transition back front are to 
curs. The disturbance and redistribution of space charge .caused by the 
n of arc conditions at A is sufficient to trigger the change -over to the new 
ns of stability t'u oughout the newly formed channel, though the change will 
ermanent beyond A'. It is this hysteresis effect, so to speak, which accounts,/ 
observed dart structure. 

the instant of transition the charaeteristie s of the newly formed streamer 
at best those of glow díseh.:.rge, i.e. t voltage gradient required to 

it will be of order of Feral hu - '' volts per centimetre, whereas at 
'tion it will be suddenly reduced to the order of tens of volts iker 

and will have a pronouncedly negative volt-ampere charaeteristic, so that 
ent through it rigs with the Increasing length of the channel, the gradient 

to maintain the diiecharge current will be still further reduced Mother. 
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important feature of the new regime is that the streamer channel after the 

has the characteristics of an arc plasma, and is from most points of view'... 

extension of the original conductor. It is this important characteristic, 

with the greatly reduced potential gradient required for the mainten 

conductivity, which explains the `self -propagating' nature of the diseha 

4. ELECTROSTATIC FIELD CHANG}ES4'CAUSED-BY THE LEADER $Tao 

There are several ways in which the new theories of the corona curren 

mechanism of the leader progression can be checked quantitatively 
observed results. Perhaps the most striking is the comparison of the cale 

observed electrostatic field changes caused by the leader stroke. 
First, as regards the potential required to initiate sch a discharge: Ti 

pre- discharge field which has hitherto been observed 'is about 100 Vim,' 

1939), i.e. well below the estimates given in § 1 above. The Empire State 

short -circuits, as it were, 1250 ft. of this field, so that if fields of this orde 

around the Building, then the potential difference between its top and 

rounding space would be about 4,000,000 V. However, it will be shownh 

flashes are apparently initiated by the Building in fields which would not 

result in lightning flashes from the cloud, the pre -discharge field being in 

these upward flashes apparently only about 50 V /cm. With such fields they 

difference between the top of the Building and the surrounding space is o 

2,000,000 V, so that this would appear to be the potential difference 
initiate a positive discharge in such a case, for so far only flashes in 

Building was the positive electrode have been observed. It will be showni 

a similar value for this critical potential difference is indicated by e 

from laborato7 data on the magnitude of currents from pointed conduc 

the latter suggest that currents of the order of that required for the me 

glow to arc transition will flow from the point at these potentials. Tho 

polation over such a wide range of potential may appear at first sight un 

say the least of it, nevertheless the agreement of theory and observation's 
less surprising by what follows on the magnitudes of the lateral corona 

which are likewise found to agree with the values obtained by extrapola 

laboratory data. 
Once' the streamer is started, its potential, li, relative to the surroun 

builds up at the rate of X1 V /cm. travelled, if the small voltage gradient 
maintain the arc, Xd, is neglected, where X1 is the value of the pre -disc 
field between cloud and ground. At a point distant l from the start, it is 

given by 
V = Vo +l(X1- Xd) +Vo +lá1, 

where Vo is the initial potential difference between the point at which the 

originates, and the surrounding space. 
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corona current pen 'centimetre length of the discharge channel at this point 

I = k(Vc +1X1)2, (1) 

that this current is proportional to the square of the conductor voltage 
ead 1927), the potential which marks the onset of corona being in this case 

ly negligible. The rate of change of electric moment at time t is therefore 

dt = J o 

k(Vo +1X1)221d1, (2) 

is the velocity of propagation of the leader stroke, and the total electric 
t destroyed in time i is 

t vt 
2kl(Vc+X1l)2 dldt. 

Jo Jo 
(3) 

electrostatic field change at distance r from the flash due to this change of 
moment is given by f E8=3, 

ch µ and es are in electrostatic units, so that 
g x 

2k1(Vo +X11)2dldtV /m., 
r o0 

eing in cm., vin cm. /sec., Vo and X1 in V and V /cm. respectively, and es in V /m. 
owance has been made in the above for branching of the leader stroke, or 

fact that the general field through which the leader is advancing decreases. 
hat as charge is lowered from the cloud by the leader stroke. As regards the 
, more than half the total number of flashes appear to be unbranched ( Schon, 
Collens 1934; Schonland et al. 1935), and for these the present analysis holds. 
erage number of branches in branched flashes is about 3 (Schonland et al. 

but not all these are in process of formation at the same time. It is therefore 
y that allowance for branching would materially alter the results deduced 
The effect would be to reduce still further the values obtained for the electric 

(4) 

(5) 

allowance to be made for the change of electric field strength during the 
roke will also be small. This field change has been measured by Appleton & 

an (1937) and by Schonland, Hodges & Collens (1938) who found it to be 33 
%, respectively, of the total field change due to the stroke. As there Axe on an 
e three strokes in a flash, the field change caused by the first leader stroke is 

y of the order of 10 or 20 % of the total change caused by the flash. Again, 
ease of the estimated initial potential required to compelsate for the decrease 

Feld during the progression of the leader stroke will be further reduced by the 
t the effects considered increase as the square of the potential difference 

n the channel and the surrounding space, 
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Thus allowance for these two factors would certainly not affect the o 

values deduced herein for the potential of the thundercloud charge, the 

each being small and its direction opposite to that of the other. 
Oscillographic records of es for near strokes have been obtained by A 

Chapman (1937), so that the above is an equation for k when Vo, X1 and the 

the thundercloud charge are known. This last varies somewhat, but may 

to be nearly 2.5 km. (Simpson & Scrase 1937). The value of e8 at the 

leader stroke, i.e. immediately prior to the sudden change due to the return 

was measured in the two oscillograms given by Appleton & Chapman (their 

(i) and (ii)), and the values of k calculated in eaoh case, corresponding to 

X1 of the order of a few hundred volts per centimetre. The resulting curves 

in figure 2, from which k will be seen to be of the order of 10 -16 or 10 -17. 
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FIGIIRE 2. Variation of corona constant k with potential of thundercloud charge 

based on figure 6 (i) and (ii) of Appleton & Chapman (1937). Full line, figure 8() 

line, figure 6 (ii). 
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That these two records represent. fairly normal conditions is seen from 

parison of the fields and durations involved with the average conditions 

these and other investigators. The flashes in question both occurred at aboe 

distance, and the total field change caused by the stroke was about 1000 

each case. The average value obtained by Appleton & Chapman at this 
about 650 V /cm., while the average field change caused by a complete fi 

same distance was found by Wormell (1939) to be about 1100 V /cm., thus 

that if anything the field changes in the two oscillograms in question are on 

side, but probably do not exceed the average by a factor of more than 
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the o ; to the durations of the field changes, these indicate for the velocity of the 
ge, the, oke values of about 2.3 x 107 and less than 7 x 10 cm. /sec. respectively in 

cases, as compared with Schonland's mean value of about 3.8 x 10' cm. /sec., 
by A 1 achron's mean value of about 2.5 x 10' cm. /sec. 

ind the al investigations of the corona currents from wires have been made and from 
it may. ;,e value of k can be determined. Thus Watson's data on d.c. corona (r9ro) 
t the alue of k = 4.2 x 10 -17, while Peek's data (1915) give values of k somewhat 
ie retail han this. 
n (their agreement between the calculated and measured values of k would appear 
ling to , confirm the existence of these corona currents and the greatly reduced 
;roves the thundercloud potential now obtained. 
10-17. 

400 

v 
á 300 
E 
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3. Electrostatic field change due to leader stroke. Observed (Appleton & Chapman, 
e 6 (ii)) and calculated. Points measured from oscillogram. Broken line, original 

on; full line, calculated with new time base. 

x107 
the variation of es with time was studied, there appeared to be a divergence 

n the calculated and observed values. (Compare the full and broken line curves 
ad 

3.) However, on further consideration it appeared that since, on the figure 61iß ) , PP 
t view, a lightning flash results from a breakdown originating at a field con - 
on in a field which is elsewhere fairly uniform, the records obtained of the 

een from sfelectrostatic field with time should be geometrically very similar, provided 
.c itions f is sufficient charge available to maintain the discharge. As it has just been 
1 at about ;t the field changes caused by the two strokes in question are both above 
ut 10000 gage, the latter condition would appear to be satisfied. Comparison of the 
this disc rationed records (Appleton & Chapman 1937, figure 6 (i) and (ii)) showed 
plete fi h a similarity did not exist between these two records, and that the initial 

thus 't period in their figure 6 (ii), before the trace leaves the zero line, already of 
>n are os i ation, should be longer still. This at once suggested that the oscillograph 
re than easè only tripped some time after the lightning flash had actually started,- 
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owing to the weakness of the initial pulses. A lower limit to this time lag was , the ca, 

from a comparison of the two records by making the assumption that shavir 
occurred in figure 6 (i). The required increase in the time base of figure 6 (ü) to cam 

found to be about 3.4 msec., the total duration of the leader stroke her hit 
10.8 msec. Using this new time base, complete agreement is obtained bé -tion of a 

calculated and observed field changes, as is seen in figure 3, in which nilding v 

represent the values measured from the oscillogram, while the full line cur ia1differe: 

calculated from equation (5) above using the new time base. The theory t i +ounding 

a satisfactory explanation of these records, which had remained unacc potenti 

since they were first obtained by Appleton & Chapman. -ch the of 

stroke is a 

5. DETERNIINATION OF THE THUNDERCLOUD POTENTIAL 
f this st 

r. 

It will be seen that on the present theory there is zro ll- defined potenti 

for the occurrence of a lightning flash, since the higher the average field the 

be the discontinuity necessary to initiate the self -propagating' disc her the 
upward flashes will be initiated bfh.igh buildings in fields which are app de of thi 

inversely proportional to the heights of the buildings, and the same will ,.11y in st 
elongations of space charge in the cloud. Indeed, there would appear to be n (1) it fc 

why, in the extreme case, the average field need be much greater than that e channel 

for the maintenance of an arc, i.e. of the order of 10 V /cm. in air at a 

pressure, and it will be shown in § 6 that, in the case of flashes to the Em 

Building, the average field between cloud and ground is probably only of 

of 50 V /cm. 
The results of the previous section afford a method of determining the; for the fla 

of the thundercloud charge in individual cases from records of the electra appear hi 
change during the leader stroke, if at the same time the height of the currents c 

determined by the method of sounding balloons adopted by Simpson. ; (Meek n 
of the former records, together with the known height of the charge, a c are ease 

sponding to those in figure 2 can be derived, giving k, the corona constant, ', whose 

to X1. this k must be a constant characteristic of these long -discharge y and otl 
the value of which will become apparent when more records are available i those of 

When the value of k has thus been determined, the curve for each flash will i :e whic . 

a value for the average gradient below the thundercloud charge for Glues ob 
question. As an illustration, had the heights of the charge in the two e 

'y higher 

with in figure 2 been found each to have the average value of 2.5 km., strokes f 

provisionally adopt the value of k found experimentally, viz, about 4x ' This is r 

cloud potentials would have been 6.3 x 10' and 3.0 x 107 V respectively. '!: at field s 

combination of the results of the two investigations suggested above it will e cloud, sc 

possible to determine the velocity of the leader stroke, and hence the 'paned is e 

the latter with the initial field strength. The indications of the compar¿ ek the 

above two records are that velocity decreases with decrease in field stren ''9 Which vv 

this connexion it is of interest to note that the long durations observed bye ' 'd', in an 
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the case of flashes to the Empire State Building may be due to this cause, 

es having been initiated by the Building in fields which are smaller than those 

to cause normal flashes from cloud to earth. 
her interesting deduction from the present theory of the initiation and 

Lion of a lightning flash is that the protective range of a lightning conductor 
wilding will not be constant for all lightning flashes, but will increase with the 
al difference between the leader stroke channel ás it approaches the earth and 

unding space. For different leader strokes along any one vertical path, the 
potential of the space immediately surrounding the lightning conductor 

ch the value necessary for the initiation of a continuing streamer when the 
troke is at different heights, so that the earlier this occurs the more chance is 

f this streamer diverting the downcoming leader towards the lightning 

6. CURRENT IN THE LEADER STROKE 

Cher check of the present theory is derived from a consideration of the 
de of the current in the leader stroke, since this has been measured osèillo- 
lly in strokes to the Empire State Building by McEachron (1939). From 

n (1) it follows that the current required to maintain the corona discharge 
e channel at time t from the start is given by 

rot I = 
J o 

k(Vo +X11)sdl 

= kvt(Vó +V X1vt+ 1 /3X v2t2), 

(6) 

(7) 

or the flashes considered, rises to values of the order of 5000 amp. These 
appear high, especially in view of the fact that previous estimates of the 
currents during the leader stroke were of the order of 0.1 amp. to several 
(Meek 1939; Schonland 1938). However, currents of the order of those now 
are essential to account for the field changes observed by Appleton & 

whose results are consistent with those of Wilson (1920), Wormell (1939) 
and others (1940) as regards the magnitudes of the field changes observed, 
those of Schonland. and others (1938) as regards the fraction of the total 
e which occurs during the leader stroke. 

aloes obtained for the currents in the leader stroke are certainly con- 
y higher than thosesobserved oscillographically by McEachron (1939) in 
strokes from the Empire State Building, which last rose only to about 
This is not surprising, however, since flashes must have occurred from the 
at field strengths which would not ordinarily have caused flashes to occur 

e cloud, so that a lower value of the current is to be expected. That this in 
pened is seen from the very high number of flashes, as many as 11 or 19, 

ck the Building in one clay, numbers very much greater than the number 
which would have occurred over an area of normal country equal to that 

, in an electrical sense, by the Building. It has been suggested (Meek 
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1941) that these oscillograms only indicate the peaks of the current p 

be noted, however, that the envelopes of the troughs themselves reach abo 

500 amp. respectively during the leader stroke in the two of McEachron of interee 

grams to which reference is made by Meek. ; l of the 
The currents observed by McEachron in fact enable the average field : : i, with r 

cause a flash from the Building to be calculated, simply by regarding since th 
equation to determine X1. The average gradient is thus found to be about :,'d a brush 
using the same values of the corona constant and height of the cloud charge editions, 

previous section, so that the total potential required is thus only of th 908, 194] 

1.5 x 10' V. This conclusion could be checked by recording the electros sion of 

and field changes during thunderstorms in the vicinity of the Building, 

one of the surrounding buildings, using the method of Appleton & Chap ; the potei 

the space below the thundercloud, by the use of sounding balloons. become 

This field, together with the height of the Building, yields for the 

difference between the top of the Building and the surrounding space n:; or V = Vo 

initiate the discharge in this case a value of the order of 2,000,000 V. So 
qualto 2 

flashes in which the Building was the positive electrode have been obtain red invee 

the above result applies at present for this polarity -only, and for a field con eleny'5 v 
equal to that caused by. the Building. present d 

It will be noted that no account has been taken of the fact that, whe :e from 

downward leaders so far investigated have been negative, all the upveid 1 in pot( 

from the Empire State Building have been positive. Though positive coros 

from wires exceed negative, there are so far no results to indicate vvh 

applies also in the case of these discharge channels. The fact that positive seen in 
currents tend to be greater than negative (Bruce & Golde 1941) indi :wilding 

Allibone (1941) pointed out recently, that the same applies in this case, and 
is proba 

higher positive lightning currents may result from the neutralization etre lengt] 
return stroke of the greater charge deposited around a positive channel by 

'; current 
corona currents. As, however, the velocity of positive return strokes has.nol 

is require 

measured, there remains the possibility that it is higher than that of negatie be to 
which would equally well explain the higher positive currents. It is to beh. 

ed to aboi 
photographs of positive flashes will ultimately be obtained by Schonlan ;ut 400-80C 
co- workers and settle this point. Meanwhile, it appears quite probable` achron tc 
difference between the corona currents from positive and negative wires I 

ft in quit 
the difficulty of getting free electrons out of the metal conductor in the eompariso 
a difficulty which will not arise when the conductor is a gas discharge cha' 

; to on the 
it is possible that the pronounced polarity effect will not be found in the 00 V/cm. 

The general agreement between the theoretical and observed values of 

in the leader stroke -the former tending to be high if anything -afforö 

evidence in favour of the low value of the thundercloud potential, in already 
dependence of the corona currents on the square of the potential. Since channel o' 
of the latter hitherto accepted were about 100 times greater than those nov 

the leader stroke currents would be 10,000 times those actually observed 
potential 

0- 55 -10. 
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7. CURRENT FROM A POINTED CONDUCTOR 

of interest to compare the result obtained in the last section on the initial 
of the space surrounding the top of the Empire State Building at the start 
, with results obtained in investigations of the currents from pointed con- 

since this current should be, on the theory now put forward, that required 
a brush discharge current sufficient to cause the transition from glow to 

ditions, i.e. a current of about 0.5 or 1 amp. Both Warburg (1899) and Zeleny 

908, 1941) have found that the current from a point can be represented by 
lion of the form I = cV(V -Y) (8) 

the potential at which the discharge starts, and c a constant. In the present 
becomes simply I - cVó. (9) 

or V = Vc = 2 x 104 V, I should be equal to approximately 1 amp., c in this 
qual to 2.5.x 10 -13, a value agreeing very well with those found by the -above - 

ned investigators, Warburg's values being 1.48 x 10 -13 and 4.83 x 10-13, 

eleny's values lie between 2.6 x 10 -13 and 4.2 x 10 -13. It would thus appear 
present data that both the corona constant and this constant on which the 

e from a point depends, can be extrapolated through a range of about 
. l in potential. 

