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FOREWORD/

Or the many links between the generation of electrical energy
and its use by the community, none is of greater or more
growing importance than that which is concerned with the
means of its control in the form of switchgear and circuit-
breakers. The demands on this link have altered entirely in
magnitude and character with the advent of the interlinkage
of large power systems and the use of increasingly higher
voltages. In magnitude of operation this link may have to
deal with the continuous flow or the disruption of flow of
millions of kilowatts, and within a decade or so the problem
has changed from being one concerned with the mere mechanical
opening of a circuit to one in which the most scientific
study has been applied, with the corresponding evolution of
mechanisms that will operate with extreme rapidity, precision
and reliability, commensurate with the contingent liabilities
that failure of operation of large modern power systems
involves.

In this evolution, increase in scientific knowledge arising
from an understanding of the ionization of gases and the
development of modern methods of measuring electrical
quantities of a rapidly fluctuating character, have been factors
of major importance. Notable in the latter respect is the
employment of the cathode ray oscillograph, which has been
brought to such a marvellous state of development.

Coupled with a knowledge of the most modern developments
in electro-physics, the modern switchgear and circuit-breaker
designer needs a very wide range of mechanical engineering
knowledge and experience, as he has to evolve mechanisms
which will operate with great speed, accompanied by conditions

v
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vi FOREWORD

involving considerable pressures and the possibilities of the
development of very great forces.

This book embodies in a marked degree these wide and
varied conditions as revealed by the knowledge of designers,
who have had life-long experience in this field of engineering
under conditions where the most modern scientific research,
the most up-to-date full power testing facilities, and access to
the widest range of operating experience are encountered.
Within the compass of one volume the Authors have achieved
a very notable contribution to the literature of the subject.

A. P. M. FLEMING.



PREFACE

Tuis work is a collection of data and technical information
acquired by the authors during many years active experience
in the design of High Voltage Switchgear.

There are books already published on Switchgear which
deal in part with High Voltage Gear, but this book purports
to deal solely with this important branch of Electrical Engin-
eering.

The authors are indebted to many people and firms for help
they have received in the preparation of this volume. Their
particular thanks are due to—

Mr. J. S. Peck and Mr. A. P. M. Fleming for their encourage-
ment and also for permission to publish certain technical data.

Mr. W. A. Coates for his help in reading over the MSS. and
for his constructive criticism.

Dr. Allibone, who advised and helped with the chapters on
Arc Phenomena and Impulse Technique.

Mr. T. W. Ross for his assistance in the section on protective
gear.

Mr. D. R. Davies for his advice on Metal Clad Switchgear.

Mr. B. L. Goodlet and Mr. C. Dannatt for their help.

Mr. P. Cooper for his information on porcelain manufacture.

The staff of the High Voltage Switchgear Section at Metro-
politan-Vickers Electrical Co., Ltd., for many services.

The Metropolitan-Vickers Electrical Co., Ltd., for permission
to publish the work, and for many facilities they have offered
to this end.

The following firms who have supplied photographs, draw-
ings, and data of their apparatus and have consented to their
publication—
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The British Thomson-Houston Co., Ltd., Ferguson Pailin,
Ltd., A. Reyrolle & Co., Ltd., Taylor Tunnicliff & Co., Ltd.,
AE.G. Co.

We have drawn lavishly from the works of many eminent
people in the electrical field, and, whilst we have acknowledged
these gentlemen in the bibliography at the end of each chapter,
we gladly add to that our thanks.

R.W.T.
W.H.T.
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OUTDOOR HIGH
VOLTAGE SWITCHGEAR

CHAPTER 1
INTRODUCTION

Tae term “high voltage” used in the title of this book is
intended to refer to apparatus for 33 kV. and upwards. The
term ‘‘extra high voltage™ has been avoided because present
convention applies this title to voltages of 3 000 and above.
The obvious inadequacy of this has influenced the authors to
abandon the adjective "‘extra.”

The transfer of electrical power by means of high voltage
outdoor transmission is not new. Schemes for this purpose
have been operating for many years in a satisfactory manner
in all parts of the world. Outdoor switchgear for the control
of the lines and transformers for such schemes has been
installed and operated under climatic conditions between the
abnormal cold of Russia and the humid heat of India.

The first few such schemes to be put into practical use were
designed and installed in America. This is perhaps under-
standable, as the geography of that country gives rise to the
necessity for a scheme that will transmit electrical power over
long distances. The British Grid has demonstrated that high
voltage transmission can be applied with advantage in a com-
paratively small country for the interlinking of generating and
distribution stations.

A similar example, carlier than the British Grid, is that
of New Zealand.

The use of outdoor high voltage transmission in Great
Britain is new, but the same cannot be said of the products
of British manufacturers of high voltage switchgear. At least
two firms in England have been making this class of apparatus,
for use abroad, since 1921.

Although this book is based on British practice, data on
American and European designs have been included.

2—(T.8771) 1



2 OUTDOOR HIGH VOLTAGE SWITCHGEAR

In all branches of engineering, technical and practical in-
formation is necessary before a useful knowledge of the subject
can be obtained, and in the chapters that follow an endeavour
has been made to set out the technical and practical information
in what is believed to be the most useful manner. There are
instances where the treatment is to some extent applicable
to low voltage as well as to high voltage. Two examples of
this are the chapters on ‘‘Electrical Porcelain and its Manu-
facture” and ‘‘Arc Interruption Phenomena.”

Information appertaining to low voltage switchgear has,
however, been kept to a minimum.

The complete equipment of a high voltage switching station
includes a varied collection of apparatus which requires
specialized knowledge for its design and arrangement. The
reader is first introduced to the general diagrams of schemes
that may be used for a switching station, the choice of suitable
sites, and the lay-outs of stations themselves.

Having dealt with what may be termed the general engineer-
ing portion of the subject, chapters on detail subjects follow.

Because high voltage practice is mainly a question of insu-
lation, and because porcelain is the principal solid insulating
material used, the manufacture of this important material is
dealt with in the first chapter on apparatus.

Porcelain has been used for low voltage switchgear insulators
for many years. The comparative smallness of such insulators
has enabled large safety factors to be obtained at low cost.
The design and manufacture of high voltage porcelain is,
however, exacting, and the skill of the potter is in this case
more severely taxed than in any other field of electrical
porcelain manufacture.