8. LENGTH OF THE FIRST LEADER STROKE DARTS 

seen in § 6 that the potential difference between the top of the Empire 
wilding and the surrounding space at the start of a lightning flash from the 

is probably about 2,000,000 V, so that the lateral corona current from each 
etre length of the discharge channel, kVl, is initially about 1.6 x 10 -4 amp. 

current to build up to 0.5 or 1 amp. a length of 3000 -6000 cm., or 100- 
is required. By the time the discharge reaches the bottom of the cloud, 

may be taken as at about 1.25 km. (Simpson & Scrase 1937), Y will have 
dto about 5.6 million volts,* so that the length of the darts will be reduced 

t 400 -800 cm., or 13 -26 ft. We should thus expect the dart lengths observed 
achron to lie between about 15 and 150 ft. The limits quoted by him are 19 

ft. in quite good agreement with the theoretical values. 
comparison cannot be made precisely in the case of Schonland's observations 
to on the initial fields are lacking, but indicates that the latter must be less 

00 V/cm. 

9. REILLUMINATION OF THE DARTS 

as already been mentioned, once arc conditions have been initiated in a dis- 
channel owing to the increase of the current therein beyond a certain value, 

B potential of the channel relative to the surrounding space will build up at the rate of 
a= b6 -10 -45 V /cm. _ 
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they are apparently maintained when the current is reduced down to a 

the order of one -tenth of that required to cause glow to arc transiti 

first place. Again, the current which flows at any point in the lea 

channel is that required to maintain the corona currents from the chant 

the point in question. It follows from these two considerations that, after 

to arc conditions has occurred throughout the whole of the newly formed 

pilot streamer, the currents flowing in the last tenth of this length will be 

to maintain arc conditions therein, and retransitioñ back to glow condor 

occur. Consequently, when the new step is formed, about one -tenth of tht 

will be reilluminated at the same time. It is therefore interesting to note 

in their investigation Schonland and his co- workers (1935) gave the follo 

second of nine characteristics of the darts: A bright step generally 
way back on part of the track formed by the previous step, so that the p 

step which is entirely new is about 90 % of the -AA ... ', exactly as 

leads us to expect. 

12. THEE 
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10. THE LONG SPARK 

The long laboratory spark will, it is hoped, be dealt with on the prese 

the near future, but several of its outstanding characteristics may be me 

being in accord' with the theory now advanced. In the first place, the e 

its leader stroke are of the order of 0.5-1 amp. (Tamm 1928; Allibone & 

Komelkov 1940), as required if transition from glow to arc conditions 

criterion governing its initiation and progression. 
Again, in some of Allibone and Meek's experiments, not only has the 

conductor gone over to the arc regime, but the conditions required for 

ductivity have in addition been established at the electrode surface, will 

to be glowing in their figures 1 (d), 8 (a), and in others of their photogra 

the leader stroke. The corona discharge from the leader stroke channel h 

apparent, and is repeatedly referred to by the authors as a shower of 

11. TYPES a AND ß LEADER STROKES 

Schonland and his co- workers (1938) have found that in about one- 

lightning flashes which they photographed the velocity of the leader stroke 

during the second half of its travel from cloud to earth, and have attri 

higher values just below the cloud to the existence there of a volume 

charge. 
The present consideration of the corona currents from the discharge 

suggests, however, that the cause of the slowing down may be the blab' 

discharge processes in the thundercloud to supply the charge required to 

these rapidly increasing currents. Indeed many flashes never reach the 

indicating that the cloud charge may actually be exhausted in suppl 

currents. 
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2, THE RECOMBINATION THEORY OF THE STEPPED LEADER STROKE 

criticisms of the recombination theory of the stepped nature of the first 
oke have already been offered (§ 2). It is, further, difficult to understand 
conductivity in the channel should decay, when once the latter has been 

if, as the theory assumes (Meek 1939), a field of the order of that required 
kdown is available to restart the conduction processes after this assumed 
It might perhaps be argued that the charge in the neighbourhood of the 
in the cloud becomes exhausted, but this explanation would fail in the case 
pward leaders from the Empire State Building, in which the steps occur in 
the same manner as they do in the downward leaders from the cloud. 
eory would also appear to leave the bright ends of the darts unexplained, 

s the reillnmination of the last tenth of the preceding dart. There is also the 
nt consideration that in no case has the return stroke been observed to find 
culty in progressing along the whole leader stroke channel at a very high 

It would be a strange coincidence if no case had been photographed in 
.e leader stroke met the earth when recombination had progressed far 
the exhaustion of conductivity. 

13. CONCLUSIONS 

.e low values of the electric field'required to cause a lightning flash, of the 
one or a few hundred volts per centimetre, put forward in an earlier paper, 
med. 

Krona currents from the discharge channel are shown to account for the 
observed in the leader strokes of lightning flashes from the Empire State 
and for the records of the electrostatic field changes caused by the leader 

of flashes to earth. 
e glow to arc transition theory of the darts in the first leader stroke of a 
flash is shown to be in accord with the observed characteristics of the 

hereas the recombination theory is not considered to be. 
ashes probably occur to the Empire State Building when the average field 
cloud and earth is only of the order of 50 V /cm. 
e laboratory values. of the corona constant and the constant on which the 

;e from a point depends would appear to allow of extrapolation through a 
f 1000 to 1 in potential. 
'e potential of the thundercloud charge can be determined from records of 
trostatic field change caused by the leader stroke, together with a measure 
Height of the charge, and hence the variation of the leader stroke velocity 
e initial potential gradient, and the energy in individual flashes can likewise 
ruined. 

he zone of protection afforded by a lightning conductor may be expected to 
with the current in a lightning flash. 
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Transition from Glow to Arc Discharge 
I HAVE suggested' a mechanism to account for the 

occurrence of long electrical. discharges in electric 
fields which are only of the order of one per cent 
of those generally believed'' necessary to cause 
sparkover. In the case of the leader stroke of the - 
lightning discharge, the integrated lateral corona 
currents from the channel ultimately reach values 
of the order of thousands . of amperes', so that the 
characteristics of the channel must be those of the 
electric arc, though the discharge must start as a 
brush or glow discharge. This cönsideratien led nee 
to suggest that the steps in the initial leader stroke 
represent the transition of successive lengths of the 
channel from glow to arc conditions, and that ;a 
self- propagating discharge is initiated by this. trans- 
ition. 

It has been contended', in criticism of this view, 
that- the phenomenon of glow' to arc transition, is 
entirely governed by the conditions at . the cathode, 
and not at all by those in the discharge column. 
Experiments in these laboratories have, however, 
shown that a clearly discernible transition, .of the 

nature usually described as that of glow to arc, occurs 
in a discharge, which is certainly independent of 
conditions at the cathode. 

Fig. 1 shows two stroboscopic photographs taken 
before and after this transition has occurred in an 

a b 

Fig. 1. STROBOSCOPIC PHOTOGRAPHS OF 1. CM. A.C. DISCHARGE' 
IF RYDROCEN. (a) 0.9 AMP.; (b) 1.6 AMP. ACTUAL EXPOSURE 

TREES, 2 SEC. AND 1 SEC. RESPECTIVELY 
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Fig. 2. OSCILLOGRAM OF VOLTAGE AO SS DISCHARGE. PHOTO- 

GRAPHS OF FIG. 1 TAKEN A AND B 

alternating current discharge between water -cooled 

copper electrodes 1 cm. apart in hydrogen at atmo 
spheric pressure, the peak current being 2 amp. At 

about 35 electrical degrees after current zero, that 

is, at a current of about 1-2 amp., the discharge 
column begins in the region of the anode to chango 

from a diffuse glow to the narrow, bright, crimson 
column of the hydrogen arc. By the time the current 
reaches 1.5 amp. this condition has spread along the 

column to the vicinity of the cathode, which last, 

however, remains covered by the characteristic wide. 

spread glow of the glow discharge throughout. The 

cathode fall of potential likewise remains constant 
throughout at about 350 volts, whereas the potential 
gradient along the column falls from about 650 V./em. 

in the glow phase to 350 V. /cm. in the arc phase. 

Thus two interesting discharge conditions would 

appear to have been obtained, namely, a discharge 
with the column in the arc state while glow conditions 
persist at the cathode, and one in which the transition 
occurs in the discharge column itself. 

The transition from glow to arc is dependent osi the 

gas pressure as well as on the current in the discharge. 
In particular it has been observed by several investiga 
tors6 that it does not occur at all below a gas pressure 
of the order of one hundredth of an. atmosphere. 
This is just about the pressure at the surface of 

the solar photosphere, and, on a theory I have 

advanced', the latter surface is the result of the 

occurrence of this transition. Conversely, this 

agreement supports the view that the transition 
is a phenomenon primarily of the column and not 

of the electrode surface. 
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A fuller account of this work and its application 
to the spark discharge will appear in due course. 
I am indebted to my colleague, L. A. King, for much 
of the experimental work. 

CHAR. E. R. BRUCE 
British Electrical and Allied Industries 
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ty or sixty years since the first steps were 
towards a more precise evaluation of some of 
aracteristics of lightning flashes. Towards 
d of the rgth century C. V. BOYS suggested 

of a moving camera for the analysis of the 
aracteristics of lightning flashes, while F. 

gave the first estimate of the current 
ed in a flash, deducing it from the residual 

tization of basaltic rocks struck by lightning. 
then a variety of methods have been developed 
ysicists, meteorologists and engineers, from 
a large accumulation of observational data 
n collected. Several of the basic phenomena 
the separation of charges in thunderclouds 

e actual process of initiation of lightning 
are still not fully explained, but a coherent 
can now be formed of the general nature of 
itning discharge. From the knowledge so 
it has also been possible to mitigate some of 
rst effects of lightning on human activities. 

THE THUNDERCLOUD 

erstorms are subdivided into two major 
heat and frontal storms. The former are 
ocalized and are due mainly to the heating 
atmosphere over land masses. The latter 

esults from the meeting of a cold lateral air 
t with a mass of warm air on such a scale that 
orm sometimes lasts for days and travels 
ds of miles. 

lightning discharge requires the separation of 
al charges in the thundercloud. The resulting 
distribution has been investigated at Kew 

atory by G. C. SIMPsoN and his collaborators, 
ere the first to measure the fields existing 
he cloud itself by means of their altielectro- 
More recently, preliminary attempts have 

ade in aeroplanes and gliders to record the 
al characteristics of cumulus clouds. Two 
lit points regarding the structure of thunder - 

emerged from Simpson's work : 

confirmed the existence of positive charge 
the upper levels and negative charge in the 
er levels of a thundercloud, as had been 
lier deduced from a study of the changes 

e electric field caused by lightning flashes 
howed that the separation of these charges 

ed above the o° isotherm, hence, in 
'tion to upward air currents of high velocity, 
particles and not water drops are probably 
olved in the process of separation. 

Simpson's resulting conception of the charge 
distribution in a thundercloud is shown in Figure z, 
which, in addition to the two main charges, shows 
a small pocket of positive charge which is sometimes 
found near the lower frontal edge of the thundercloud. 

Two main types of flash result from this charge 
distribution, namely, one between the positive and 
negative charges in the cloud (cloud to cloud flash) 
and the other between the lower negative charge 
in the cloud and earth (cloud to earth flash). The 
relative frequency of these two types of flash varies 
in different parts of the world, most probably 
depending on the height of the thundercloud above 
the earth, since flashes to earth are very infrequent 
in tropical regions where the clouds are higher. 

In addition there has been found to be a fairly 
large proportion of downward flashes which fail 
to reach earth and remain ' air discharges '. Another 
type of discharge, which has been observed 
occasionally but which may be a regular feature, 
and may possibly have an important bearing on 
discharge phenomena, is one from the top of the 
cloud to the upper atmosphere2. 

While a great deal of evidence is available as to 
the distribution of thunderstorms over the globe 
and their seasonal variation, little information 
exists on the frequency of lightning flashes to earth. 
It has been estimated that about 50,000 thunder- 
storms occur every day throughout the globe, 
producing a total of at least a hundred flashes per 
seconds. A more detailed investigation was based 
on the number of flashes occurring to electrical 
transmission lines, and on the numbers of near 
flashes to earth experienced by a few hundred 
observers. From these it appears that the number of 
flashes to earth per square mile per annum is about 
one half the number of days on which thunder is 

heard at the place concerned', the latter being 
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I2 

Positive Rain Negative Rain 

Figure z. Diagram of conditions in a 
thundercloud (after Simpson and Scrase, 1937) 
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ed the isokeraunic level. For Great Britain 

number of flashes has been estimated as on an 

rage about six. 

MECHANISM OF THE DISCHARGE 

rvation of the flickering nature of many 
tiling flashes led C. V. Boys to suggest as early 

1889 that attempts might be made to resolve the 
into its components photographically by 

ating a camera. This was soon successfully 
ved by H. H. HOFFERT, but little progress was 
until the development by Boys of his ' two 

revolving camera ' S. In this, two lenses at 
ite ends of a rotating arm revolve in front of a 

ographic film and yield records in which any 
veinent of the object results in displacements in 

ite directions in the two pictures. The early 
ry of this investigation is told in Boys' own 

in Figure 2. The subsequent use of the camera 
B. F. J. SCHONLAND and his collaborators in 
h Africa, and later by K. B. MCEACHRON in 

ica, contributed largely to the elucidation of 
mechanism of the discharge. 

Ground 
Figure 3. Diagrammatic representation of a 
multiple stroke to earth (Schonland and others, r935) 

believed that the later strokes resulted from the 
tapping of discrete concentrations of space charge 
in the cloud, but this appears to be an unnecessary 
complication of the simpler picture of a fairly 
uniformly distributed widespread charge. A very 
tall earthed structure may lead to the reversal of 
this mechanism by initiating an upward stepped 
leader stroke to the cloudy. In view of the low 
conductivity of the thundercloud this is not followed 
by the heavy return stroke, but by a ' continuing' 
stroke of relatively low current amplitude. The 
later strokes in this case are, however, true to type, 
being initiated by downward dart leaders. 
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49 Figure 2. Excerpt from letter from Sir Charles Boys 

The normal flash to earth was shown' to be 
ted by a faintly visible downward leader stroke 
the lower, usually negative, charge in the cloud. 
progresses in a series of steps of fairly uniform 
h of about eight to ten metres at intervals of 

ut fifty microseconds, as shown in Figure 3. 
reaching the earth it is followed by the rapid 
brilliantly luminous return stroke, which 

ces exactly the ionized channel blazed by the 
r stroke. In addition to the reversal of its 
ion of propagation, the return stroke differs 
the leader stroke in that its velocity is of the 

r of to' cm /sec as compared with to' cm /sec 
the leader stroke. The current is correspondingly 

used and may reach more than I oo,000 amperes, 
compared with the hundreds or thousands of 

res in the leader channel. 
about half the total number of flashes the first 

le is followed by one or more successive strokes 
this same channel, each preceded by a con- 

es dart leader as opposed to the stepped 
of the initial downward leader, It was 
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Branching of the leader 
stroke channel, if it exists, is 

confined to the initial stroke of 
a flash, and is an unmistak- 
able indication of the direction 
of propagation, independent 
of polarity. It represents, so 
to speak, the groping' of the 
discharge in search of the 
opposite charge. In passing, 
it may be noted that the same 

phenomenon has been observed in the long laboratory 
spark. For its initiation a long spark requires a local 
field of 3o kv /cm and an average field of the order of 
several thousand volts per centimetre throughout the 
gap to be broken down. No fields of this order have 
been observed in the many investigations of the fields 
preceding lightning flashes made throughout the 
world. The difficulty of accounting for the occur- 
rence of the discharge was accentuated when, in 
Simpson's investigation, similar low fields were 
found to exist all the way up to the thundercloud 
charge. 

Despite such measurements of the potential 
gradient it was generally assumed that fields of the 
order of I o kv /cm existed throughout the intervening 
space between cloud and earth, together with 
potentials in the thundercloud of the order of no' 
volts above earth. It is now believed', however, 
that breakdown does occur in the low average fields 

actually measured, and that all that is required in 

addition is a local concentration of the electric 
field such as is produced by a conductor short 
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Figure 4. Typical Boys' camera photograph 
of multiple lightning flash (Schonland and 

others, r935) 

part of the field. How this concentration 
in the cloud is not precisely known. 

mechanism of the subsequent propagation of 
arge in the low fields which are found to 

low the thundercloud is still under discussion. 
er, two considerations would appear to have a 
gon the question° : 

large difference in potential between the 
arge channel and the surrounding space 

the order of ro' to ro° volts) must lead to the 
tence of corona currents from the discharge 

annel 

the large currents required to maintain this 
!vial corona discharge can only be carried 
as an arc discharge, requiring quite a low 

tential gradient along that part of the channel 
dy formed. The existence of these high 

ents has been confirmed oscillographically, 
Ill in discharges from the Empire State 

hiding and from captive balloons1°. 
time characteristics of flashes to earth over 
country agree fairly closely in different 
This being the case, the available data 

ken combined and the average distribution 
are given in Figure 5, from which it is seen 

the average values for the three main quantities 

ber of individual strokes per flash 2 to 3 
interval between strokes...About 70 milliseconds 
duration About 02 second 

nts have been made that the propagation 
ghtning flash has actually been followed 

14 

visually. As the process only occupies about one 
tenth of a second at most, these afford an interesting 
example of an optical illusion which has been 
investigated in relation to the switching on of lights 
on a long straight avenue. When the lights are 
switched on simultaneously they are ' observed ' to 
come on in a definite sequence, depending on their 
brightness and distance from the observer. Similarly, 
it is suggested, the attention is first attracted to the 
nearest and brightest part of a flash, and then 
' travels ' along the remainder of the discharge. 