Some of the porcelains used in high voltage work are larger
than anything that has been previously made in this medium.

In order to keep the costs within reason it is necessary to
design to a known safety factor and so to proportion the insu-
lators that the maximum use is made of the material included
in their make up.

The type of insulator used on transmission lines has been
fully treated elsewhere, and is therefore considered only in
brief in this book. Its use in outdoor stations is to support
bus-bars and long connections.

Chapter IV deals mainly with pedestal insulators for use with
switchgear ; many of the principles explained, however, apply



INTRODUCTION 3

to transmission line insulators. The designer’s chief problem
is common to all outdoor insulators, i.e. the prevention of
arc-over caused by the accumulation of dirt and moisture upon
the porcelain surfaces.

The complete solution of this problem has not as yet been
reached, and insulators having arc-over values many times the
working voltage on which they are used is common practice.
Much can, however, be done by the application of correct
methods in design. The present situation has been summarized
by Prot. W. M. Thornton, who made the following statement
in his presidential address before the I.E.E.

“It is not too much to say that it a robust insulating,
weather resisting covering material should ever be dis-
covered on which moisture films could not form or be
maintained so that surface flash-over could not occur,
high-tension insulator design would be entirely changed.
Meanwhile the world cost of guarding against flash-over and
of maintaining the insulation of overhead lines must be
reckoned in millions of pounds a year.”

Air-break switches and isolating switches provide the prin-
cipal mechanical problems in connection with pedestal insu-
lators. Both these types of switches are similar in appearance
and are therefore liable to be confused. They perform duties
which differ widely in character. The simple and somewhat
infrequent service rendered by Dboth types is apt to deprive
them of the carcful consideration they deserve. Their service
and detail design are dealt with in Chapter V.

Among the various pieces of apparatus necessary to complete
a switching station the circuit-breaker is undoubtedly the
most important.

Although the actual constructional design of a circuit-
breaker involves mechanical knowledge, the main problems are
electrical. In order to appreciate fully these electrical require-
ments, a knowledge of arc phenomena and the conditions pre-
vailing during eclectrical short circuit are necessary. These
matters are dealt with at some length in the chapters preceding
those on circuit-breaker design.

Whereas lightning protective apparatus is used for the
purpose of protecting the system from the abnormal voltages
induced by storms, relay protective gear ensures the isolation
of faulty apparatus or defective transmission lines.

As it is essential that all healthy parts of the system should
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be left in circuit during such operations, correct discrimination
by the tripping relays is necessary. High voltage networks
present new problems in this connection due to the long lengths
of transmission lines used, and the frequent interconnection of
power stations. Several protective systems designed for such
service have been developed and a number of the more import-
ant arrangements are described and illustrated. No attempt
has been made to include every known system of protection.

There is a distinct tendency both in America and Europe to
depart from the conventional type of oil circuit-breaker. The
new designs so far developed can claim reductions in operating
time and either a saving in the quantity of oil contained, or
its complete elimination.

Three different types of such circuit-breakers are described
in the closing chapter, together with notes dealing with the
possible future trend in high voltage switchgear practice.

BisBLioGraPHY
Prof. W. M. Thornton, J.[.K.E., Jan., 1935.



CHAPTER 11
DIAGRAMS OF SCHEMES AND STATION LAY-OUTS

TaE following symbols are used in the diagrams and drawings
illustrating this chapter.
0.C.B.  0Oil circuit-breaker.
1.8, — Isolating switch.
T = Transformer.
B.IB3. - Bus-bars.

S.T. - Strain insulator unit.
I’.1. - Post insulator unit.
A.B.S. - Air-break switch.
1= Alternator,

I Fuse.

High voltages are used only when a transfer of power is to
be made that would be either impossible or uneconomical at
generating voltage. Such conditions are usually created by
one or more of the following requirements—

(@) An abundant supply of potential power such as water,
coal, or even peat may be available at a location which is many
miles from a district or districts where it can be usefully
employed. In such a case a generating station is built at the
source of power and the transfer made via high tension trans-
mission lines.

(b) A power station having a local supply to maintain may
increase its load by installing high voltage feeders to one or
more outlying districts.

(¢) The interconnection of a number of large generating
stations situated at varying distances from each other. Such
a scheme enables the most efficient stations to run at an
improved load factor, the less efficient plant being used only
during heavy load periods. The number of stand-by generating
sets can be reduced. and an additional insurance against failure
of supply obtained. The British Girid can be cited as an example
of such a scheme.

The station diagram chosen will depend on which of the
above requirements have to be met. It will be further influ-
enced by the capital expenditure permissible, the degree of
flexibility required, and the importance placed on maintenance
of supply.

b
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Most of the arrangements used on lower voltage schemes
are utilized ; ring mains, single, duplicate and radiating feeders,
single and double bus-bars, ete., all have their place. The
application of such circuits is generally known. There are,
however, occasions when circumstances make possible certain
economical arrangements that are peculiar to high voltage
distribution. Several schemes of this type will be dealt with
and compared with the more conventional methods.

The requirements outlined under (¢) will mean that the
whole of the power generated, except for a station auxiliary

3 4 4 $
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é é B .C 8. 0.C.8. 0.C.8. 0.C.6
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Fie. 1 Fi. 2 Fic. 3
DIAGRAM OF SWITCH- DIAGRAM OF SWITCH- CONVENTIONAL DIAGRAM
ING STATION, SHOW - ING STATION, SHOWING ror CoNNEcTING Two
iN¢ Low TeNsION HicH TENSION TRANS- TRANSFORMERS AND Two
TRANSFER [SOLATORS FER [SOLATORS FEEDERS

supply, will be transmitted at high tension. In such cases
saving can be made by switching each alternator and its step-up
transformer as a unit. Synchronizing is carried out by the
transmission voltage oil circuit-breaker, thereby dispensing
with generator voltage breakers. In large power stations, this
saving is considerable, as heavy current large breaking capacity
breakers with their complementary equipment are expensive
items. The interconnection of the various alternators with any
one of the transformers can be accomplished by a series of
isolating switches and a stub bus-bar. (Fig. 1.)