CURRENTS AND CHARGES 

Historically the estimation of the magnitude of the 
maximum current discharged in a lightning flash 
dates, as has been mentioned, from the observation 
by F. PocnELS of the residual magnetism of rocks 
struck by lightning : this led to the development of 
small magnetic indicators (magnetic links) which 
record the magnetic field produced at a given 
distance by the maximum current flowing in a 
conductor. Hundreds of thousands of these links 
have been installed on electrical transmission lines, 
tall structures and balloon cables. 

From some 5,000 measurements made in various 
parts of the world, the curve of Figure 6 has been 
prepared. This gives an average value of about 
25,000 amperes, although it should be pointed out 
that this value depends to some extent on the lower 
limit of sensitivity of the various methods employed, 
which in the present case is 5,000 amperes. 

ev 
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Figure 5. Time characteristics of a multiple 
lightning stroke 

a number of individual strokes 

b time intervals between strokes 

c total duration of /lashes 

The curves represent the proportions of instances 
in which the values shown on the abscissa -axis 

are exceeded. 
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lit order to obtain information on the shape of 

current wave, these measurements have been 

demented by r cathode ray oscillograms obtained 

erne of the same structures ; 2 to a lesser extent, 

recordings on a series of magnetic links which 
attached to a rotating drum so as to be 

ssively subjected to the field set up by the 

tcing current. The latter instrument has been 

ed a fulchronograph. 

e data obtained on the wave shape established 
ct that the current in a stroke is unidirectional, 
approximately exponentially to its crest in 

t five microseconds, and falling, again 
nodally, ! to half its maximum amplitude in 
t twenty five microseconds. A typical current 
in a balloon cable, obtained oscillographically, 
un in Figure 7a". In explanation of this wave 

it was suggested that, just as the deposition 
the charge along the leader channel takes time, 
the does the neutralization of the charge during 
return stroke. This consideration, together with 
of the velocity of the return stroke and of the 
e distribution along the channel due to its 
g capacitance to earth, yields a satisfactory 
rimation to the observed wave shape8. 

t e high current pulse, lasting for about a hundred 
'seconds, represents the neutralization of the 

in the discharge channel between earth and 
It is frequently followed by a period of a 

milliseconds during which currents of a few 
nd amperes flow ; these probably cause the 
lization of charges in leader channels in the 
ercloud. Such a case is illustrated by the 
onograph record in Figure 7612. The two 

are responsible respectively for the explosive 
incendiary effects caused by lightning, and to 
ntiate between these two characteristics they 

loo 
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Figure 6. Magnitudes of lightning currents 
The curve represents the proportion of current 
values exceeding that shown on the abscissa -axis. 
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Figure 7. Wave shapes of lightning currents 

a Current recorded in a balloon cable (after 
Stekolinkov and Valeev, 1937) 

6 Current recorded on a tall building (Wagner 
and Beck, 1939) 

are sometimes loosely referred to as ` cold ' and 
`hot' lightning. 

The current wave may be succeeded by a period 
during which a small current flows through the 
channel. The latter maintains the continued 
propagation of a leader or leaders towards sur- 
rounding untapped charge in the cloud. The 
existence of this continuous low current discharge, 
which is of considerable practical importance, has 
been confirmed" oscillographically and photo- 
graphically. Superimposed on the low current 
background are the current pulses due to succeeding 
strokes, with a wave shape similar to that already 
described for the initial stroke. 

Integration of the current records shows that the 
charge deposited along the leader channel, which is 

neutralized by the first current pulse, is on the average 
about one coulomb, while that involved in the 
remainder of the stroke is about eight or nine 
coulombs. As shown below, the total charge 
lowered from the cloud in the first stroke is, on an 
average, about sixteen coulombs ; it follows that 
six to seven coulombs are lost in the corona currents 
to the intervening space during the propagation of 
the leader stroke. Since there are, on an average, 
two to three strokes in a flash, the total charge 
drained from the cloud in an average flash is about 
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thirty coulombs. Thus, 
with a thundercloud 
potential of the order 
of5 x Io'volts, the total 
energy liberated in such 
an average flash is of 
the order of 25o to 500 
kw /hours. 

ELECTRIC FIELD 
CHANGES AND 

ATMOSPHERICS 

The more spectacular 
effects of the electric 
field below thunder - 
clouds, such as St Elmo's 
fire and other manifest- 
ations, have often been 
described. It is from 
these fields that much 
of our knowledge of 
thunderstorm pheno- 
mena is derived. As in 
the photographic study 
of the lightning flash, 
investigations have pro- 
gressed from long dura- 
tion phenomena to the 
more detailed study of 
extremely rapid 
changes which can 
only be achieved by 

the latest recording methods available. 

asuring the current flowing from a conductor 
capacitance to earth, C. T. R. WILSON" 

continuous records of the slow changes 
ctric field at the ground due to thunder - 
On these are superimposed the rapid 

due to the occurrence of lightning flashes. 
e observations he succeeded in establishing 

three important characteristics. 

as already mentioned, he found that in 
Jority of thunderclouds the upper regions 
loud are positively charged, and the lower 

in which most flashes to earth originate, 
y charged. Secondly, he gave the first 
of the average charge lowered to earth 

a flash, namely about twenty coulombs. 
he observed that the electrification processes 

dercloud are such that after the occurrence 
the electric field is re- established in a few 

lightning flash to earth represents the 
of charge from the thundercloud, and 

i6 

causes a rapid change in the electric field. The 
analysis of these rapid field changes by the British 
school of research workers, by means of the cathode 
ray oscillograph, culminated in their correlation by 
E. V. APPLETON and F. W. CHAPMAN15 with photo- 
graphic analyses of the discharge. Typical records 
obtained by them at three distances are shown in 
Figure 86 to d. The first two of these comprise 
three parts, which they associated with the three 
main phases of a stroke, namely the propagation 
of the leader, the return stroke and the period 
of relatively high follow current, when such exists. 
These combine to form the purely electrostatic field 
change which is the predominant effect at distances 
up to twenty to thirty miles, and which is positive for 
the more frequent negative flash to earth. At still 
closer distances there must be an initial negative 
field change due to the near approach of the negative 
charge during the leader process, and this has 
recently been observed by D. J. MALAN and B. F. J. 
SCHONLAND' Figure 8a. 

In addition to these changes in the electrostatic 
field the very rapid variations in the current in the 
lightning channel, particularly during the return 
stroke, give rise to a radiation field. As the latter 
only varies inversely as the distance from the flash, 
whereas the electrostatic field varies inversely as the 
cube of the distance, the radiation component 
gradually becomes predominant as the distance 
increases. In Figure 8c the two are of comparable 
dimensions, and in 8d, at about two hundred miles, 
the electrostatic field has practically disappeared. 
The magnitudes and time characteristics of these 
field changes are in good agreement with the values 
calculated from the phenomena occurring in the 
lightning flash'. 

The radiation field at great distances consists of a 
train of oscillations of frequency of about no kc /s. 
The cycles after the first are due to waves which 
arrive after one or more reflections from the 
ionosphere, the length of the wave train increasing 
with distance. These oscillations are the atmospherics 
which cause considerable disturbance in wireless 
communication up to distances of thousands of miles. 

THUNDER 

The sound of a near lightning flash is such a 
frightening experience that it has in the past been 
the subject of much conjecture. Just as the electric 
spark in the laboratory is observed to cause a steep - 
fronted audible compression wave, so thunder 
results from the sudden heating of the gas in the 
discharge channel, particularly during the return 
stroke. At a short distance, up to say five hundred 
feet (c 15o m), the resulting sound has been described as 
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the sudden crack of a whip. This phase is rapidly 

nuated and is replaced by the usual rumbling 

The duration of the rumbling noise, which may 
eh up to about forty seconds with moderately 

flashes, affords an indication of the area in 

cloud which has been covered by the discharge. 
ce sound travels at about 1,100 feet /sec ( 335 m /sec) 

durations indicate a discharge length of at 
t eight miles in the thundercloud. When the 
al flash to earth has occurred at a greater distance 

al the observer than parts of the cloud discharge 
ected with it, the increased noise, due to the 
m stroke in the vertical channel, can be 
gnized against the background of rumbling 

The maximum distance up to which thunder 
be heard is about fifteen miles. 

For close flashes the noise of the actual thunder 
sometimes preceded by a ` click', which is 

ably caused by the corona or brush discharge 
neighbouring objects during the downward 

agation of the leader stroke. 

From a statistical study of the number of times 
first whip -like sound has been heard by a large 
her of people it may be possible to estimate the 
racy of flashes to earth. Some consideration 

already been given to this possibility. 

THE LIGHTNING CONDUCTOR 

explain the function of a lightning conductor 
i necessary to revert to a consideration of the 

ession of the leader stroke. As it nears earth 
causes a considerable local increase in the 

ostatic field. When this reaches the value 
ent to cause an electric discharge from an 
rd object an upward streamer develops to 

t the tip of the downcoming leader. This is 
grated in the sketch 1° in Figure 9 prepared from 
photograph obtained in South Africa. The 
and streamer arises in this case when the leader 
descended to within about one hundred and 
feet above the earth (point X). With varying 

in the leader channel, i.e. with varying pre - 
rge fields between cloud and earth, it is 
ed that this height may reach about three 
ed feet for an exceptionally heavy flash, the 
e height being about sixty feet (e 18 metres). 

a flash to a sixty feet high lightning conductor 
rresponding values are estimated to be about 
hundred to one hundred and fifty feet 

Lively (c 200-45 m) 

e figures indicate the low heights above earth 
to which leader strokes may develop before 

becoming ground conscious '. They equally afford 
a clue as to the function performed by a lightning 
conductor, which is to attract to itself, and to 
discharge harmlessly to earth, flashes which would 
otherwise have struck surrounding objects. 

The ideal protection against the effects of direct 
lightning hits consists in the provision of complete 
metal shielding as in the Faraday cage. The 
efficacy of such a method has been confirmed by 
experiences on all -metal aeroplanes and cars which 
afford complete protection to those inside. For 
larger installations complete shielding may be 
impracticable, but something approaching it may 
be necessitated owing to the magnitude of the risk 
involved. Thus ammunition dumps, oil storage 
tanks or other structures containing inflammable 
or explosive materials -if they cannot be put under- 
ground -are protected by a number of sufficiently 
tall masts surrounding the building, with metal 
wires strung horizontally between the mast tops 
forming an earthed metallic net. 

The method of installation of a protective system 
is of great importance, particularly for buildings 
containing explosive or inflammable materials in 
which sparks due to induced voltages have led to 
disastrous effects. Metallic bodies within such 
buildings should normally be bonded to the lightning 
conductor system. If that proves impracticable, or 
if the distances involved are too large, complete 
isolation at adequate spacing from the lightning 
conductor system may be preferable. 

The fundamental principle of the lightning 
conductor has also been applied in the protection 
of overhead electrical transmission lines against the 
effects due to direct lightning flashes. For this 
purpose the tops of the towers carrying these lines 
are connected together by one or more earth wires 
with a view to intercepting direct lightning flashes 
and conducting them safely to earth. Extensive 
experience has clearly 
confirmed the efficacy 
of such installations 
in reducing the number 
of interruptions of elec- 
tricity supply for which 
lightning was more 
frequently responsible 
than any other cause. 

There now remains 
the question of the 
space protected by a 
vertical lightning con- 
ductor or a horizontal 
earth wire. Attempts 
have been made to 
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foot of a lightning flash 
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this problem experimentally by subjecting 
.scale models to the effects of long laboratory 

However, there would appear to be con - 
de doubt as to the validity of the conclusions 

from such tests in view of the wide differences 
n the electric fields involved and the relative 
ons of the streamers in the two cases. It has, 

er, been possible to arrive at an estimate 4a of 
protective range from a consideration of the 

on of upward streamers from earthed objects 
described. It is estimated that for a 

g conductor of normal height, say sixty feet, 
tective range for an average flash is about 
e height ; the actual value increases with the 

ty of the lightning flash and varies from almost 
to about ten times the height. 

PRACTICAL APPLICATIONS 

ling- It is not only those flashes which 
material damage by direct impact which have 
rbing influence on human activities. The 

ion from the channel during the return stroke 
main disturbing effect in medium wave, 

casting and telecommunication service. The 
of this nuisance may, however, be regarded 

g been the initial step in the development of 
cation. 

orology- While it is impossible to eliminate 
Effect, some advantages can occasionally be 

from it. In this connection the foremost 
Lion is the assistance afforded to the weather 
er by the delineation of cold frontal storms. 

technique employed by the Meteorological 
of the Air Ministry consists in applying the 
from two frame aerials, arranged at right 

to each other, to the two plates of a cathode 
ilograph so that the resulting deflection of 

tace indicates the direction in which the 
g flash lies. By triangulation, using four 
spaced stations, the position of the flash can 
mined accurately, and frontal storms have 
n followed for several days, over distances 

;ands of miles. Somewhat simplified methods 
ployed to give more localized warnings of 

approach of thunderstorms, thus enabling, 
ple, precautions to be taken to minimize the 
disturbances of electricity supply. 

till more localized warnings use is made of 
pounced increase in the electrostatic field 

a few kilometres of a storm centre. The 
flowing into the atmosphere from an earthed 

t made to issue a warning when it exceeds a 
predetermined value. This method has been 
for the protection of workers in mines and in 
dangerous factories in which in the past 

serious explosions have occurred. The same principle 
was employed to warn the crews of barrage balloons 
during the war, after many balloons had been lost 
due to direct flashes. 

In course of time such investigations may lead to 
the determination of preferred storm routes, if such 
exist, and hence aid in the routeing of new electrical 
transmission lines, or the location of particularly 
vulnerable installations. 

Surge phenomena- In view of the great importance 
of lightning on the operation of electrical trans- 
mission systems the study of the lightning discharge 
and of the resulting phenomena on overhead lines 
has led to a new field of research - surge phenomena. 
A direct flash to a conductor of a transmission line 
produces on it a voltage wave or surge, caused by 
the current in the return stroke, the duration of 
which is reckoned in millionths of a second. The 
investigation of these phenomena initiated the 
development from the original Dufour oscillograph 
to the modern cathode ray oscillograph. In its two 
forms, the continuously evacuated type and the 
sealed off type, this instrument is now the principal 
tool in all investigations of lightning phenomena 
on transmission systems. 

Originally such oscillographs were connected to 
overhead lines to record incidents due to lightning. 
Once the shapes and amplitudes of the voltage and 
current waves had been thus established test equip- 
ment was constructed to simulate these phenomena 
in the laboratory. High voltage and high current 
surge generators have been built to produce surge 
voltages up to ten million volts and surge currents 
up to several hundred thousand amperes with wave 
shapes simulating those resulting from a direct 
lightning flash. 

Extensive investigations" have thus been made of 
such effects due to lightning as the following : the 
attenuation and distortion of lightning surges on 
transmission lines ; the effects of such surges on 
the breakdown of gaseous and solid dielectrics 
and on transformer windings ; and the operation 
and protection afforded by various types of protective 
gear. 

18 

FURTHER OUTLOOK 

While gaps undoubtedly remain in our knowledge, 
a fairly coherent account can now be given of the 
phenomena associated with lightning. In particular, 
sufficient is known to enable adequate methods of 
protection to be suggested in any circumstances. 
So far, however, it has been necessary to correlate 
the results of different types of investigations made 
at different places and at different times. To 
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oprove and complete this correlation it would 
Fear that the main need at present is for a 

multaneous recording at one place of the various 

entities involved. 

The study of the lightning discharge has had a 
zulating effect on that of the laboratory spark, 
iishich some of the main mechanisms of the former, 

the leader return stroke sequence, were found 
he reproduced18. This same mechanism may 
Iexplain some of the observations on solar 

ninences" which, together with most astro- 
sical phenomena, may in fact be electrical 
Charges on a gigantic scale. It may well be that 
lyof the phenomena on these two widely differing 

áles may in turn contribute to the elucidation 
the lightning discharge. 

drknowledgements are made to the Royal Society and to 

undermentioned for permission to publish the following 
grams: Sir G. C. Simpson, Figure r; Dr B. F. y. 
gland, Figures 3, 4 and 8a; Sir Edward Appleton, 
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From papers by Walter (2, 3, 4), Schon- 
land and Collons (s), and Allibone (6)] 

TYPICAL 
FLASHES 
ANALYSED 

i. Lightning flash with many branches. 
z. Moving -film photograph illustrating 

the suggested explanation of bead lightning. 
3 and 4. Two views of the same display, 

taken with fixed and moving -film cameras, 
respectively. They illustrate the occurrence 
of successive strokes down the one channel, 
and also the possibility of alteration of chan- 
nel in successive strokes. 