A somewhat similar scheme may be used for switching a
transformer and an outgoing feeder as a unit, thus halving the
number of breakers required. Interlinking by isolators and
bus-bars is again possible. (Fig. 2.) Such an arrangement
may be used for the requirements specified under (b). The
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application is, however, limited, as in many cases transformers
are installed of such a capacity that they supply more than one
feeder. The cost of installing smaller capacity transformers
for each feeder in such cases might be higher than the saving
in switchgear.

The capital saved in both the cases described above is offset
to some extent by the longer time required for change-over
switching during trouble periods. Further, a fault on either
of the two items switched as a unit means the disconnection of
both. In the case of Fig. 1 the probability of fault in either
alternator or transformer is approximately equal, but under

! !

.S. .S.
0.C.8. 0.C.8. z 0.C.8.
LS D Is. IS D Is. LS D LS.
LS. LS.

wfj.g.\c ¢’ Mﬁ.s.
7 7

Fi¢. 4. AN EcoNomicAnL AvTeErNATIVE To Fre, 3, Using
THrREE BREAKERS

the conditions illustrated in Fig. 2 about 90 per cent of the
service interruptions will be caused by line troubles.

When circumstances as described in (¢) prevail, some form
of ring main is usually adopted. A minimum of two trans-
formers at each point is necessary if continuity of supply is
essential. The conventional diagram for two transformers and
two feeders is shown in Fig. 3. Four or even five breakers and
six to eight three-phase isolators are utilized. Fig. 4 illustrates
an economical alternative in which three breakers and twelve
isolators are necessary. This scheme, which was first introduced
by Mr. J. R. Beard, has been extensively used in the British
Grid. Special protective gear arrangements are necessary.
which are dealt with in Chapter XIV. The normal operating
condition of this station is with all breakers and isolating
switches closed, except isolators C.

In certain cases, the small load demand at a particular
substation in a ring may make a three-breaker arrangement
uneconomical. In such cases a compromise can be made by
using one breaker situated between the transformer tapping
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points, and connected direct in the ring, using air break switches
and fuses for transformer control. (Kig. 5.) Such an arrange-
ment has been used with advantage at 33 kV. The protective
gear, described more fully in Chapter XIV, functions in such
a manner that the oil circuit-breaker
is tripped by a fault on either feeder,
and at the same time opens the breaker
- controlling the low tension side of the
transformer connected to the faulty
feeder. Thus the trouble is isolated
and service maintained through the
remaining portion of the ring and the
Fie. 5. AN Ecoxomical  remaining transformer.
ALTERNATIVE TO Fria. 3, = ' .

UsinG Ox1: BREAKRR I'he conventional arrangement
adopted for the larger types of station

which control a number of feeders and transformers is the
double-bus scheme =hown in Fig. 6. An alternative to this
arrangement is shown in Fig. 7. This latter scheme, known as
the mesh type is a development of the three-breaker station,
Fig. 4. On comparing these two diagrams it will be seen that,

1.S. 1{ |0_C,8 /I.S. 7.
0.C8 N 0CB
L5 15 0L8 15| E]
9 wo e wo oniins B Ingiey w ony o g 0
1s] J1s] °/1s) /LS. 15/ /1] 71s] /LS.

.C.8.

ca[ Yocs[ Joca cs[ Joca
{1.5. {IS {1.5. {1.5.
T T

Fra. 6. CONVENTIONAL DIAGRAM FOR A DoOUBLE Bus-Banr
SWITCHING STATION

provided a suitable physical lay-out has been adopted, a three-
breaker station may be extended to a mesh arrangement.

The principal difference between the double-bus and mesh
type stations is that the mesh arrangement connects all circuit-
breakers together in a complete ring, the feeders and trans-
formers being tapped off between the breakers. The normal
running arrangement is with all breakers and isolators in the
ring closed. Circuits out of commission are isolated by their
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respective isolating switches. Kach circuit is fed by two

breakers, and maintenance work may be carried out on either
of these breakers without closing down the circuit or sacrificing

t‘r's'oca 0.C.8 ir Ls‘ocs ifl's'o 8 0cB ¢
z.s.D 15 zs.‘ﬁ s I.S.DI.S. 75, [-Q-‘ 7s. "}.'57'4--}7'5“.’4?
0.CB.
I 7

5. D LS. ]
iI.s. fI.S.
T T
Fra. 7. AN EcosNonmican Avrsryative o Fra. 6

its automatic protective features. The protective gear and its
connections are so arranged to ensure correct operation for
feeder or transformer. In the normal double bus-bar case, main-
tenance work on a breaker _
makes it necessary to close

down the particular circuit it 5] ‘ILs
controls. This condition can Yo Is. 1

be avoided in two different

ways. The first scheme is to |_j0C8. | [0.C.8. 0C8. J1S.
provide double breakers for Is Is "

each circuit, Fig. 8. a modifi- - - {-———
cation that increases con- '

siderably the capital cost. ‘

The second arrangement, Fio. 8 Fia. 9

Fig. 9, adds a by-pass isolator ) acnam  or Diicran  oF
which transfers the circuit to Dovsie Bruaker  By-rass IsoLAToR
the musiliary bus-bam. the AAALGETERT o, P
latter hemg conneeted to the BARS MAINTENANCE
main bus-bars via an auto-
matic bus-bar coupling breaker, thereby preserving the auto-
matic protection of the circuit.

Double-bus schemes in any case must of necessity include
a bus-bar coupling breaker to enable the bars to be synchronized.
In many cases bus-bar scctionalizing breakers in one or both
of the bus-bars are included to further aid flexibility. No such
additions are necessary with the mesh scheme. Sectionalizing
for line charging, fault location or pressure testing is possible
with both schemes. In the double bus-bar case, a section of
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bus-bar is isolated from the main bars and the feeder in ques-
tion, together with the necessary transformer connected
thereto. In the mesh arrangement, the feeder is connected
to its adjacent transformer, the ring being broken either side
by isolating switches, the remaining transformer or trans-
formers feeding the remainder of the ring. This scheme is only
possible when either one or two feeders are installed for each

B.8.
& ﬂ.__p_]¥ [ S.I
1. 1. JIFer

t0.C.8.