5. Leader and return stroke in a lightning 
flash, photographed with a Boys camera. 

6. Leader and return stroke in a laboratory 
spark discharge. 
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LIGHTING APPLIANCES- LIGHTNING 565 

in the late 17th and early 18th centuries. 
Johnson defines the sconce as `a pensile 

k generally with a looking glass to reflect the 
his Dictionary (1755), and a form 
e early 18th century was a back plate of 

glass backed by wood and framed in a narrow 
The candlebranch (or branches) working 

et affixed to the base of the plate was of brass 
cases, but glass arms (working in metal 

were also in use. During the greater part of 
century, additional lighting upon the wall was 
by fixing candlebranches at the base of a 
In the middle Georgian period, less stress was 
the mirror background and many sconces of 
were carried out in carved and gilt wood in 
co style. Towards the close of the 18th 

wall- lights were often composed on a basis 
with composition ornament on a wire core, 
loured suitable to the room' (Hepplewhite's 

788). 

and Lanterns. -In cold climates a shell or 
stone filled with tallow served as a lamp 

e of moss or other substance inserted in it 
, The form of Greek and Roman lamps, 

covered vessels having a hole in the top 
which they were fed with oil, is well known 
dant surviving examples. They possessed 
re nozzles for wicks and a handle. Oil lamps 
valve form were used throughout Europe 
h country there are slight variations in form. 

reservoir, hanging from a notched rack, 
the oil, the lower held the oil that escaped 
lip of the upper valve. Such lamps are 
Scotland as 'crusies'. Oil obtained from the 

the cod, hake, herring or ling was burnt in 
ps and wicks were of moss, pith, hemp or 
A type of iron hanging lamp with a shallow 
consisting of an almost flat `pan' with an 
rim (the `pan- lamp') was developed in 
Austria and Switzerland. 
rovement was the introduction of a closed 
with a channel or spout for the wick (spout- 
hich were made of brass or thin tinned sheet 
some examples this spout was lengthened 
came a noticeable projection. The position 
ck at the edge of the bowl or container re- 
constant until a comparatively recent date. 
change to the central burner at the close of 

century, the development of the lamp gathers 
he chief improvements were made by two 

do (Leger and Franchot) and a Swiss 
A flat ribbon wick was devised by Leger, 

in 1783, and he later improved on this by 
curved form. Argand's invention, the 

hollow wick, was patented in 1784. Argand 
iron chimney to create a draught but in 

g year his partner Quinquet substituted a 
glass. In Franchot's `moderator' lamp 

1111836, the oil was `forced up by a large 
sed by a spring on to the whole body of the 
s prevented from flowing too quickly by a 
supply tube'. This lamp remained popular 

eral use of mineral oil (paraffin). 
and hanging- lanterns were used by the 

and examples have been discovered at 
Herculaneum (qq.v.). There are 

of hand- lanterns of bronze dating from the 
period in the London Museum. Various 
have been used to fill the `windows' of 

mica, horn, parchment, bladder and oiled 
horn was the customary filling in the 16th 
judge by the many allusions to it in Eliza - 
rature. Glazed house -lanterns, which 

!a England early in the 16th century, were 
sage rooms, halls, staircases and corridors, 
eats were inevitable, elMed hanging and 

wall (side -) lanterns with a wood or metal frame were 
much employed from the early 18th century onwards 
and in the late 18th century rich and elaborate lanterns 
were introduced by Robert Adam (q.v.), who was 
interested in the decorative possibilities of metal work. 
Gas and Electric Lighting. -The early, manufac- 
turers of gas fittings for some time remained constant 
to the design for colza oil lamps with a central vase 
and spreading boat -shaped arms; eventually, the 
earlier candelabrum form was adopted, having tubular 
instead of the solid arms of the originals. 

The first domestic fittings for electric light were 
derivative, being based upon those in use for gas 
lighting and were only gradually modernized. It was 
later recognized that the new illuminant was readily 
adapted to fittings of the 18th century originally 
designed for candles and these fittings were often used 
or reproduced to hold imitation candles or small 
flame- shaped lamps which superseded the candle. 
There is an endless variety in the design of modem 
lighting fittings and the French designers especially 
have shown a brilliant fertility in using old material 
in novel ways, for pendant lights, table lamps and wall 
lights. A revived device is the use of cast panels of 
glass, coloured, etched and otherwise treated to form 
the back -plate for wall lights or as screen lights. The 
use of translucent screens of other materials is a recent 
development. In floor standards, a shaded direct light 
is sometimes combined with indirect lighting. In the 
interior of many cinemas and theatres where indirect 
lighting is successfully employed, it was believed that 
secondary lights for direct lighting would disappear. 
This, however, has not been the case and there is a de- 
mand for secondary sources of light such as chandeliers 
and wall- lights. See LIGHTING for technical aspects. 

M. Jourdain, English Furniture and Decoration 1760 -1820 
(1923); P. Macquoid and R. Edwards, Dictionary of English 
Furniture (3 vols, 1924 -27); H. R. d'Allemagne, Les 
Accessoires du Costume et du Mobilier (1928), vol. r ; G. 
Henriot, Encyclopédie du Luminaire (1933); F. W. Robins, 
The Story of the Lamp (1939). M. J. 
LIGHTNING. Lightning and other electrical effects 
observed in and about thunderclouds arise from 
meteorological conditions occurring in large cumulo- 
nimbus clouds, which result in the separation of . 

electrical charges. 
Historical. -Many observers before Franklin, in- 
cluding Dr Wall (1708), Hauksbee (1709) and notably 
Stephen Gray in Britain, had discussed the possible 
identity of lightning and the ' `electrical fluid' (see 
ELECTRICITY). Gray who was also the first to show 
that electricity can be conducted, 'stated (1720) : 

`electricity seems to be of the same nature as thunder 
and lightning -if we may compare great things with 
small'. The latter observation acquires significance 
since analogical extrapolations from small discharges 
to great have introduced errors in concepts, i.e. of 
polarity of the thundercloud charge, and the nature of 
the discharge, whether unidirectional or oscillating. 
The discussion of this possible relationship between 
lightning and the electric spark in the `minutes' which 
Franklin kept of his experiments concludes, on 
7 Nov. 1749, with the pregnant sentence `Let the 
experiment be made'. The suggestion was acted on 
by Dalibord in France in 1752. He erected a long 
vertical iron rod from the bottom of which sparks 
were drawn during a thunderstorm. Some weeks 
later Franklin himself observed a discharge from the 
wet cord of a kite flying underneath a thundercloud. 

Little advance was made in the investigation of the 
electrical characteristics of lightning till Pockels (1898) 
estimated the current in the discharge from measure- 
ments of the remanent magnetization observed in 
basaltic rocks which had been struck; this principle 
underlies the usual method of measuring lightning 
currents, that involving magnetic links. 
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Boys had suggested just previously (1889) that the 

flickering of many lightning flashes indicated that they 
comprised several discharges down the same channel. 
These were successfully photographed by Hoffert 
(189o), using a moving camera, but had earlier been 
photographed by Kaysgr (1884). One such photo- 
graph due to Walter and a photograph of the same 
flash taken with a stationary camera are shown (plate, 
figs. 4 and 3). In 1900 Boys built his two -lens 
revolving camera with which the structure of a light- 
ning flash can be analysed; this is done by comparing 
the displacements in opposite directions in the photo- 
graphs taken with lenses revolving in front of a 
photographic film at the two ends of a rotating arm. 
Twenty -six years later (1926) he was at last successful 
in obtaining such photographs. The continuance of 
this investigation by Schonland and his collaborators 
in South Africa (1934 -40), where thunderstorms are 
more frequent, has contributed largely to the recent 
great advances in knowledge of the processes involved 
in a flash to earth. 

Meanwhile C. T. R. Wilson (1916, 192o) in Cam- 
bridge and Sir George Simpson, first in India (1909) 
and later with his collaborators at Kew (1937), had 
laid the foundations of the study of the electrical 
characteristics of thunderclouds and lightning flashes. 
By measuring the current flowing to earth from a 
conductor of known capacitance, Wilson obtained a 
continuous record of the electrical fields under 
thunderclouds and the sudden changes therein caused 
by lightning flashes. He showed that in the average 
lightning flash to earth a charge of about 20 coulombs 
is lowered from a height of about 2 km. He also 
demonstrated that after a flash the processes of 
electrification are able to restore the status quo in a 
few seconds. Appleton and his collaborators in the 
British school of radio research workers later (1926) 
showed that the thundercloud is bipolar with the 
positive charge uppermost. He also (1937) analysed 
the fine structure of the field change caused by a flash, 
correlating these observations with the results of 
Schonland's photographic study. 
Thunderclouds and Thunderstorms. -Simpson 
and his collaborators at Kew (1937, 1941) studied the 
structure of thunderclouds by sending balloons up 
through them. These carried instruments to record 
pressure and humidity, and also a trailing aerial 
insulated from the metal case of the instrument. 
Aerial and case were each connected to an electrode 
resting on pole - finding paper, which gave a record of 
the polarity and approximate magnitude of the electric 
field. Fig. t summarizes the results of these alti- 
electrograph investigations. It confirms the bipolar 
nature of the main charge distribution, with the 
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Courtesy, Royal Society, London] 
FIG. I. -Air currents and distribution of electricity in a 

typical heat thunderstorm 

positive charge uppermost. It shows in addition that 
this separation of charges occurs well above the o° 
isotherm, and that therefore ice particles and not water 
drops must be involved, together with the high 
velocity upward air currents, in causing the separa- 
tion. Simpson suggested that the ice pa tiç]eS become 

negatively charged on impact with each othty 

air positively charged, and emphasized 
electric fields are known to be generated, 
by some such mechanism, during blizzards, 

regions. The mechanism is probably simil2 

which gives rise to electrification and lightn¡r; 

storms, and has been investigated experim. 

Shaw (1927). At the foot of the cloud 

practically always a relatively small volume 
01 

space charge, probably accounted for by 

breaking drop mechanism. He showed (; 

when drops are broken in air currents the aú, 

negatively charged while the drops carry 

positive charge. An alternative mechanism 
for the separation of charge when falling 

present, but which requires a pre-existing e;,, 

is due to Wilson (1929), and has been ex, 

verified by Gott (1935). The falling drop, 

polarized in the field, and the lower charge a 

of opposite sign. The charge carried data 

drop thus tends to increase the existing 

three mechanisms possibly involved in char? 

tion require the existence of rapidly rising aÚ, 

containing water driis or ice particles; forth 

of these air currents see THUNDERSTORM, 

Brooks (1925) has estimated that about 

thunderstorms occur over the earth in a yea, 

if each lasts one hour, there will be about 

progress at one time, resulting in a total of 

too flashes per second. He later (1934) f 

thunderstorm frequency appears to be a. 

higher at periods of sunspot maximum than 
of minimum. From a study mainly of 

experience on electrical transmission lino 

(1945) has estimated that the number of 

earth per square mile per year is numerically 

about half the isokeraunic level, that is 

number of days on which thunder is heard at 

concerned per year. For Great Britain this 

about six flashes per square mile. 
Types of Lightning. -The disposition of 

charges observed in the thundercloud leads 

types of lightning flash, the commonest 
entirely within the cloud. The ratio of 

to cloud -earth flashes will increase as the he 

cloud increases. It is probably about 5:5 

Britain, about 10 :1 in South Africa and still 

the tropics. Both Simpson (1927) and Wo 

concluded that downward flashes which do 

the earth but remain `air discharges' are 

frequent. Upward flashes from the top of 

to the upper atmosphere have been less 

recorded, well known cases being those of Bop 

and Malan (1937), but this may be due to tht' 

of observing such a flash. These flashes art 

from sheet lightning, which is merely du 

illumination produced by distant flashes in' 

or to earth. Many cases of ̀ rocket' lightning' 

described in which the progression of the 

was apparently observed, either round the ' 
cloud or from cloud to earth or to the up 

sphere. The times and velocities of p 

actually involved suggest that this may be an 

ing example of a physiological visual effect 

been investigated in relation to observanou 

switching on of a series of lights on a lon, 

avenue. The lights appear to all observers to 

in a definite order depending on their brtt," 

distance. So, it is suggested, the observers 

is attracted to the nearest and brightest i 

flash and thence `travels' along the disch 
Occasionally the lightning channel has p 

appearance of a string of bright beads. 
probably correspond to the isolated patches' 

sity of relatively long duration seen as snail 

camera photographs of lightning flashes (p 
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ible that ball lightning, or fire balls, may be 
in some way with this phenomenon, 

o satisfactory explanation of either pheno- 
so far been advanced. The balls are usually 
as being rosy in colour. Estimates of their 
have varied from one or two inches to 

values of 28 and 42 ft, obtained from a 

ph (1934). They move slowly and sometimes 
with an explosion. 
g may occur in circumstances other than 

asidered, as for example in extensive dust 
and in the clouds of steam and other materials 
from volcanoes. 

in and Time Characteristics. -A normal 
flash to earth is initiated inside the thunder - 
sumably at a point where a high local electric 
alts from the elongation of a volume of space 
ythe action of the winds. A faintly luminous 
stroke ultimately is propagated downward, 

y in a series of steps, each about ten metres 
occurring every 5o microseconds or so, so 
average velocity of propagation is about 

per second. The plate shows examples of 
d return strokes in photographs taken with a 
camera of the lightning flash, from one of 
d's records, and of a laboratory spark, due to 

Schonland (1938) suggested that a hitherto 
ed pilot streamer actually progresses steadily 
this velocity, and that the relatively bright 

steps actually observed represent sudden 
in the ionization in this channel. Bruce 
ioted out that this change might well be that 
na or brush discharge to an arc, which last 

capable of carrying the large currents which he 
must flow during the leader stroke. The 

of the pilot streamers preceding the leader 
roper has been confirmed photographically 
laboratory spark by Komelkov (1946). This 

der stroke is frequently branched, the 
amber of such downward pointing branches 

or three. This led to one of the false 
drawn between the lightning and laboratory 

since branching in the latter had at that 
detected only in the direction away from 

ve towards the negative electrode. It was 
argued that the lower charge on the cloud 
positive, whereas it is now known to be 

negative. Branching, however, merely indi- 
direction of propagation and is independent 
laity. Ultimately Schonland and Allibone 

ded in obtaining branching in streamers 
outwards from the negative electrode in 

any. McCann (1944) has suggested that 
ching of this first leader stroke occurs over 

,hilly country than over plains. 
this leader stroke makes contact with the 
is succeeded by the much more luminous 

ke from earth to cloud, which retraces 
path taken by the leader stroke, including 
s. Both the velocity of propagation of the 
ke and the current in it are increased by a 

the order of roo as compared with the leader 
The velocity of the return stroke decreases 
tely exponentially from earth to cloud, so 
ao0 in which vo -8 x Ios cm per second 
3 X 104. This quantity is therefore impor- 
consideration of `atmospherics', which are 
la the lightning channel, since it determines 
of the radiating antenna at any instant. 
tamed in many parts of the world show that 
the total number of flashes to earth are 

that is this first stroke is followed by one or 
sive discharges along the same channel 

ted by a downward, continuous or dart 
e without the stepped structure of the 

The average number of such additional 

strokes is between one and two, but as many as 4o 
strokes were counted by Larsen (1905) in one of his 
photographs. Several observers have suggested that 
the ratio of multiple to single stroke flashes varies in 
different storms, and Schonland (1938) concluded that 
the ratio is higher for the more extensive cold front 
storms than it is for heat storms. He also suggested 
that the successive strokes are due to discharges from 
isolated volumes of space charge in different parts of 
the thundercloud. This, however, would appear to 
be an unnecessary complication, since all the optical 
and electrical phenomena can equally well be explained 

ZW 
STEPPED LEADER 00 

STROKE 

CLOUD 

T EART H 

Fm. 2.- Diagram of processes in a lightning flash to earth, 
based on photographs taken with a moving camera 

on the simpler picture of a fairly uniformly distributed 
extensive layer of space charge, in which local concen- 
trations lead to the initiation of brush discharges and 
ultimately to leader strokes towards the original 
channel. 

The time intervals between these successive strokes 
are usually about nth to 3th second, but may reach 
as much as half a second. These time intervals, con- 
sidered together with the velocity of propagation of 
the discharge, indicate that the linear dimensions 
involved are of the order of 10 to 20 km, so that the 
area affected by a flash is of the order of loo sq. km. 
Consideration of the duration of thunder will be seen 
later to lead to the same conclusion. The total 
duration of such a multiple flash is usually a few tenths 
of a second with an upper limit of between one and 
1.5 seconds. The sequence of events in a multiple 
flash, as observed in a moving camera, is shown 
diagrammatically in fig. 2. Average values for the 
quantities involved are: t1 oo1 sec., to - t, - 5o ft, 

sec., t4 - ooI sec., T - 05 sec., L - 1.5 km. 
McEachron (1938-39) used the Boys camera in an 

investigation of flashes to the Empire State building 
in New York, the majority of which he found to be 
initiated by upward leader strokes from the building. 
The initial stepped leader was not followed in this case 
by an intense return stroke from the poorly conducting 
cloud, but by a long, relatively low current continuing 
stroke. The later strokes of these flashes were, 
however, true to type. 

The mechanism of leader and return stroke was 
shown by Allibone and Schonland (1934) to exist also 
in the long laboratory spark discharge, and Bruce 
(1946) has suggested that the same mechanism is found 
in some types of solar prominence, initiated by a down- 
ward leader stroke originating high above the sun's 
surface. 
Lightning Currents. -The majority of the values of 
the currents in lightning flashes have been obtained by 
a method based on that used by Pockels. Matthias 
(1926) used small steel strips of high retentivity 
(magnetic links) to record the magnitude and direction 
of the field produced at a given distance by the 
maximum current flowing in a conductor struck by 
lightning. Some 5,000 values have been obtained from 
links on tall structures, electrical transmission line 
towers and balloon cables in different parts of the 
world, yielding an average of about 25,000 amperes; 
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the maximum so far recorded is about 16o,000 amperes. 

A development of the magnetic link, the fulchrono- 
graph, in which a series of links attached to a rapidly 
rotating drum were successively subjected to the field 
set up by the lightning current, was used by Wagner 
and McCann (1940) to determine its wave form. The 
latter has been more successfully and widely investi- 
gated by means of the cathode ray oscillograph. The 
current in a stroke is unidirectional. It rises to its 
crest approximately exponentially in, on an average, 
about five microseconds, and falls to half its crest 
value in about 25 microseconds (fig. 3,A). This high 
current pulse, lasting for about 100 microseconds, is 
frequently followed by a period of a few milliseconds 
during which currents of the order of thousands of 
amperes flow (fig. 3,B). In a multiple stroke this wave 
is succeeded by a longer period during which a small 
current flows to maintain the continued propagation 
of leaders towards untapped charge in the cloud. 
Superimposed on this low current background are the 
current pulses due to the succeeding strokes with wave 
forms similar to that of the first stroke already 
described. The high current pulses during the return 
strokes give rise to the explosive and shattering effects, 
while the two longer low current periods cause the 

z0000 incendiary 
effects; they 
have therefore 
been referred to 

I5o as `cold' and 
`hot' lightning. 
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FIG. 3.- Current wave in lightning and Wormell 
channel (1939) of the 

changes in the 
electrostatic field caused by lightning flashes, and 
those made by Appleton and Chapman (1937) and 
others of the field changes due to individual strokes, 
indicates that the charge lowered from the cloud 
in each stroke is about 15 coulombs, and that in a 
complete flash is on an average about 3o coulombs. 
As is to be expected from the distribution of charge in 
the thundercloud, negative charge is lowered in an 
excess of flashes to earth, the ratio of negative to 
positive currents varying from about 3 :1 for tem- 
perate regions to about 15 or 20 :1 for tropical regions. 
Thundercloud Potential. -The potential gradient 
required to initiate spark breakdown in a uniform 
field in air at atmospheric pressure with water drops 
present is about To,000 V /cm. The lower negative 
charge in a thundercloud is about two kilometres above 
the earth. A potential difference of the order of 
2 X Tog volts was therefore regarded as necessary to 
cause a lightning flash, and this value is still widely 
quoted as the potential in a thundercloud, though it 
is almost certainly too high. It has in fact been 
regarded as a possible source of the energy observed 
in the softer components of cosmic rays. However, 
reasons have already been given for believing that the 
area of a thundercloud involved in a flash is of the 
order of 100 sq. km. The charge lowered being 20 to 
3o coulombs, it follows that the average potential 
gradient between cloud and ground is only about 
300 V /cm and that the total potential difference is of 
the order of 5 X Id' volts. A similar estimate is 
obtained from a consideration of the capacitance of the 
leader stroke channel before it makes contact with the 
earth and the charge on it. These fields are confirmed 
by Simpson's altielectrograph investigation. The 
energy involved in a lightning flash, being equal to 
half the charge neutralized multiplied by the initial 
potential difference, is thus about zoo kW- hours. 

The existence of upward leader stroke 
buildings showed that all that is requi1ed 
tively low average field of the order of that 

at the ground, say Too to zoo V /cm, in 
exists a concentration of the field sufficient 
intense brush discharge. It would appear 
the current in this discharge reaches soe 

value, then a leader stroke is initiated. 
sents at least partial, and more probably 
progressive breakdown of the gap, so S,RITU 
differences in potential must be built up lews (Exod 
discharge channel and the surrounding span, 

gi0flS 

á 
tials of the order of ten million volts have 

D 

observed on electrical transmission lines and in tb 

lightning. Such potential differences, as Br one or mor 
pointed out, give rise to large lateral corona of the Wori 

The total current in the leader stroke reaches and at fun 
of amperes, so that the discharge at this stag) "pied by an electric arc. This requires for its mail, 

intheRom potential gradient of only 5o volts perm 
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lighted in t associated with the propagation of the leads pge do Thunder. -Just as the electric spark in the 
candles eri d are emits a steep fronted, audible compression% 
churches ar has been photographed, so thunder is duets 

heating of the gas in the discharge chI.; use of light 

particularly during the return stroke, 
, ces conra 

violent crack due to the latter can often be A striking f 

amid the more general rumbling noise, 
k is the pr 

actual flash to earth has-occurred at a greater 
as the servi 
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always bur . 
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VERSE u lightning flash is due to the burst of corona 

discharge from neighbouring objects d 
terse and ve 

downward propagation of the leader stroke. ` 
F. Locker. 

In the case of a fairly near flash thundermi °nun (1867 

more than 4o sec. Since sound travels at aboa " 
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per sec., this indicates linear dimensions of 

Press u 19 li 
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LIGHTS, RITUAL -LIGHT VERSE 

so METEOROLOGY; THUNDERSTORM; CLOUD. 

Humphreys, Physics of the Air (N.Y., 1940); 
Bruce and R. H. Golde, `The Lightning Dis- 
, Institution Electrical Engineers, 88 (1941), p. 487; 
Schonland, Proc. Phys. Soc., 55 (5943), P. 445; 
eek and F. R. Perry, `The Lightning Discharge', 
Society Reports on Progress in Physics, ro (1946), 

C. E. R. B. 

s, RITUAL, were used during public worship 
Jews (Exod. xxv. 31 -39) and in most of the 
religions; and the practice was retained in the 

church. Lights were necessary in the night - 
and in the catacombs; but from the 4th 
one or more lights, as symbolic of Christ, the 
of the World', were used at baptism, at the 
and at funerals. St Ambrose in the west and 
ry Naziamen in the east, allude to lighted 
carried by the newly baptized, a usage still 
in the Roman catholic church; and St Jerome 

of the kindling of lights at the reading of the 
In the middle ages no more than two lighted 
were placed on the altar during mass, the 
irks being removed at its close. In 1547 two 
ered in the church of England; but whether 

lighted or even retained, varied greatly in 
periods down to the tractarian revival. 

candles are de rigueur at mass in Roman 
churches and six at high mass; but the most 
use of lights is reserved for benediction, and 

ices connected with the exposition of the 
A striking feature of the office of tenebrae in 

k is the progressive extinction of all candles 
as the service draws to its close. A hanging 
always burns before the altar where the Host 
it in the tabernacle. Ritualistic Anglicans 
erly adopted many of these customs, without 

but the Free churches still regard all 
use of lights as superstitious. C. W. D. 

VERSE, in English literature, includes both 
terse and vers de société and vers d'occasion, 

F. Locker -Lampson collected in his Lyra 
arum (1867) and R. M. Leonard further 

in A Book of Light Verse published by the 
Press in 1910. Other representative collec- 
An Anthology of Humorous Verse, compiled 
ore Cook (1902) and, of more recent date, 
Muse (1925) compiled by Sir John Squire, 
Book of Comic Verse, edited by Michael 

(1942) and An English Book of Light Verse, 
yGuyBoas (1944). 

Orford Book of Light Verse, chosen by W. H. 
1938), includes poetry written for performance 
+ songs), poetry intended to be read, but 
for its subject -matter the everyday social life 
riod or the experiences of the poet as an 
human being, and such nonsense poetry as 
its properties and technique has a general 
such as nursery rhymes. Poems by W. B. 

E. Housman and Siegfried Sassoon are 
as `light', and by new practitioners such as 
dey, R. A. Knox and John Betjeman. 

first English writer of humorous verse, 
Chaucer (1340- 1400), remains, in his own 

supreme. In narrative power, delineation of 
and humour, both sly and boisterous, the 

to The Canterbury Tales, the Tales of the 
nest, the Miller, the Wife of Bath and 
ges in Troylus and Cryseyde are on an ampler 
sound richer music than is to be heard 

r. The satire of Chaucer is developed on a 
note by Skelton (146o -1529) in Phylyp 
and Colyn Cloute, and the telling of humorous 
tales is repeated somewhat crudely by Samuel 

('570 -- 1630). 
zenith of light lyric beauty is reached in the 

569 
songs scattered through the plays of Shakespeare, but 
only in the immortal `tedious brief scene of Pyramus 
and Thisbe' does Shakespeare write comic verse in the 
modern sense. 

Other Elizabethans, notably Gascoigne- ̀Love's 
Lullaby', Sidney -`My true -love hath my heart', 
Lyly-'Cupid and Campaspe' and Campion -`There 
is a Garden in her Face', contributed many gems to 
that age of verbal melody. 

In Herrick (1591- 1674) the light lyric is almost as 
exquisite as Shakespearian song, and is shot through 
with a peculiar individuality and loveliness of texture. 
The grace and daintiness of 'Corinna's Going a -May- 
ing' are unmatched in later writers. 

In Suckling, Cowley and Lovelace Elizabethan 
bird -song turned into human speech, as in Cowley's 
`Drinking', Lovelace's lines `To Lucasta', and Suck - 
ling's `Ballad upon a Wedding', a conversation -piece 
as vivid as it is polished. 

The wit of - Dryden's masculine and combative 
satires is powerful rather than light, but the satire of 
Matthew Prior (1664 -1721), whether in epigram, ode, 
or even in the burlesque dialogue on The Progress of 
the Mind, is `familiar'; Gay's Fables are as light as they 
are charming, and in The Rape of the Lock Pope 
achieved an elfin masterpiece of epic mockery. Later 
in the 18th century Goldsmith in The Deserted Village 
painted his smiling portraits of the village school- 
master and the village parson, and Cowper relieved 
his melancholy by writing a children's classic in 
The Diverting History of John Gilpin. 

So far the practice of light verse had been the 
spasmodic offshoot of poetic genius, but in the 19th 
century it became also an art of specialists. In 
Thomas Moore (whose `Love, the Admiral' glitters) it 
is still part- product of his gift for melody, and Byron's 
Vision of Judgement and the wit of Don Juan are only 
one facet of the Byronic mood. But James and 
Horace Smith confined themselves to the art of parody 
in their Rejected Addresses, R. H. Barham invested the 
Ingoldsby Legends with unvarying humorous gusto, 
W. E. Aytoun and Sir Theodore Martin in the 
Bon Gaultier Ballads combined the art of the brothers 
Smith with that of Barham, and the quantity of 
Thomas Hood's whimsical verses and his ingenuity in 
punning have all but eclipsed his serious verse. 

In Winthrop Mackworth Praed (1802 -39) vets de 
société finds its perfect modern exponent; his `Vicar' 
and `Quince' are models in their combination of 
humour and pathos. 

English nonsense -verse was invented by Edward 
Lear (1812 -88) and practised with such genius that at 
its best it becomes indistinguishable from poetry. 
His limericks have been improved on, but `The Owl 
and the Pussy -Cat' and `The Jumblies' are unsur- 
passed. Lear's nonsense -verse is practised with more 
intellect but less music by Lewis Carroll; later G. K. 
Chesterton was to unite intellect and poetry with para- 
dox in The Wild Knight and Wine, Water, and Song. 
C. S. Calverley (1831 -84) entertained his generation 
with his scholarly Fly Leaves, and his contemporary 
J. K. Stephen with Lapsus Calami. Meanwhile in 
W. S. Gilbert a genius arose whose Bab Ballads and 
libretti to the Savoy operas achieved immense 
popularity, the latter bringing artistic light verse 
triumphantly to the stage. By his technical skill, 
especially in rhythmic and rhyming effects, Gilbert 
established an influential standard. 

Before the end of the century Austin Dobson had 
revived the spirit of Mackworth Praed in his delicate 
Vignettes in Rhyme, Proverbs in Porcelain and At the 
Sign of the Lyre. In the early loth century Harry 
Graham and Hilaire Belloc initiated mock tragedy in 
Ruthless Rhymes and Cautionary Tales for Children, in 
1934 in Songs of a Sub -Man Patrick Barrington 
carried absurdity to a fine art, and light verse narrative, 
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Mr. C. E. R. Bruce (communicated) : Referring to 

paper by Dr. Adcock and Mr. Clarke, I would say that 
nature of the radiation from thunderstorms was first expla 
satisfactorily on the basis of the physical theory of 

lightning flash given by Golde and myself(1). There 

showed that during the return stroke a current of the 
known double exponential form -which form was then, 
elucidated for the first time -flows in a channel of inc 
length. Using the average values we had deduced from 

available data for the various quantities involved, 
obtained the values given in Table.A for the radiation 

TABLE A 

Distance, km 50 100 

er calculated, 
V/m 

e observed(2) (8) 
V/m 

5.4 2.7 

5.0 1.7 

175 

1.5 

0.8 

350 

0.8 
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1 000 

0.27 
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valtlés which will be seefi to agree with those observed 
a wide range. Equally good agreerrient was ob 

between the calculated values of the magnetic field 

those measured by Norinder. 

The theoretical waveshape of an atmospheric is giro 

Fig. 9 of our paper. This will be seen to indicate a freq 

rather greater than 10kc /s, and in this is in agreement 
the values of 50 to 70 microsec obtained by Schonlaal 

the duration of the first cycle of the atmospheric. 

In addition to this high- frequency oscillation, atmos 
often possess a slow tail, which remained a puzzle 
was shown(4) to be caused by the radiation emitted 
both the "a' and "e" portions of the lightning flash . 

the crest of this component of the radiation field at lit 

the theory gave a value of about 70 mV /m, as compared 

the 125 mV /m observed by Watson -Watt and others (lo:. 

The observed and the calculated durations are also in 

ment, each being of the order of a few milliseconds. 

(1) BRUCE, C. E. R., and GOLDE, R. H.: Journal I.E.E.. 
88, p. 487. 

(2) APPLETON, E. V., and CHAPMAN, F. W.: Proceedoii 
_Royal Society, A, 1937, 158, p. 1. 

(8) WATSON -WATT, R. A. , HERD, J. F. , and LUTKIN, F. t 
1937, 162, p. 267. 

(4) BRUCE, C. E. R.: Nature, 1941, 148, p. 165. 
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lde(1) has emphasized the importance of observational 
ction in studying the decrease of these fields with increase 
distance from the lightning flash. An interesting result 

s effect is seen in the study of the aforementioned slow 
of the atmospheric. Near the flash the rapid oscillation 
to the return stroke occurs well within the front of the 
-frequency component, but well in advance of the crest. 
the distance from the flash increases, the two waves -the 
h- and the low- frequency -appear to separate, until at 
t distances there is quite an appreciable interval between 
(2). The explanation is, I think, that, as the distance 
ases, only the crests of the largest fields in the slow tails 

ain visible, and these occur at greater separations in time 
the high frequency oscillation. An effect due to 

rvational selection is thus transformed into an apparent 
ation of velocity of propagation with frequency. 

is interesting to note that Sir Edward Appleton and 
rs(s) have recently announced the observation of" atmos- 
rics" originating in what I have for several years 
ded(4) as the lightning flashes, so to speak, of solar 
derstorms, namely the solar prominences ; the evidence 

avour of this electrical discharge theory was summarised 
tly. (6) It is interesting to note that Australian 
rvers of this short -wave radiation were led by their 
rvations alone to the conclusion I had reached some 

previously on much wider ,grounds, námely that the 
of the radiation "suggests an origin in gross electrical 

banes analogous to our thunderstorms. " (6) There 
it seems to me, no good grounds for believing that the 
is "static" is derived from a different origin. There 

apparently(7) several types of stars in which these surface 
trical discharges are immensely greater than those we 

e at the sun's surface. These may quite possibly 
not for the fact that the energy in this short -wave cosmic 
ation is much greater than would be expected if all the 
radiated an amount of energy in these wavelengths 

1 to that coming from the sun. 

GOLDE, R. H. : Nature, 1941, 148, p. 196. 
iWATSON -WATT, R. A., HERD, J. F., and LUTKIN, F. E.: 
át. 

APPLETON, E. V.: Nature, 1945, 156, p. 534. HEY, J. S.: 
1946, 157, p. 47. 