Fra. 10, Two ARRANGEMENTS SHOWING THE SIMILARITY
BETWEEN INDOOR AND OuTboor Lav-ours

transformer circuit, as adjacent circuits only can be joined
together. It is, of course, possible to interconnect any two
circuits provided all intermediate circuits have been isolated.
In most instances, such a course is impossible. The double
bus-bar makes possible the connecting together of any two or
more circuits. Thus any one transformer may be connected
to any feeder, irrespective of its physical position.
.

STATION LAY-0oUTS

Outdoor Mounting. The designing of high voltage switchgear
for outdoor mounting was the logical solution of an economic
problem. The large clearances required between phases and
to earth, together with the overall size of the apparatus iteelf,
made enclosing buildings an expensive item, particularly at
voltages above 66 kV.



DIAGRAMS OF SCHEMES 11

Séction Z‘Zr. )

_ Lz o {
L)
_‘ IS. « IS I8.
} 0C8. I 0cs8

Fra. 11. SINGLE BUS-BAR ARRANGEMENT WITH POLE-OPERATED
IsorATING SWITCHES

Two circuits per bay. Suitable for use up to 66 kV. Girder structure.
High type.
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Fra. 12, A SiMILAR ARRANGEMENT 70 Fid. 11, BUT ARRANGED
wriTH DoUBLE BuUS-BARS
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Investigation proved that only a small percentage of this
cost was necessary to make the apparatus suitable for outdoor
mounting. Indoor mounting is still resorted to in special cir-
cumstances. Such cases will be dealt with later.

“High” Type Stations. Until recent years, practically all

G g LIS
N
T s. 9 18 LS.
"
0.C.B 0.C.8.

Fra. 13. SINGLE BUs-BAR ARRANGEMENT WITH (JANG-OPERATED
ISOLATING SWITCHES

Two circuits per bay. Suitable for voltages of 88 kV. and above, Lattice
structure. High type.

outdoor stations were constructed on the same general lines.
A skeleton steel frame structure was utilized to support the
isolating switches, connections, and bus-bar supporting insu-
lators. (Figs. 11 to 15.) This type of arrangement follows
closely the lay-out that would be used indoors, as the structure
is virtually a skeleton building. (See Fig. 10.) This construc-
tion, known generally as the ‘‘High” type, is still extensively
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used, particularly where floor space is limited and when ground
is expensive.
The station arrangements possible are legion: illustrations

S.rlU<L.S.
LS T T o7 T % T L
ABS. T\B-R
P — T S.L PI. \ [/ﬂe
NI\ & L
1.S: 8.1
b LS.
T \ S.I.
_Jo.c.a
1] .
Section AA.
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LS. } \

Fie. 14, DouBLE Bus-BaAk ARRANGEMENT WITH (JANG-OPERATED
ISOLATORS AND AIR-BREAK BY-PASS SWITCHES FOR THE
CIRCUIT-BREAKERS
‘T'wo circuits per bay. Suitable for voltages of 88 kKV. and above. Lattice
structure. High type.

~.

are therefore given of key arrangements which may be used
in building up complete schemes.

“Low ” Type Stations. During the last few years a new
principle has been employed in lay-out design.

It was in all probability due to attempts to incorporate
two desirable features; firstly, to provide an arrangement in
which non-rusting, i.e. ferro-concrete, structures could be
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utilized in an economical manner, and secondly, to make the
maintenance of isolators and insulators safer and easier. The

B.
&

IS 1S
No—T—\ Line
IS. |
M L 3T
L~
0.C.B. 3

Fia. 15. DovsBLE Bus -BAR ARRANGEMENT WITH (FANG-OPERATED
[SOLATING SWITCHES

Une circuit per bay. The alternative connections for the transformer
or transmission lines are shown. Lattice structure, High type. This
arrangement is used extensively on the 132 kV. British Grid.

principle, briefly, is to mount all apparatus as near to ground
level as regulations and safety permit.

Such stations are known as the ‘“Low” type and have the
following additional advantages: isolating switch drives are
simplified ; a general inspection can be made from ground level ;
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the scheme of connections is easier to follow, and the complete
cost is usually lower than the high type. The steel structure
used in the high station is replaced by a number of isolated
trestles and pedestals which often carry but a single piece of
apparatus. In such cases, a workman cannot walk from a dead

'\)&
B.B. S
il K
i Ig LS. LS.

r ’y?
Z\L H 0.C8.

X’)

T ]
15 « LS. LS.
% é—D—Q/o—l——o\_D-—-—/o——» Line

0.C8. 0.C8.

T1G. 16. SINGLE BUS-BAR ARRANGEMENT WITH (1ANG-OPERATED
TSOLATORS

Two circuits per bay. Suitable for any voltage. Steel pedestals shown,
Low type.

to a live section. Where a low lay-out is required for accessi-
bility, and concrete cannot be used for the pedestals owing to
transport or manufacturing difficulties, steel can, of course,
take its place. The ground space occupicd is larger and site
costs will in some cases absorb the price advantage. Drawing
office time is reduced due to the simple structures, which in
many instances are duplicates of each other.

A comparison of the costs and apparatus necessary for both
high and low stations of the three-breaker, double-bus, and
mesh type stations is given in Table I, page 17. Figs. 16 to 20
show a number of key arrangements.



,.:...t: PO S Tws wevy wmuyo wan saujuusy auy
s[e3sapad 23310u00 pue SuordovUUoY 1adwinf 10§ s19:40) 19938 "a3ejjoa Aue 10§ dqeyng “Leq 1ad 3moaro ELi g
WﬁOHtﬂOmH QﬂB4GNmO.UZ<U Qmﬁzdcuﬂ.uamnﬂ.ﬁtﬁ N.Hukr HZH:NOZQ&N«« im.mbm EQDOAH .h.m ..n.:'m..

L

g0




DIAGRAMS OF SCHEMES 17
- NATIONAL SPECIFICATTIONS DEALING WITH QUTDOOR
STATIONS

Most National Specifications include some reference to out-
door switchgear. The types of regulations laid down, however,

if ;
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. 18, AN ALTERNATIVE ARRANGEMENT TO Fia. 17 wiTH PARALLEL
MouNTING FOR IsOoLaTORS
Note double isolator for bus-bars,

vary considerably. As examples, the British and American
Specifications can be cited.
The American N.K.M.A. Switchgear Standards Publication
No. 31-—10. May, 1931, establishes the following in some detail—
A standard form of tender to be used by switchgear suppliers.
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TABLE I*

':{'bw'mh : Controlling
2 Feeders 4 Foed d
and : 00! (;rs an
2 Transformors 2 Transformers
Double
Bus-bar
High Low Standard Mesh
High | Low
Approx. cost of switchgear, with
foundations, ferro-concrete,
and/or steel structures . L1€17 500 |£16 000 |£34 500 |£30 000 |£27 000
Area of site, sq. yd. . . . 1200 2 800 4000| 6500 5 400
No. of oil circuit-breakers . . 3 3 7 7 6
No. of isolators . . . A 10 10 22 28 22
No. of post insulators . . . 6 18 42 42 20
No. of suspension insulators. . - 24 — —_
No. of strain insulators . . 20 - 12 78 36
Length of rigid conductors, yd. . 120 2000 - 300 200
Length of flexible conductors, yd..: 12 — 1300 1200 1 000

A steelwork specification, current ratings of bare conductors,
and phase spacing for isolators, horn switches and bus-bars.
These dimensions are given as phase centres, not clearances: a
rather uncertain method, as phase clearances will vary with the
dimensions of the apparatus.

Safety standards are recommended for all types of switch-
gear, although these regulations are not legally compulsory,
and the table of clearances from ground to live metal designated
as “Isolation by Elevation” may bhe ignored and the table
issued in the ‘“National Electrical Safety Code” used in its
stead. This latter publication is No. 3 of the Handbook series
of the Bureau of Standards published by the United States
Government Printing Office, Washington.

The publication is a comprehensive volume covering many
sides of electrical engineering, and in addition to safety recom-
mendations provides information tables on practical subjects
such as transmission line tensions, sags, depreciation of wood
poles, etc.

Rule 114 covers the guarding of live parts, and as no par-
ticular mention is made to outdoor application, it can be
assumed that the clearances given apply.

* “The British Grid System,” W. A. Coates. Paper read before the Belfast
Association of Engineers.
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Section on AA.

Fre. 20. A “THREE CIRCUIT-BREAKER' TYPE OF STATION (Fia. 4)
BUT OF THE NON-EXTENSIBLE TYPE
As used on the British Grid.

Three different sets of dimensions are specified ; the minimum
vertical clearance of unguarded parts, the minimum horizontal
clearance of unguarded parts, and the minimum clearance from
guards to live parts. The vertical clearances are of the same
order as in B.S.S. No. 162; for instance the American clearance
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F1o. 19. THE “THREE CIRCUIT-BREAKER

(T5770)
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for 11 kV.is 9 ft., whilst the British clearance is 8 {t. 6 in.; for
132 kV. the American Specification gives 12 ft. 21in., and the
British gives 11 ft. 3in. The horizontal clearances, however,
vary between one-half and one-third of the vertical clearances.
The 11 kV. horizontal clearance is given as 3 ft. 6 in. and the
132 kV. clearance as 6 ft. 8in. B.S.S. No. 162 makes no
difference between horizontal and vertical safety clearances.
The Clearance to Guards table is issued as a guide to workmen
employed in installing guards for temporary work.

British Regulations as set forth in B.S.S. No. 162—1934
establish two important standards; the minimum electrical
clearances (B.S.S. No. 162, Table 111) that may be considered
electrically safe, and definite regulations and clearances to ensure
the safety of operating and maintenance engineers (B.S.S. No.
162, Table 1V). These tables of clearances and some of the
explanatory data connected with them are reproduced on
pages 35 to 41. Outdoor bus-bar clearances from B.S.S. No.
159 are given on page 21.

B.S.S. No. 162, Appendices 1II and IV, explains in some
detail various schemes for dealing with the safety clauses in
the specification. This information has a direct bearing on
station lay-out, and is therefore reprinted in full as an appendix
to this chapter. The reader is recommended to read this
appendix before proceeding further.

The increase in cost to comply with the safety regulations
is not as formidable as would at first appear. The old method
of designing a station to give electrical clearances only is
still permitted. The dimensions given in Table 111 of B.S.S.
No. 162—1934 must, however, be observed for clearances
from ground to live metal, and the whole station be shut down
when work, involving men leaving ground level, is required.

In cases where atmospheric conditions are such that insu-
lator cleaning is seldom, if ever, necessary, it is considered
reasonable to assume that maintenance work aloft will not
exceed one overhaul per year. In many instances this time
interval will be exceeded.

The inspection and adjustment of oil circuit-breaker and
isolating switch operating mechanisms can be added to the
list of maintenance work given in B.S.S. No. 162 as possible
from ground level.

When a complete shut down is impossible, sectionalization
is essential. Where sufficient ground space is available, the
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OpreN Bus-Bars. OuTrpoor Type*

The elearance distances specified in this table apply to rigid bus-bars only.
When the suspension permits of swinging, these clearance distances must be
maintained for the maximum amplitude of swing.

TABLE IX

Rated Voltage Minimum Clear- Minimum Clear-
between Phases ance to Earth ance between
or Poles in Air | Phases in Air
kV. Inches Inches
66 6 8
11 7 11
22 9 17
33 13 23
44 16 28
55 20 34
66 23 41
88 30 52
110 37 64
132 44 76
165 Hd 94
220 72 125

* Abstracted by permission from British Standard Specifications No. 159
—1932 (Table IX). This publication can be obtained from the British
Standards Institution, 28 Victoria Street. London, S.W.1, price 2s. 2d.,
post free.
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spacing method is preferable, as large permanent screens are
often difficult to instal and are usually unsightly.

It is seldom necessary to treat each circuit as a section, and
most cases are met by dividing the station into two parts.
Such a division is helped by spacing the oil circuit-breakers
at the section clearance from the line side of their isolators,
thus allowing complete access to this important piece of

Fia. 21. SiNGLE LINE TERMINATING AT A TRANSFORMER

apparatus, with the remainder of the station alive. This
scheme is particularly useful for breakers having floor-mounted
tanks to which access is obtained by a manhole in the top.
Figs. 16 and 19 illustrate this point.