BRUCE, C. E. R.: "A New Approach in Astrophysics and 
ogony, " London, 1944. 
BRUCE, C. E. R. : Observatory, 1946, 66, p. 263. 
PAWSEY, J. L., PAYNE -SCOTT, R., and MCCREADY, L. L.: 
e, 1946, 157, p.. 158. 
BRUCE, C. E. R. : (1944), loc. cit. 
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PREFACE 

This is a continuation of the work described in the author's 
paper in the "Proceedings of the Royal Society ", A,Vol. 183, 
pp.228 -, 1944, which was issued to members as Ref. S /T44. It 
shows the application of the ideas therein developed, to the 
long laboratory spark. 
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( 1 ) Introduction: 

Every reader of the work on "The Mechanism of the Electr 

Spark" by Loeb and Meek must be impressed by "the almost un 
success of this (i.e. Meek's) criterion in correlating the° 
served sparking phenomena under one head in terms of slight 
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adaptations of a single equation, not only qualitatively but 
also quantitatively," and certainly from the point of view of 
numerical agreement between theory and observation, with a few 
exceptions, it leaves little to be desired. 

Zelenyl has, however, pointed out that as regards physical 
consistency, the position is not quite so satisfactory. Though 
the criterion, the setting of the radial space charge field 
equal or nearly equal to the applied field, yields values of 
the breakdown potential for the range of gap lengths from 0,5 to 
20 centimetres, which differ at most by 7% from those observed, 
nevertheless, in order to get rid of this error of 7% for the 
larger gaps, the criterion K the ratio of the two fields, must 
be changed by a factor of 1016 or 1017. Further, as was found 
with the earlier theory of Townsend, numerical agreement between 
theory and observation in this field is not a satisfactory check 
of the physical correctness of a theory. Zeleny emphasized, for 
example, in the work already referred to, that equally as good 
agreement between. theory and observation could be obtained in the 
above case, on the simpler assumption that a spark occurred when 
the total number of ions formed in the gap reached some definite 
value. Whitehead2 has also shown that some of the polarity 
effects observed in the breakdown of sphere gaps are the opposite 
of those to be expected from Meek's theory. 

The present writer approached the study of breakdown in 
gases from the opposite end of the scale, namely, the very long 
lightning discharge, and it appeared that the extension of Meek's 
theory to this case was not in accord with the facts. For where- 
as it requires that only quite small currents flow during the 
progression of the leader stroke, in which process recombination 
is judged to play an important role, the values both of the elec- 
trostatic field changes which occur during the leader stroke, and 
of the currents actually observed to flow therein, show that, far 
from being only fractions of an ampere, the latter must rise to 
the order of hundreds or even thousands of amperes. Indeed, 
throughout the whole field, the theory is nowhere very precise 
regarding the currents in the discharge streamers, though these 
must obviously be of the first importance, and, as will be seen 
later, are quite characteristic in many cases. 

In order to account for the observed phenomena of the first, 
or stepped leader stroke of the lightning discharge, the writer 
recently suggested a new criterion of instability governing the 
initiation of long electrical discharges in gases, namely, the 
occurrence of the transition from glow to arc conductivity in 
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the initiating strea4e;.., when the current therein reaches a 
given critical value'''. . This theory, together with the nea 

conception of the corona currents from the discharge channel the 
introduced at the same time, enabled all the major character to 
istics of the first leader stroke of a lightning flash to be obse 
calculated. Thus, theory and observation were in accordas char. 

to the existence and length of the steps in the leader st* tier 
progression, and as to the fraction of each step which is re. leac 
illuminated during the succeeding step. The magnitude of 

tt necc 
estimated change in the electrostatic field caused by the lev sinc 
stroke, and the current which flows therein likewise agreeda tier 
those observed, while the values obtained in ti- process for sers 
.corona constant and for the constant governing the discharge Howe 
electricity from points were in good agreement with those fou must 
in laboratory experiments. The agreement throughout appear of a 
so satisfactory that it seemed likely that the same criterion how 
might well apply in the case of the long laboratory spark, obse 

(2) Glow to Arc Transition: 

Relatively little experimental study has been made of fn 

transition of discharge channels from glow to arc conductivit Alli 
considering the importance of the phenomenon, and as regards dove 
theoretical investigation the position is even worse. The clot 
analysis of the phenomena which is regarded as most satisfao dowr 
tory, and is most often described in text -books, is that of gene 
von Engel and Steenbeck5'6 '7. In this, however, the pheno- by s 
menon is regarded as depending entirely on the conditions at brig 
electrodes, or rather at the cathode, which can be at best 'ste 
a limiting case. Indeed the argument was advanced against' of y 
writer's theory of the lightning leader stroke that this trans work 
tion is entirely a matter of the conditions at the cathode, the 
apparently making the tacit assumption that without the elect tude 
there would be no transition8. On the other hand, thoughth 
actual mechanism of the transition is still unkown, it would 

appear from what follows that transition can occur in the die. very 
charge channel itself comparatively readily, and that this t and 
sition is on occasion delayed by the need for the formationo thee 
cathode hot spot. stro 

cate 
As regards the discharge in air at atmospheric pressure, 1ik , 

there seems little doubt but that the criterion governing of 

transition from glow to arc conditions is that the current tive 
should reach a critical value, and that this value is in the the 
neighbourhood of 0.5 ampere. This is shown by the data gir ' ing 
by KaufmannA, and is supported by the data obtained b Fanny that 
who studied steady discharges, and by Todd and Brownell, and roun 
Attwood, Dow and Krausnick 2, who studied the case of 
age through zero of the current in alternating current arcs. 
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a 

nee This then is one of the conditions to be fulfilled during 
el the progression of the leader stroke of a long spark, if the glow 
eri to arc transition theory holds. There will, of course, also be 
be observed the sudden contraction in diameter of the discharge 
as channel; which always accompanies this transition, and in addi- 
oksi tion, the electrode surfaces may be observed to glow during the 
re. leader stroke process. While the former characteristic is a 

necessary accompaniment of the transition, the latter is not, 
le! 

. since, in the case of positive streamers, the field concentra -- 
dai tion at the advancing tip of the discharge channel itself will 
or serve as a source of free electrons, to maintain the discharge. 
'gee However, a sudden increase in brightness of the electrode spot 
fog must indicate the existence, though not necessarily the onset 
tared of arcing conditions in the gas channel.. It remains to be seen 
'ion how those requirements or predictions of the theory agree with 

observation. 

(3) Appearance of the Discharge: 

fth The appearance of the discharge has been described by 
ivüy Allibone and Meek13 as follows:- Fleglerl4 has studied the 
rds development of the discharge at low pressures by means of the 
he cloud chamber, and determined three main stages in the break - 
fao down process: (a) preliminary stage of very weak illumination, 
of generally only detectable as a fog in the chamber and sometimes 
no- by small irregularities of the voltage wave; (b) appearance of 
at bright luminosity in a few channels, accompanied by the Rogowski 
t Istep' in the voltage wave; (c) complete sparkover and collapse 
st'' of voltage. These three stages are confirmed in the present 
trar, work, but the first stage is shown to be essentially similar to 
e, the second stage, and differs from it only as regards the magni -- 
lecf tude of the current carried by the various predischarges." 
;h th- 

uld It seems to the writer, on the other hand, that there is a 
dis very important difference between the first and second stages, 

s t' and that it was the lack of recognition of this fact that led 
,ono these authors to suppose that the initial step of the leader 

stroke process took place practically instantaneously, as indi -- 
c4ted in their diagrams (Ref. 15, Figs. 3, 9 and 11). The more 

;ure, liko;ly explanation is that the first step in their photographs 
the of '"these discharges represents the sudden contraction of a rela- 

lt tively diffuse discharge channel into a narrow bright channel, 
the the same phenomenon being observed in some cases at each succeed- 

1ng step. This sequence is rendered more likely by the fact 
Irn1 that the condensed channel is on occasion observed to be sur-- 
and rounded by a diffuse luminosity, a "shower of discharge" as the 

pas 

res. 
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authors describe it. This change in emphasis, so to speak 

' 
fundamental. The sequence of events as described above is 

essential for the glow to arc transition theory, while itia 

quite contrary2to the streamer theory as it is developed by 
Loeb and Meek'. It seems to the writer that the initial 
diffuse or corona discharges are limited in extent and hence 
essentially stable though intermittent, and that instability 

only occurs when the transition to the narrow discharge chane 

has occurred, and arc conditions are well established thereir:, 

The oscillograms and photographs of Allibone and Meek (see,f 

example, Ref. 15, Fig. 12 (b)) show that a large number of th 

bursts of corona or brush discharge can occur before they bet 

sufficiently intense to initiate breakdown. 

Thus, the appearance of the successive stages of thebr 

down process would appear to support the theory that breakdo' 
occurs when the initial diffuse discharge suddenly condenses 

into a narrow bright channel. 

(4) Current in the Leader Stroke of the Spark Discharge: 

The oscillographic investigations of Allibone and Meekly 

show that "the magnitude of the leader stroke currents appear 

to be of the order of one ampere in the present series of tes 

and also in the records of Rogowski and others where voltages 

only 1-5 kV were used." The oscillograms of Komelkovl6 show 

that during the whole leader stroke process the current inth 
discharge is practically exactly 0.5 ampere. 

It might be argued that, since the last -mentioned. found 
breakdown occurred despite the fact that there was a series 

resistance of four million ohms in the circuit in some oft 
tests, the required criterion could not have been fulfilledi 
this case. This, however, overlooks the fact that with the 

rapidly varying conditions which occur with the pulses of 

corona, larger currents can exist in the circuit than would 
flow under steady conditions, and further, that as has been 

already emphasized4, when arc conditions have once been initi 

ated in the channel, they are maintained down to a currentsP 

the order of one tenth of that required to bring about their 

initiation. Thus complete breakdown to arc conditions is 

theoretically possible for air at atmospheric pressure ina 

circuit in which the short circuit current is only of the 
order of 0.05 ampere. 

Thus, as regards the very important criterion of the 
current in the discharge channel, the agreement between thy° 

and observation is as exact as the observations permit. 
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(5) State of the Cathode During the Leader Stroke: 

As has been stated above, if arc conditions have been 
established in the gas channel during the propagation of the 
leader stroke, then it may be that signs of the change may be 
evident in the glowing of the electrode spot, indicating that 
conditions there have also become those of the arc discharge. 
Examination of some of Allibone and Meek's high speed photo- 
graphs of the long spark will show that such is in fact the 
.case. For example, in their first paporl5, Figs. 1 (d), 8 (a) 
(and others), show that tho electrode is glowing before the 
leader stroke has made contact with the opposite electrode. 
This would seem to show almost certainly that transition to 
arc conditions has occurred during the leader stroke in these 
tests. 

It is also noticeable that there is a greater tendency for 
comparatively long lengths of bright channel to be formed 
apparently suddenly, when the initiating electrode is negative 
than when it is positive. In the latter case the field con- 
centration at the advancing discharge tip can give rise to the 
current carrying electrons required to yield a current adequate 
to result in glow to arc transition, whereas in the case of a 
negative streamer this will only occur when a hot spot has been 
formed on the cathode surface. In one case, for example, a 
diffuse upward negative streamer of as long as about 35 cm in 
a gap of 135 cm had formed from an earthed plane to meet a down - 
coming streamer from a point at a positive high potential, with- 
out the transition having occurred in the former, prior to the 
meeting of the two streamers. (Ref.15, Figs. 1 (e) and (3)). 

(6) Origin. of the Current in the Leader Stroke of the 
Spark ischharge : 

It has thus been seen that the currents which flow during 
the propagation of the leader stroke of the spark discharge are 
adequate to cause the transition from glow to arc conductivity, 
and that this transition does in fact occur. It remains to 
explain the existence of such currents at this stage of the 
discharge. In the case of the lightning leader stroke, it 
has been shown that the currents required to maintain the 
lateral corona discharge from the discharge channel are ade- 
quate to account for the transition, but for this to occur 
channel lengths of the order of tons of metres, and potentials 
of the order of tens of millions of volts are required, neither 
Of which are available in the case of the laboratory spark. 
How then is the current to be accounted for in the latter case? 
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It seemed to the writer that the only possible explanatL 
lay in the currents required to charge the discharge channelt 
the potential of the initiating electrode as it is formed, 
Since only a comparatively small potential gradient is requirz 

to maintain an arc, it is just as though the space between tho 
electrodes was gradually short circuited by the advancing lead; 

streamer. In the case of the lightning leader stroke, for 

example, well over ten million volts have been recorded ona 
wood pole line which was struck by lightning, so that the wholz 

channel must have been charged up at least to this potential, 

In the lightning flash the discharge process is propagatz 

at a velocity of about 3 x 107 centimetres per second17. In 

the case of the long spark the data obtained by Allibone and 

Meek15, (their Fig. 16), also indicate a velocity of the order 

of 107 centimetres per second for the rate of propagation when 

the latter is not artificially retarded by the insertion of hi; 

resistance in the circuit. The potential to which this chant 

has to be charged is, in the case of a gap of 50 centimetres' 

tween a high potential positive point and an earthed plate, 
about 2.5 x 105 volts (Allibone and Meek13, Fig. 10) . Thus, 

in order that the charging current in this case should reach 
the critical value of 0.5 ampere required for the occurrencez 
glow to arc transition, the capacitance per unit length ofthz 

discharge channel must be about 0.2AdpF per centimetre. 

At the potentials in question the diameter of the corona 

discharge about a wire is of the order of 5 centimetres18. 
extent of the corona envelope in the case with which we are 

actually dealing can be seen and measured on Allibone andIdezi 

photographs, and is repeatedly referred to by them as a "shoR 

of discharge ". These measurements give values lying between 

9 and 20 centimetres for this diameter, so that the diameter 
can be taken as about 10 centimetres. 

In order to obtain information as to the capacitance of 

such discharge channels, the writer had measurements made of 

the increase of capacitance of a spark gap set -up, when condo 

ing cÿlinders of different lengths and diameters were addedt 

the high tension electrode. Reference to the table will shoe 

that for cylinders of 10.8 centimetres diameter and from 12t 

47.5 centimetres in length in a gap of 52 centimetres, thead 

tional capacitance per centimetre length of the equivalent co. 

ducting channel lies between 0.24 and 0.32, »F, in good ago 
ment with the theoretical value obtained above, taking into 
account the nature of these considerations. 
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The current required to charge the channel of the first 
leader stroke of the lightning flash to the potential of the 
thunder cloud charge will certainly likewise account for some 
of the current which flows during its progression to earth. 
However, that this forms a relatively small proportion of the 
total current will be seen from the fact that, while the total 
charge lowered during the leader stroke process is about 
8 coulombs, the amount required to charge the channel, and 
which is rapidly neutralized during the return stroke, is only 
about 1 coulomb19. 

(7) Positive and Negative Breakdown: 

In the case of sparkover at atmospheric pressure between a 
high potential point electrode and an earthed plane, the dis- 
charge is initiated by a streamer from the point. In the case 
in which the point is positive the downward leader from the 
point bridges a large proportion of the gap before it is met 
by an upward negative leader. When the point is negative, on 
the other hand, the initiation of the leader there -from is 
apparently usually followed almost at once by an upward stream- 
er from the earthed plane, but it would appear from the examples 
shown by Allibone and Meek15 (e.g. their Figs. 9 and li) that 
the latter only starts when the diffuse negative brush or glow 
discharge suddenly contracts into a narrow luminous channel, 
i.e. presumably when transition to arc conditions occur therein 
thus again indicating that this sudden change in the régime marks 
an important phase in the discharge process. The authors them- 
selves point out that in no case does the upward positive leader 
precede the negative leader from the point. 

As the current required to charge the discharge channel 
depends on the velocity of propagation of the initiating stream- 
er together with the potential of the point, it follows that 
when breakdown occurs these two quantities should vary inversely, 
in the two cases, provided that the capacitance per unit length 
of the channel is approximately the same for the two polarities, 
on which last point little or no evidence is available. 

There are no cases in which both the sparkover voltage and 
the velocity of propagation of the initiating leader stroke 
have been observed in the same experiment, so that precise in- 
vestigation of this question is not yet possible. There is, 
however, some evidence that the two quantities in question do 
Vary approximately inversely. Thus, it is well known that the 
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voltage required for sparkover between a negative point andz 
earthed plane is nearly twice that required when the pointia 
positive10 , 21, 22. On the other hand, the data given by Atli 

and Meek for the velocities of the leader strokes in thetT 
cases indicate that these last are, in fact, approximately 

ir., 

versely proportional to the sparkover voltages. The ratioo4 
the velocities of the positive and negative leaders in thes 

. 

test was, for example, 2.66 with a gap of 46 cm and 1.73 for 

gap of 71 cm between a high potential point and an earthedpl 
However, the other results given by Allibone and Meek indica 

that the streamer velocity is subject to considerable variati 

and much more remains to be done both experimentally and then 

ally, before more precise conclusions can be arrived at. 

(s) The Over -Volted Spark: 

It has repeatedly been claimed23,24,25 that, in impulse 
breakdown of rod gaps and sphere gaps at atmospheric pressure, 

"corona currents" of the order of hundreds or thousands of 

amperes have been measured. So far as can be seen, such 
currents can only be explained as in fact corona currents, or 

as the currents required to charge the apparatus or the disch 

channel. If, as has been maintained, the possibility thatt 
are apparatus-charging currents has been eliminated,- thensz; 
further explanation is called for. They cannot simply be 
described as "corona currents" and left at that. There woui 

appear to be no known mechanism in gas discharges which cang' 

rise to "corona currents" of this magnitude with the apparat 

in question. The largest of the experimental values of the 

constant governing the discharge from a point, for exemple, i 

less than 5 x 10 -3, so that at a potential of the order ofd 

million volts the current flowing in this way, being proporti 

to the square of the applied potential, would only be of the 

order of half an ampere. 

The possibility remains that they are the currents requi 
to.chargo the discharge channel as it is formed. Now, the 

mum time lag of sparkover of a twenty inch rod gap observed 
Hagenguth is of the order of one microsecond25. The maxiraur 

average streamer velocity is thus of the order of 5 x 10700 
metres per second. Thus, with an applied potential of about 

5 x 105 volts, the additional capacitance per unit length of 

discharge channel would have to be of the order of lOp,uF in 

order to give rise to the streamer currents of hundreds of 

amperes estimated by Hagenguth from the drop in the voltage 
a similar conclusion as to the magnitude of the streamer 
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currents has been reached by Allibone, Hawley and Perry20, while 
still greater values, of the order of thousands of amperes have 
been estimated by Slepian and Torok23 to precede breakdown in 
the case of long sphere gaps, their further consideration would 
appear to be desirable. The current wave shape in the oscillo- 
grams of Torok and Fielder24 are certainly of the form to be 
expected as the streamer progresses across the gap, the current 
increasing rapidly in the later stages with the increase in 
capacitance per unit length of the streamer, and in the velocity 
of propagation. The potentials, streamer currents and dura- 
tions of the breakdown process shown in the latter's oscillo- 
grams (e.g. Torok and Fielder24, Figs.. 2 and 3) indicate values 
of the capacitance per unit length of streamer channel increas- 
ing from less than 0.51.apF /cm in the early stages to 5 or 
6/u1 F /cm in the later stages of sparkover on a suspension 
string of sixteen insulators. The latter values will be re- 
duced somewhat when allowance is made for the increase in vele -- 
city as the streamer progresses, but appear to be unduly large 
in comparison with the experimental values shown in the table, 
in spite of the increase to be expected from the presence of the 
porcelain insulators. They certainly indicate that the stream- 
ers must possess a considerable area of cross -section, as do the 
photographs of the initial stages of the discharge between sphere 
given by Slepian and Torok23. The extremely high values of the 
current at the end of Torok and Fielder's oscillograms must 
result from the rapid neutralization by the "return stroke" of 
the charge deposited along the leader channel, together with the 
capacity currents resulting from the collapse of the voltage 
across the gap. 

(9) Discharges at Low Gas Pressures: 

Further support for.the emphasis laid herein on the import- 
ance of the current required to charge the capacitaiaee of the 
discharge channel as it is formed to the potential of the 
initiating electrode, is afforded by the study of electrical 
discharges in gases at low gas pressures. Such an investiga- 
tion has been made by Beams and others in America26,27. They 
found that both the potential wave and the luminosity of the dis- 
charge were propagated along narrow glass tubes at velocities 
greatly in excess of the velocities observed in the case of 
°breakdown at atmospheric pressure. For example, the velocity 
along a tube of 5 millimetres in diameter increased front ..about 
6 x 108 to about 5 x 109 centimetres per second as the pressure 
was increased from about 0.02 to 0 14 mm of mercury, while in 
other cases velocities of about 10í0 centimetres per second were 
reached. 
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The fact of greatest interest from the present point of 

view is that, despite the greatly reduced gas pressures, the 

currents in the initial discharge are in this case of the orris 

of 100 amperes, i.e. of the order of one or several hundred 
times the corresponding values observed in discharges at ateo. 

spheric pressure, just as the velocities involved are of the 
order of one or several hundred times those at atmospheric pre 

sure. While the data given in the paper referred to are not 

sufficient to allow of the close examination of the relations 
connecting potential, current and velocity of propagation, the 

general agreement between the ratios of the currents and the 
velocities at the two gas pressures would appear, to be highly 
significant, the applied potentials being similar in the two 

cases. 

It might appear at first sight as though the data obtaine 

from positive and negative discharges in an 18 mm tube were at 

variance with this explanation. (Reference 27, Fig. 4, and 

Table 3). Thus, the curves showing the variation of average 
velocity of propagation with the gas pressure indicate thatth 

is twice as great for negative discharges as it is for positiv 
discharges, while the in the cases pr 

tically identical, 226 and 230 amperes respectively. However 

this maximum current is recorded right at the start of thedis 

charge, before the latter has. attained the region of normal 
propagation throughout which the velocity was measured. 
Further, when measurements were made over half the length of 

the tube it was found that there was a fairly considerable in. 
crease in speed as the negative impulse travelled down thetu 
whereas in the case of a positive wave the measurements indias 

a considerable decrease in speed as the wave progresses. Ths 

equality between the two initial maximum currents is thus qui 

compatible with the considerable difference observed between 

mean overall velocities in the two cases. 

while cne results of a more recent and more detailed stun 
of these relationships made by these workers, of which some oft 
results were kindly supplied to the writer by Prof. Beams, ind 

cate that some other factor or factors besides the velocity a 

the change in potential as the discharge progresses may affect 

value of the current, there would appear to be little doubtt 
the first mentioned plays a major role in determining the our 

(10) Discussion: 

In a recent work28 the writer has attempted to show that 
one of the most important phenomena in nature is the transiti° 

from arc to glow conductivity in an electrical discharge, when 

the gas pressure is reduced to the order of one hundredth of° 
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atmosphere. According to the theory there put forward, it is 

ie 
this fact which determines the nature of the apparent surface of 

;rd the sun and other celestial bodies. It may be mentioned here 
i ± that the theory of the nature of the solar corona since advanced 

by Saha29 is based on conceptions similar to those on which the 

ie 
writer's theory is founded. Saha suggests that the extensive 

pre, solar corona is the result of the ejection from the sun's interior 

lot of very highly charged atoms. of iron, nickel, etc. the results of 

)ns 
atomic disintegration. Some of these atoms have lost as many as 

the thirteen of their outer electrons and are ejected with consider- 
able velocities. They must therefore result in the setting up 

it of just such a radial electric field as is required by the 
wo writer's theory of the nature of astrophysical phenomena, pro- 

vided that charged particles of still greater penetrating power 
such as the cosmic rays, are also emitted to account for the 

aim huge extent of the atmospheres which are in fact known to 

eat surround the stars. 

nd 

ge The suaa.en transition from glow to arc conditions when a 

tth critical value of the current in the discharge is reached was 

itiv 
likewise shown by the writer4 to be of prime importance in the 

,e pr study of very long electrical discharges. Only on this basis 

'ever 
has it been possible to explain the occurrence of electrical 

d1s breakdown of gases in electric fields which are less than 1% of 
1 those previously, considered necessary. 

of The foregoing sections indicate that even in the case of 
in the laboratory spark this transition from glow to arc conduct- 
tu ivity probably also plays an important role. It would seem that 

idice without its occurrence stability would be maintained to much high - 
The 

er potentials in the case of breakdown in inhomogeneous fields, 
qui and that, in the absence of the concentration of the electric 
;en field resulting from the contraction of the diffuse glow discharge 

into the narrow arc channel, the self propagation of the discharge 
would cease when the field at its periphery fell below that re- 

stu quired for its continuation. 
of t 

ind The important role played by the charging currents in the 

,ya 
formative processes of such discharge channels would appear to 

feet be established by the examples quoted, and though precise calcula- 
At tion of the effect has not been attempted herein, they have been 
our Shown, in many cases, to be of the correct order of magnitude to 

account for the observed phenomena, and to offer an explanation 
of the pronounced difference between the potentials required to 
cause flashover from negative and positive high potential points 
respectively. It may well be that their consideration will 

chat account in part at least for the effect of the dimensions of the 
3itic laboratory on the potentials required for the breakdown of spark 
when gaps to which attention has been called by Whitehead30. 
of 5 
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In the light of the above the nature of the transition 
glow to arc conductivity, and vice versa would appear to beo 

the highest importance and one out of all proportion to the 

study hitherto devoted to it.: The part it probably plays 
ir. 

determining the nature of the phenomena which occur duringtli 
passage through zero of the current during the rupture of al 

nating current power arcs also renders its further study ofe 
siderable importance to electrical engineers. 

It is proposed to make a more precise theoretical study 

the matters raised herein, including possibly some experiment 
study of the initiation of the long spark. Tht conditions 

r 

arc to glow and glow to arc transition will also he further 
investigated to elucidate the phenomena occurring in circuit 
breakers, Further study of the conditions existing at then 

of the solar chromosphere may also throw light on the nature 
the phenomena, for, if the electrical discharge theory of the 

phenomena is established, than the fact of the occurrence of 

to arc transition at practically the same pressure in laborat 

experiments and on the huge scale involved at the solar surf, 

must be one of quite fundamental importance. The chromosphe 
itself would then also offer an opportunity for the study of 

glow discharge. 

Observations on the breakdown of long gaps in hydrogen 
would be of considerable interest in the present connection, 
since in this gas the breakdown potential is lower than 
for air, despite the fact that the critical current for the 

occurrence of glow to arc transition is higher. Thus, fort 

glow to arc transition theory of initiation to hold, either 
capacitance of the glow discharge channel or the velocity of 

propagation of the discharge. process must be increased inhy 
gen. Hdfert31 has found that the glow discharge channel is 

fact more extensive in hydrogen, while there is also reasont 
believe that the velocity of propagation is greater in. this g 

t,aan it is in air32. 

11 

(11) Conclusions: 

1. There is considerable evidence indicating thatgl 
to arc transition occurs in the leader stroke of the longoP 
discharge, and that, just as in the case of the lightningdis 
charge, the occurrence of this transition may represent the 

onset of instability. 

2. The currents required to charge the channel oft` 

discharge as it is formed are adequate to. initiate this tray 

tion. 
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3, The difference betw;en the phenomena in positive and 
negative streamers indicates that conditions of instability 
governing the transition are reached initially in the discharge 
channel itself, and that the need for a cathode spot delays the 
transition in streamers from the negative electrode. 

4. The difference in velocity of positive and negative 
streamers may account for the pronounced difference in spark- 
over voltage when the polarity of the high voltage point is 
changed in point-plane breakdown. 

5. Study of conditions of sparkover in hydrogen may be 
to lead to the elucidation of the breakdown process. 

6. The study of astrophysical phenomena may also throw 
the characteristics of terrestrial electrical dis- 

expected 

light on 
charges. 
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Table* 

Capacitance of Sphere to Plane with Conducting Cylinders Sub, 

pended from the Sphere. 

Sphere Diameter, 12,3 cm. Gap, 52 cm. 

Diameter 
of Cylin- 
der (cm) 

Length of 
Cylinder 

(en) 

Total Measured 
Capacitance to 
Earth and Earth- 
ed Plane (1i.i;t41) 

IMITTICE3r 
Capacitanu 
per Unit 
Length of 

tCylinder 
(pf.AF/cm) 

10.8 0 6.8 
12 9.7 0,24 
30 14,6 0.-27 

45 20.7 0.41 
47.5 22.0 0.52 

3,8 12 8.6 0,15 
32 11,9 0,16 
47 15.1 0,21 

0.63 17 8.1 0.08 
39,5 10,4 0.10 
49,6 11.8 0.13 

*The s e data were kindly obtained for the writer by Mr A.M.Tho 
(E.R.A.) 
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The Characteristics of Short Discharges. By W.Nethercot, M.A., 
B.Sc., F.Inst.P. and C.E.R.Bruce, M.A., B.Sc., M.I.E.E., F.Inst.P. 

PREFACE 

The report deals with electrical discharges across small 
gaps. These, apart from their theoretical interest, are of 
importance in relation to problems connected with ignition 
and intrinsic safety, 

liovcmbe r 4th 19 43 . 
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The Characteristics of Short Discharges. By VV.Nethercot, 
M.:..., B.Sc., P.Inst..P. and C.E.R.Bruce, M.A.., B.Sc., 
F.Inst.P. 

Summary: 

This report describes an investigation of the discharge 
of a capacitor across gaps of 0.92 mm between steel spheres, 
by means of a high speed cathode ray oscillograph. Break - 
down occurred in less than 0.02,.4. sec. Thereafter the volt- 
age characteristic (e = 21 + 27/A) depended only ,.on the 
instantaneous value of the current in the discharge, apart 
from an initial formative period lasting up to about 3,0,sec. 
for currents of the order of 50 to 100 amperes. This character- 
istic appeared to be independent of the state of the electrode 
surfaces. Transitions between the arc and glow discharges were 
obtained only with cleaned and polished surfaces. 

(1) Introduction 

A recent suggestionithat complete breakdown to arc condi- 
tions occurs in the leader stroke of the lightning and long 
spark discharges has given added interest to any work likely 
to have a bearing on this question. One such investigation 
is that undertaken by the E.R.I. to determine the minimum - 

energy in capacitative discharges across a small gap required 
to cause ignition of flammable gas mixtures. This involved 
the direct measurement of the gap voltage and current during 
the discharge by means of a high speed oscillograph. 

The present report shows how the gap voltage varies with 
the current when a 0.024 P' capacitor, charged to approximately 
5 kV, is impressed across a gap of width 0.92 mm between 0.25" 
steel balls in series with a resistance varying from 50 to 
50,000 ohms. This gave peak currents in the discharge lying 
between 100 and 0.1 amperes. 

In addition tests were made with an inductance in series, 
in order to obtain an oscillatory discharge and so to allow 
the phenomena occurring around current zero to be investigated. 
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(2) Test Apparatus and Methods 

(2.1) Oscillograph: 

This was a Standard Telephones & Cables transient 
recorder employing a 5 kV high vacuum cathode ray tube with 
a blue trace fluorescent screen of high actinic value. By 
careful attention to the photographic technique it was found 
possible to record very high writing speeds2. The single 
sweep time base was of the symmetrical capacitance- resistance 
discharge type; initiation of the time sweep andtthe elec- 
tron beam were obtained by triggering a three ball gap. A 

special low capacitance three ball gap was used such that an 
impulse of 500 volts of either polarity caused sparkover in 

0.1,íJ- sec. The Y plate connections were brought out of the 

cathode ray tube opposite to the plates, thus minimisiñg_the 
coupling between them and the X plates. In additon it enabled 

the length of the leads from the spark gap to the plates to 
be reduced to a minimum. 

A range of time sweep speeds from 0.3g sec. +,o about 

4 milliseconds was used. Timing waves of 3, 1 and 0.25 Mc /sec 
were obtained internally from the instrument: lower frequency 
timing waves were obtained externally from a B.F. oscillator, 
Calibration of the Y plate voltage deflection was by H.T. 
batteries. 

Corrections for tube distortion were made in the 
analysis of the oscillograms but this distortion was minimised 
by keeping the trace as far as possible within the central 
area of the screen. 

(2.2) Impulse and Measuring Circuits: 

The capacitor voltage was applied impulsively to the 
spark gap as this arrangement enabled the time base of the 
oscillograph to be initiated just before breakdown of the gape 

The circuit arrangement is shown in Fig. 1. The Cockroft 
rectifier circuit was fed from the A.C. mains through the 
potentiometer P and the rectified voltage iof positive polarity, 
after smoothing, was fed through the 50,000_íZ resistor to the 

discharge capacitor Cl. The charging circuit was completed 
by the discharge resistor rl and the resistors r3, r4 and r5 

of the resistance -capacitance potential divider circuit. 
Between the H.T. side of the capacitor Cl and earth were 
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connected an electrostatic voltmeter with a 2 to 1 ratio 
potential divider and a ball gap Gl. The earthed ball was 
spring loaded against a plunger. The H.T. side of the 
capacitor C1 was connected through a small blocking capacitor 
to the centre ball of the three ball gap. The sphere gap 
G2, across which the capacitor Cl voltage was impressed, was 
an R.A.E. type ball gap with the third point electrode re- 
moved. The spheres were 0.259' steel balls and the gap width 
was 0.92 mm. A few tests were also made with balls of copper 
and magnesium. The current through the gap was measured by 
recording the voltage developed across the resistor r2 in the 
earthy side of the gap. The magnitude of this resistor was 
small compared with that of the series resistor r1 (of the 
order of 5 %). When measuring the gap voltage r2 was shorted 
out. 

When the capacitor C1 had acquired its full charge, 
the initiating gap G1 was sparked over by moving the earthed. 
ball towards the live one. Spark heating of this gap was 
provided by the 0.015 /I F capacitor and the 50,000-aresistór.. 
The effect of this was a more or less instantaneous change 
of potential of the H.T. side of the capacitor C1 from approxi- 
mately 5 kV to zero. A steep fronted impulse was in con- 
sequence applied to the centre electrode of the three ball 
gap of the oscillograph and this triggered the time base. 