High stations must be provided with suitable ladders to
obtain access to all parts, and hurdles must be placed on hori-
zontal girders between sections to prevent workmen crossing
from a dead to a live section.

The Choice of a Suitable Site for an QOutdoor Station. In
most cases a number of alternative sites are available for any
one station; the general requirements are therefore worth
recording.

Among the most difficult situations are those met with in
congested areas. The actual choice of the site in this case is
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usually simplified by the fact that there are few alternatives.
Space is, as a rule, the main difficulty, and considerable ingenu-
ity is sometimes required to accommodate all the apparatus.
An example is shown in Fig. 23.

When several sites are available, each should be investigated
thoroughly, and the various points for and against tabulated
in order to arrive at an accurate comparison. The type of

A.B.S. AB.S. é

ABS. AB.S.
X o

Fia. 22. Sineui Tek oFF FROM A LINE TO A TRANSFORMER

station desired, viz. high or low, is first decided. and a rough
lay-out made in order to establish the area required. This
drawing should include the space necessary for future exten-
sions. The proposed approach of the transmission lines should
be plotted for each site, as this information may influence the
station lay-out.

The character of the ground itself comes next in importance,
in order that an approximate estimate of foundations can be
made. One site may have a rock bed just below the surface,
whilst another may be swampy. The latter kind would make
pile driving or even a complete concrete raft necessary. The
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levelling of ground may be expensive, and when surplus earth
requires to be removed from the site, the cost of transport and
dumping should be included.

These civil engineering investigations must also include a
survey of a suitable approach road to the station. The trans-
formers are usually the largest and heaviest load. In one case
known to the authors the approach roadway, which passed
under a railway bridge, had to be excavated at this point to
allow the transformer to pass.

Finally, purchasing prices and any legal obligations should
be recorded.

From such data, the choice of the most suitable site will
present little difficulty.

[t may be that the site has necessarily to be at some con-
siderable altitude, and whilst in this case the same attention to
the points given above apply, there is, in addition, the question
of the reduced spark-over value of the insulators at this alti-
tude. Curves are given in B.S.S. No. 223—1931 for altitude
corrections to spark over values for certain temperatures. In
order to enable the reader to calculate the effect of altitude on
spark-over for any case, the following deduction is given—

The relative spark-over voltage at any altitude may be
determined from the standard equation for relative air density

0 == 0-392b/(273 - 1) . . . . . - ()

In this equation, b is the barometric pressure, which varies with
altitude in accordance with the equation

H = 15385t 81— (bfb)*}* . . . . (@)

where I is height in metres, ¢ temperature at ground level in
degrees C., b, barometric pressure at ground level, and b
barometric pressure at height H. In Fig. 24 a curve is given for
variation of barometric pressure w ith height. The variation of
temperature ¢ with altitude is given in curve Fig. 25.

As an example, suppose it is required to know the spark-over
voltage at an altitude of 1 500 m. of an insulator that at normal
temperature and pressure has a spark-over value of 120 kV.
From the curve in Fig. 24 it is found that the barometer read-
ing for 1500 m. is 632 mm., and from the curve Fig. 25 the

* Q@lazebrook’s Dictionary of Applied Physics, Vol. 111.
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Fra. 26. TyricAL JoINT CoNSTRUCTION UsED oN GIRDER
Hicu Tyrr STRUCTURES

temperature at this altitude is about 20°. Substituting these
values in equation 1, the correction factor is

0-392 x 632 250
273 1 20 203
whence spark-over voltage == 120 X 0-85 = 102 kV.

STEEL STRUCTURES

When the total height of a structure does not exceed 30 ft.
and the longest span 18-20 ft., simple joist and channel
construction is the most satisfactory and economical. Most
high type stations up to 66 kV. are constructed in this manner.
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Fig. 26 shows a few typical details. High stations similar to
Figs. 14 and 15 may have a tower height up to 60 ft., with

girder spans of 50 ft.

= In such cases a fabri-

cated lattice arrange-

ment is employed.
Early type up-

rights or towers were

constructed in a
similar manner to
transmission line
towers with a wide
base tapering up-
wards to the dimen-
sions decided for the

: horizontal girders.
: This design, while
technically sound, is
more expensive than

, the modern parallel

go o

o= o

FT——  gsided tower. This

Fia. 27 latter type is built
TyrrcaL Larrice yp on standard units,
CoxsTRUCTION USED and  drawing  office
STRUCTURES and template-making
time is thereby con-

siderably reduced. Usually one station
only is manufactured to one set of draw-
ings, and these charges form a big

~ percentage of the complete cost.

An incidental advantage of the
parallel sided tower is that the accom-
modation of isolating switch drives is
simplified.

It is not proposed to enter into
mechanical design. There are, how-
ever, several constructional details
given in Fig. 27.

In order to ensure a satistactory struc-
ture, the engineer responsible for the
general design should supply the steel-
work draughtsman with complete
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loading data. Some of the information is peculiar to outdoor
switchgear, and a summary is given.

1. Tension Loading. In most high stations, the transmission
lines, which may approach from varying directions and have
different tensions, are terminated on the structure. Similar
loading may also be imposed by strained bus-bars or connections
within the station itself. Accurate angles and tensions are
necessary as the stresses imposcd will affect the construction.
1t is usual to specify that permanent distortion of the structure
shall not occur should any one of a three-phase set of strained
leads break.

2. Dead Weight Loading. The weight of the apparatus to be
mounted is the principal item under this heading. Outline
drawings of each piece, giving particulars of weight distribu-
tion in cases of unbalanced loads, should be supplied. Where
accurate snow and ice loading is known, it should be given as
x lb. per sq. ft. on all horizontal surfaces. A safe value for
England may be taken as 5 Ib. per sq. ft.

3. Windage. Apart from the maximum velocity or wind
pressure, it is desirable to give the particulars of any shielding
that may be afforded, such as a power station building or hill.
It is preferable to specify windage in pounds per square foot,
and in the absence of definite information, the jo]lowmg
loadings can be taken to cover all normal cases—

On Latmice ConLumNs AND (IrDERS: 25 1b. per sq. ft. on
1} times the projected area.

O~ orHER Frar Surrvacks: 251b. per sq. ft. on the pro-
jected area.