*Meanwhile the charged capacitor was impressed across 
the gap G2 in series with the resistor rl . The potential 
divider resistors r3, r4, : and r5 were in parallel with G. 
Since r3 was large 3(1 M -) and C2 very small (5P.0), a unit 
function voltage was applied to the gap G2. By careful 
adjustment of the H.T. voltage the breakdown of the gap could 
be made to occur within 0.2 to 0.5 Jk.sec. of the application 
of the voltage. This meant that even with a time sweep of 
0.3Lasec. a sufficiently large proportion of breakdowns 
occurred within the time sweep period to make recording prac- 
ticable, provided the time lag range of the three ball gap 
was small. This was effected by careful balancing and adjust- 
ment of the gaps. It was found necessary to stabilize the 
mains voltage by means of a constant voltage transformer. 
Since the voltage applied to the gap G2 was of "unit function" 
shape in relation to the time lags involved and sparkover 
occurred after the front, the sparkover voltage and the peak 



L/T205 - 6. 

current in the discharge were independent of the time lag of 
sparkover. When longer time sweeps were involved, as in 
recording the voltage and current during the whole time of 
discharge, the variation of time lag of sparkover was neglig- 
ible in comparison with this time. 

The potential divider for measuring the sparkover 
voltage of the gap consisted of a megohm resistor r3 in series 
with a 50,0001/resistor r4. The voltage to be recorded was 
fed to the C.R.O. plates through about 10 inches ófß low 
capacitance, low loss concentric cable. 

The capacitors C2 and C3 connected across r3 and r4 
were such that r3C2 = r4(C3 + C5) where C5 was the capacitance 
of the cable. This gave a potential divider whose ratio 
was theoretically independent of frequency. Both high and 
low voltage arms of the divider were screened. 

It was found that some parasitic oscillation occurred 
at sparkover due to the loop circuit made by the divider 
capacitors and the leads connecting, them to the gap., This 
was minimised by inserting the 300S/series.resistor r5. 
Its value was large enough to reduce substantially the oscilla- 
tion without introducing any significant time constant in the 
divider. 

The matching circuit at the C.R.O. end of the cable 
was found by experiment to be satisfactory for minimising 
reflections along the cable. This was of importance only 
for the very fast time sweeps used. 

The potential divider was calibrated by applying 
voltage from an R.P. signal generator, through the divider 
to an R.F. valve voltmeter. 

The voltage was adjusted by the calibrated attenu- 
ator on the generator to give some convenient meter reading 
on the valve voltmeter. The signal generator was then con- 
nected directly to the valve voltmeter and the attenuator 
adjusted to give the same voltmeter reading as before. The 
ratio of the attenuator values was then equal to the potential 
divider ratio at the frequency of test. Calibrations were 
made at a number of frequencies and C3 varied until a constant 
ratio equal to r4 /(r3 +1-'4) was obtained. 
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The following results were obtained: - 

F, Mc /sec. Ratio 

1.25 21 
2.5 21 
5.0 21.5 
7.5 21.3 

This gave a mean value of 21.2. 

After sparkover the gap voltage fell to a very low 
value compared with that required to initiate the discharge. 
It varied between approximately 30 and 400 volts depending 
on the gap current, Since the deflection sensitivity of 
the C.R. tube was about =1400 volts for full screen traverse 
a potential divider ratio of 21,2 gave an impossibly small 
deflection once sparkover h d occurred. For adequate de- 
flection it was necessary to corn -ect the gap directly to the 
C.R.O. Efforts were mde to devise a circuit with non- 
linear characteristics which would limit the high impulse 
voltage on the gap before sparkover and yet pass on undistorted 
the low voltage obtaining after sparkover. These were un- 
successful in that it was found impossible to limit the high 
voltage withou't d s ort1 Yi, ; suboequent low voltage. 

However, tests showed that a short duration impulse 
of the order of 5 kV could safely be applied to the C.R. de- 
flection plates. The beam of course, was swept completely 
off the screen and its velocity of traverse was much too 
high for even visual observation. Once sparkover had occurred, 
however, the beam speed fell to a value well within the re- 
cording range. 

The technique of recording was therefore as follows: - 
The cable was connected to point 1 (Fig.l) when recording 
the voltage at the instant of breakdown. For measurement of 
the subsequent low voltage the cable was connected to point 2. 
For current measurements the switch across r2 was opened and 
the cable connected to point 3. These changes were made by 
means of plug and socket connectors, Care was taken to en- 
sure that the insulation of the connectors, cable and capaci- 
tors was high enough to withstand repeated applications of 
the 5 kV impulse. 
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(3) Test Results: 

(3.1) Unidirectional Discharge 

In the tests with unidirectional current measurements 
were made with series resistances of 49, 90, 457, 1,000, 5,000, 

22,000 and 50,000 ohms. 

(3.1.1) Breakdown Conditions: 

Measurements of the fall of gap voltage at the instant 

of sparkover showed that this was extremely rapid. The voltage 
fell almost instantaneously from approximately 5 kV to a -low 
value which depended on the peak current as determined by the 
series resistance, and the electrode conditions. This drop in 

voltage was accompanied by a rise in gap current from zero to its 

peak value of approximately E/r where E is the sparkover voltage 
and r the series. resistance* 

Examples are given in Fig. 2. Oscillogram (a) shows 

the voltage drop consequent on sparkover. The upper horizontal 
line is the 'Punit function99 voltage applied to the gap and the 
lower horizontal line is the gap voltage after sparkover. The 

sinusoidal line is a 1 Mc /s timing wave. Oscillogram (b) is 

similar except that the time sweep is shorter. Here the timing 
wave is 3 Mc /sec. The corresponding current wave is shown in 
oscillogram (d). The lower horizontal line is a zero line and 
its right hand end is the point at which the current starts.. 

The upper line shows the current after it has reached its peak 
value. As in (b) the timing wave is 3 Mc /sec. The series 
resistance was 457 ohms. The speeds of the voltage drop and 
current rise were too great for recording but the time intervals 
between the ends of the lines give the times for the voltage to 
drop and the current to rise. Visually there appeared to be a 

certain amount of oscillation or "fuzz" at the foot of the volt- 
age drop and the crest of the current rise. This might be 
because the parasitic oscillations in the measuring circuits had 
not been eliminated completely or it might be due to instability 
in the discharge. As a result the times as measured from the 
oscillograms are the upper limits for the duration of the initial 
part of the discharge. For both voltage and current the time 
is about 0.02 u- sec. 
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A similar time was found with a series resistance 
of 1080 ohms, No records were taken with the larger series 
resistances but from visual observation the time appeared to 
be unaffected by the magnitude of the resistance. 

(3.1.2) Current -Voltage -Time Characteristics of the 
Discharge: 

The shape of the current wave in the main discharge 
is shown in oscillogram (e) of Fig. 2. Over most of the period 
the current decays exponentially as given by the relation - 

t 

i = AE rc 

where c is the capacitance :.nd r the series resistance. The 
gap voltage remains low during the discharge but increases 
with decrease of current. Oscillogram (c) shows the gap volt- 
age in the first microsecond or so after establishment of the 
peak current. Here the series resistance is 457 ohms. The 
top line is a 120 V calibrating line, the bottom line is a zero 
line and the middle line is the gap voltage. The timing wave 
is 1 Mc /sec. 

It will be observed that the gap voltage over this 
period is substantially constante Oscillogram (f) shows the 
variation of gap voltage over the whole discharge period. 
Here the series resistance is 5,000 ohms. The upper and 
lower parallel lines are 60 V calibrating and zero lines 
respectively. The gap voltage rises steadily with time, that 
is with decrease of current. At the end there is a sudden 
increase of voltage. This, as will be shown later, occurs 
when the discharge ceases at some critical current and does 
not necessarily represent a discontinuity in the current -volt- 
age characteristic, 

In Fig, 3 the gap current and voltage are plotted 
as functions of times The curves show that the discharge 
has a negative characteristic, that is the gap voltage in- 
creases with decrease of current. This characteristic is 
largely independent of the series resistance and therefore 
the initial peak current:, With the largest series resist- 
ances (22,000 and 50,000 ohms) the gap voltage appears to 
increase initially much more rapidly thin over the rest of 
the period. It may be th., this is due to experimental 
error. 
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With the exception of the first few microseconds 
of the discharge at heavier currents, the gap voltage fora 
given current is substantially the same for all values of 

resistance and for widely varying times from the initial 
sparkover (see Table 1). This means that once the gap 

conditions have stabilized, the gap voltage is a function 
only of the current and is not affected by the previous 
history of the discharge. This is shown in Fig. 4 in which 

all the points are plotted. It is seen that most of them 
fall on or near to the smooth continuous curve shown and that, 

with the exceptions alluded to above, the randgmmdispersion 
of the points from this curve can probably be accounted for 
by experimental error. 

The equation of this curve is - 

eG= 21+ 5117*. 4 (1) 

where eç, is the gap voltage in volts and i the current in 

amperes.. 

Table.i 

Variation of Gap Voltage with Current- 

Cur- 
rent 
in 
A 457 1,080 

Gap Voltage in Volts 

Series Resistance ..5L 

5,000 10,000 

4.5 
3.0 
2.0 
1.0 
0.8 

'0.6 
'0.4 
!0.3 

,0.2 
:0.15 

:0.1 
0.08 
'0;08 
0.04 

34 (7) 
35 (11) 
38 (16) 
52 (25) 
57 (29) 

63 (37) 

35 (0) 
37 (9) 
42 (16) 
48 (24) 
53 (32) 

58 (36) 
62 (41) 
66 (44) 
72 (48) 
76 (58) 

95 (54) 

45 (0) 

68 
70 
78 
97 

114 

131 
140 
151 
160 

(30) 
(75) 

(108) 
(140) 
(170) 

(225) 
(240) 
255) 
275) 

22,000 50,000 

68 (10) 
68 (70) 
78 (150) 
90 (200) 

116 (300) 
130 (350) 
147 (400) 
162 (460) 

ONO 

48 (0) 

100 (100) 
103 (180) 

116 (320) 
126 (400) 
140 (500) 
172 (700) 

120 (40) 

125 (300) 

143 (600) 

168 (1000) 

The figures in brackets are the times in microseconds 
for the current to reach the specified values. 
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The state of the electrode surfaces has no marked 
effect on the arc characteristic. This will be seen from 
Fig. 4 in which the circles represent tests with specially 
cleaned and polished electrodes, and the crosses those in 
which no such precautions had been taken. 

aI (3.1.3) Formative Periodo 

at, 

(40); 

300) 

300)! 

)00) 

As mentioned above, there is a short period at the 
commencement of high current discharges during which the volt- 
age across the gap exceeds that expected from the curve in 
Fig. 4. There are indications of this effect at initial 
currents of the order of 10 amperes but, as will be seen from 
Fig. 5 (a) and (b), the effect has become sufficiently pro- 
nounced at the higher currents to cause the discharge initially 
to have a positive characteristic over a period of the order 
of 3/.Lsec. For initial currents of the order of 40 to 100 
amperes, the increase in voltage initially required 'apparently 
lies between 12 and 16 volts, an increase of about 50% on the 
expected value. 

(3.1.4) Current at Extinction of the Discharge: 

It will be seen later that under certain 'conditions 
a sudden change in the nature of the discharge can occur. 
This has only been observed, however, when special precautions 
are taken to clean the electrode surfaces. Otherwise the 
discharge simply extinguishes at a certain critical current 
determined by the arc characteristic and the circuit resistance. 

During the discharge - 

e = ri + f (i) (2) 

where e is the voltage of the capacitor and f(i) is the gap 
voltage, assuming for the moment that the trigger gap Gl 
(Fig. 1) is short circuited during the discharge. 

The current i decreases with time and so does the 
capacitor voltage since the capacitor must continuously lose 
charge during the period in which current flows through the 
gap. Thus the condition for maintaining a discharge through 
the gap is that the right hand side of equation (2) must de- 
crease with decrease of i. In time o.t the current decreases 
by a i and the first term of ri+ f(i) decreases by r C i. 
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The second term increases by -f' (i) i since the gap voltage 
increases with decrease of current. Thus the condition for 
maintaining a discharge is that i or - 

r 3 -f' (i) .......................(3) 

At the critical current io 

-fl (i) = r .........(4) 

and the discharge can no longer be maintained. 

f (i) = 21 + 27/ -/i' and therefore equation (4) 

becomes - 

io : ......................(5) 

which gives the extinction current in terms of the series re- 

sistance. 

In the test circuit the effect of the trigger gap 
G1 has to be considered. Although it has a spark heating 
circuit formed by the 0.015!.:.F capacitor and the 50,000 ohm 
series resistor, the current from this is smaller than that 
flowing round the circuit formed by the capacitor Cl, the 
resistor r and the gap G2. Thus the voltage of G1 is deter- 
mined mainly by the current which passes through G2 at least 
for values of r1 up to 22,000 ohms. Therefore the circuit 
can be considered as comprising approximately two gaps in 
series each equal to G2. 

This means that equation (2) becomes - 

e = ri + 2f (i) 

and therefore equation (5) becomes - 

/729 (6) 
io = r2 

The extinction currents calcúlated from equation (6) 

are given in the third column of Table 2 and it is seen that 
the agreement between them and the observed. values is very good 
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Table 2 

Variation of Extinction Current with Series Resistance. 

Extinction Current in Amperes 
Series Resistance 

in ohms. Observed Values Calculated Values 

457 0.18 0.15 
1,080 0.098 0.086 
5,000 0.03 0.031 

10,000 0.016 0.019 
22,000 0.1 0.011 

After extinction of gap G9 a current is still main- 
tained in G1 because of the longer time constant of its spark 
heating circuit. Thus the capacitor C1 is still connected 
across gap G2 but the back voltage ri has disappeared which 
accounts for the sudden rise of voltage across G2 when the 
discharge ceases. 

(3.2) Transitions between Arc and Glow Discharges: 

(3.2.1) Arc to Glow Transition: 

As mentioned above an arc type discharge was always 
obtained throughout the whole period of current flow when no 
special precautions were taken to clean the electrode surfaces 
When such precautions were taken, however, transitions to the 
glow régime were obtained with series resistances greater than 
about 500 ohms. For values less than this the extinction 
current described in Section (3.1.4) was reached before the 
critical value at which glow to arc transition occurred. With 
very high series resistances, on the other hand, which limited 
the peak current to less than about 0.15 ampere, the glow régime 
alcne was obtained and again there were no transitions. Be- 
tween these two limits the discharge was initiated as an arc, 
but prior to extinction the transition to glow occurred. The 
currents at which this transition occurred varied considerably, 
reaching on occasion the surprisingly high value of about 
0,5 ampere. Examples of this transition are shown in the 
oscillograms (a), (b) and (c) of Fig. 6. (a) shows the sudden 
rise in voltage at the tram. ;ition point, (b) and (c) the corres- 
ponding change in current, the current scale being increased 
in (c)A 
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The glow discharge also possesses a negative 
characteristic, the voltage for the case in question (0.92 mm 
gap between steel electrodes) varying from about 500 volts for 

a current of 0.05 ampere, to about 320 volts at a current of 
0.5 ampere. 

(3.2.2) Glow to Arc Transition: 

With a unidirectional current transitionafrom the 
arc to the glow régime could alone be obtained. In an endeavour 

to obtain transitions from glow to arc with a rising current, 
the discharge was made oscillatory by the insertion of an in-, 

ductance of 6 mH. Oscillograms (d) and (e) of Fig.: 6 show 
the voltage and current respectively under these conditions. 
It will be seen that the two transitions occur near the zero 
passage. Immediately prior to the latter there is a momentary 
large increase in voltage denoting the transition to the glow 
regime. When the discharge current reverses there is an 
initial period of glow discharge before transition to arc 
occurs. 

From the asymmetry in (d) it is clear that the glow 
to arc transition occurred at a current which was considerably 
greater than that at which c,.rc to glow transition occurred. 
Similar results were obtained with copper and magnesium spheres, 
but so far as these particular transitions are concerned the 
purpose of the present report is merely to show that they have 
been obtained, and to suggest that the present is a convenient 
method of investigating them, in view of their theoretical and 
practical interest. 

(4) Conclusions: 

(4.1) The time for the voltage to fall from sparkover 
to arc value in a capacitance resistance discharge across a 
sphere gap of width 0.92 mm is less than 0.02 microsecond for 
currents up to 100 amperes. Similarly the time for the cur- 
rent rise from zero to the peak value given approximately by 
E/r is of the same order. 

(4.2) There is a formative period at the start of the 
arc discharge which, under the conditions of experiment, and 
with relatively large currents of 50 to 1,00 amperes, lasts 
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for about 3 pL secs. During this period the gap voltage falls 
from its initial high value to that given by the normal character- 
istic, the initial increase being as much as 50% at 100 amperes. 
For initial currents up to about 10 amperes the effect of this 
formative period is negligible. 

(4.3) Apart from this formative period the arc volt- 
age is a function of the current, and is not affected by the 
previous history of the discharge, that is, it is independent 
of the initial peak current and of the duration of the dis- 
charge. This voltage is given by - 

21 +27/ vri 

where i is the instantaneous value of the current. 

(4.4) For the unidirectional arc discharge in the gap 
investigated the discharge ceases at a critical current - 

3 182 

r2 

where r is the series resistance. 
'es, 

(4.5) In such short discharges the occurrence or not 
e of transitions between the ,Tlow and the arc régimes is de- 

pendent on the nature of the electrode surfaces. They occur 
only when these surfaces are cleaned and polished. 

io 
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FIG. 2. 05CILLOGRAMS OF GAP VOLTAGE & CURRENT 

(FIG.2) 
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FIG.6. OSCILLOGRAMS SNOWING ARC -GLOW AND GLOW -ARC TRANSITIONS. 
(FIG. 6), 