ON CYLINDRICAL AND RouND Surraces: 181b. per sq. ft.
on the projected area.

Opinions differ on the relationship between velocity and
pressure. KFurther, the pressure varies with the height above
ground and barometric pressure. It should also be noted that
tndicated and actual pressures vary. Therefore, in all cal-
culations on stresses from wind pressure. carc must be taken
that actual wind velocity is known apart from indicated
wind velocity. There are various methods by which wind
velocity is measured, but none gives actual results. Experi-
ments have heen carried out at the National Physical Labora-
tory which show that by comparing the cup anemometer
method side by side with the pressure tube anemometer, the
ratio of the speed of the wind to the speed of the cups, usually



30 OUTDOOR HIGH VOLTAGE SWITCHGEAR

known as the factor of the anemometer, is not constant. This
ratio is found to vary with the actual wind velocity, being
greater at low than at high velocity. The variation is not due
to friction in the instrument, but rather to inconstancy of
the inertia of the cups at different wind speeds. The value
of the factor for the cup anemometer is now taken as 2-2,
and is found to be correct for an actual wind velocity of
about 22 miles per hour. For stronger winds the factor
exaggerates the true speed, while for lighter winds it under-
states it.

It is perhaps better practice to design for indicated velocities,
since the anemometers used give an indicated velocity, which
is an average over several minutes. Therefore sudden gusts
during that period may not be far different in actual value from
the indicated velocity given for the average value. By this
practice the worst condition is provided for.

As an example, the figures given above may be taken as

being approximately equivalent to an indicated w: 1d velocity
of 102 m.p.h., and an actual velocity of 77 m.p.h. Wind
pressures are dealt with at some length by Still.
" Isolating Switch Operation. The operation of ganged isolat-
ing switches often imposes considerable stress on the structure,
and the nature and magnitude of these stresses should be
understood and allowed for by the structure designer. Lack
of attention to this point causes increased friction in the operat-
ing mechanisms, and many cases of difficult operation have
bheen due to a too flexible structure. Co-operation with the
steel draughtsman also enables guides, mountings, etc., to be
incorporated in the main fabrication.

Erection and Maintenance Loadings. The weight of workmen
on the structure during erection of the apparatus may impose
considerable stress, particularly on long horizontal girders. If
jignored in design, permanent distortion may result. In other

! instances the temporary sag caused may render impossible the

setting of switch operating gear. A minimum of two 12-stone
men working together on any part of the structure should be
allowed for. In many instances lifting tackle is necessary to
hoist the apparatus into position, and points of attachment
should therefore be fixed and a maximum lift given.

Electrical Clearances. The run of bus-bars and connections
in many cases makes it impossible to fit bracings in the
most desirable positions from the mechanical standpoint.
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Connections should, therefore, be clearly shown on the general
arrangement drawing, together with the electrical clearances
desired.

A careful check of the steelwork drawings should be made
by the electrical draughtsman to ensure that electrical clear-
ances are maintained.

Stress Diagram. In all lattice type structures where uneven
loadings are imposed, a mechanical stress diagram should be
prepared.

In the absence of an official steel structure specification,
compliance with the following requirements will ensure
a sound construction, provided good workmanship is
obtained.

Material. All steel used, including that for bolts and nuts,
is to comply with B.S.S. No. 15 for grade “A” steel, and all
rolled sections with B.S.S. No. 6. The minimum thickness for
main memb irs to be } in. for galvanized structures, and % in.
for painted structures. For other members these minima
may be reduced to 4% in. when galvanized, and }in. when
painted.

Design. When single bolted connections are used, the
minimum diameter of bolt is to be §in. In cases where one
£ in. bolt would take the load but where two bolts are required
to fix an end, } in. diameter bolts may be used.

Each bolt shall be provided with a lock washer of approved
type. All bolts shall have a shank length such that shear forces
are taken on the unscrewed portion.

Punched holes are not permitted for members over 3 in. in
thickness.

Riveted or welded assemblies shall not be used unless special
agreement is obtained. (Apart from the additional cost of
shipment for assembled parts, experience has shown that
deformation during transit is difficult to avoid and costly to
rectify.)

Factor of Safety against Overturning. The complete structure
shall have a factor of safety not less than 2} against uprooting
or overturning,.

Foundations. The area of column base plates to be such
that the loading on the concrete foundations does not
exceed 12 tons per sq. ft. The foundations should finish 6 in.
above ground level. The structure shall be secured to the
foundations by anchor bolts and not by grouting in.
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Stresses. 'T'he following unit stresses are not to he exceeded—

Tonsion on net section . . 17900 1h, pm sq. i, (8 tons)  per sq. in.
Single shear on bolts . . 12000 ( 5:35 tons) .
Double shear on bolts . . 21000 ( 94 tons) “
Bearing pressure on bolts . 24000 (10-7 tons) .
Compression on gross seetion for

members with fixed ends . 17900 1 — 0-0033(LJR)] 1b. por seg. in.
Ditto for pin jointing . L 17900 1 — 0-005(LJR)

where L is the greatest length in inches of the unbraced portion
of the member and R the least radius of gyration in inches;
provided that the working compression stress on the cross-
section in no case exceeds 15 200 b, (6:7 tons) per sq. in. These
figures give a minimum factor of safety of four based on the
ultimate stress of the material.

Slenderness Ratio. In no case is a compression member to
have a greater unsupported length in inches than 120 times its
least radius of gyration in inches, or 45 times its least width
in inches.

Galvanizing. Hot dip galvanizing, complying with B.S.S.
No. 443, shall be applied aftex all machining, drilling, etc., has
been completed, with the exception of nuts which shall be
screwed after galvanizing and the threads greased.

Marking. Each member shall have its part number stamped
upon it to such a depth as to be clearly legible after galvanizing.

Galvanizing versus Paint. The correct finish for outdoor
steelwork is not definitely established, and some authorities
prefer a particular paint to hot dip galvanizing. Both
finishes can he effective, provided they are applied in a
correct manner, and their quality is sound.

Galvanizing is perhaps deservingly the more popular. It
can be completed at the factory on each separate piece. The
steel must be suitably cleaned, otherwise the zinc will not
adhere. The finish is not easily damaged in transit.

It is equally important that steel should be clean and free
from rust before painting. Unfortunately, paint will adhere
quite well for a few weeks on rust and dirt. The quality of the
spelter used in galvanizing varies but little, whereas the types
and qualities of paint are legion. Final painting must always
be done on site, owing to transport damage, and considerable
harm can be done to the paintwork by workmen climbing the
structure. The best finish is to galvanize, erect, then allow
twelve months’ weathering, and paint with a paint of proved
quality.
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REINFORCED CUNCRKETE STRUCTURES

The principal advantage of concrete is its resistance to all
weather conditions. Provided it has been manufactured
correctly, it requires no maintenance.

High Structures. The application of concrete structures to
the high type of lay -out is limited by the large sections necessary
for high towers and long beams. 1t is difficult to give limiting
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Fia. 28. CONCRETE PEDESTAL FOR ISOLATING SWITCH
MouUNTING
Ferro-Concrete and Electrical Construction, Ltd.

dimensions as they are governed by manufacturing methods,
and the design of the steel reinforcements.

A normal station arrangement at 66 kV. may be taken as
the economical limit. The cost will in most cases be far in
excess of a similar steel structure, and the only advantage is
immunity from rusting. There are several methods of con-
struction. One is that of casting the complete structure in
position, by erecting shuttering of the desired shape in which
have been fixed the necessary stecl wire reinforcements. This
design produces a heavy appearance, as the sections are large.

A more slender construction is obtained by making the struc-
ture of steel joists, etc., similar to a normal steel one, and
encasing it in concrete on completion. The lattice type shown
in "ig. 28 would appear to have definite advantages, due to

3—(T.5771)
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the weight reduction it allows obtained thereby and its pre-cast
manufacture. A more elegant appearance is obtained, and
rigidity is provided through specially designed reinforcements.
The authors have no record of such a station having been
made.

Stations constructed of hollow concrete poles cast by a
centrifugal method have been used in Germany.

Fia. 29. PHOTOGRAPH TAKEN DURING THE CONSTRUCTION OF
THE STONEWORK FOR A 132 kV. BRrRITISH ((RID SUB-STATION

(Central Electricity Board)

Low Structures. Trestles required for the low type of station
afford the best scope for concrete, and the costs of such struc-
tures are usually cheaper in concrete than in galvanized steel.

Invariably the pedestals, etc., are cast on site. The method
of casting in position by the erection of shuttering, in a similar
manner to that described for high stations, may be used. This
procedure proves expensive where a number of units are
identical, due to the joinery work involved in shutter con-
struction. In such cases pre-cast methods have the advantage
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that the moulds are constructed to lie flat on the ground,
the unit being extracted therefrom after setting. Thus many
pieces can be cast in the same mould, and the cost of erection
is more than outbalanced by the saving in moulds and the
simpler casting method. The finished appearance is similar
in either of the above methods. (Fig. 29.)

A Specification for reinforced concrete is not given here, as
this information can be found in any (‘ivil Engineering hand-
book.

Indoor Mounting. The number of installations which are
mounted indoors has decreased considerably during recent
years.

There are, however, certain cases where such protection is
necessary, among which may be included stations located in
districts where any of the following conditions exist—

(@) Heavy falls of snow.

(b) Atmospheric pollution, such that insulator maintenance is
impossible.

(¢) Congested areas where sufficient space is not available,
even for a high station, and where bare copper connections are
rendered dangerous.

In all such cases, metalclad gear is superseding the older type
of open lay-out arrangement, as marked space economy is

obtained thereby. This class of gear is dealt with in Chapter
XVL

APPENDIX

The following appendices from British Standards Specifica-
tion No. 162—1934* are reproduced by permission.

CLEARANCE DISTANCES FOR OUTDOOR SWITCHGEAR,
OPrEN TYPE

47. Clearance distances on switchgear incorporated in the arrange-
ment shall be not less than the figures given in Tables IIT and IV.

The clearance distances specified in Table 110 apply to rigid con-
ductors only. When the suspension permits of swinging, these clear-
ance distances shall be maintained for the maximum amplitude of
swing.

* Copies of this publication can be obtained from the British Standards
Institution, 28 Victoria Street, London, 8,W.1, price 2s. 2d.. post free.
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TABLE IIT
CLEARANCES FOR Rigip CoONDUCTORS OTHER THAN Bus-BARs *

] 2 | 3 [ 4
Rated Min. Clearance Min. Clearancoe Min. Clearances
Voltage Distance to Earth between Poles bhetween Terminals
o8 in Air in Air on One Pole in Air
kV. ft. in. mm. ft. in. mmn. ft. in. mrmn.
6-6 (U 127 0o 7 178 0o 7 178
11 0 6 152 L0010 254 0 9 229
22 0 8 203 2 356 i 0 11 279
33 0 12 305 1 6 457 11 2 356
44 12 356 1 11 H84 1 6 457
Hd 1 5 432 2 4 711 1 10 5569
66 1 9 233 29 838 2 1 635
88 2 3 686 3 7 1092 2 8 813
110 29 838 4 5 1 346 3 4 1016
132 3 3 991 5o 1 600 3 11 1193
165 4 0 1219 66 1 981 4 10 1473
220 54 1627 9 0 2743 6 A 1 956

* This ’i‘zﬁ)l@ is repr;;(]u('od from B.S.:@TN(). 116 -

For clearances for bus-bars, sec B.S.S. No. 139,

TABLE IV

SecTioN CLEARANCES FOR SAFETY PUuRrroses, To KNABLE
InspECTION, CLEANING, REPAIRS, PAINTING AND (GENERAL
MaiNTENANCE WORK TO BE CARRIED OuT

|
'
1929, Table VI,

Minimum Clearances to Ground Level, Plat-

Rated form Level (or Other Position where Men
Voltage may Normally Stand with the Switchgoar
Alive) from Nearest Live Conductor in Air
kV. ft. in. mm.
6-6 8 5 2 565
11 R 6 2 590
22 8 8 2 641
33 9 0 2743
44 9 2 2794
55 9 5 2 870
66 9 9 2972
88 10 3 3124
110 10 9 3276
132 11 3 3429
165 12 0 3657
220 13 4 4 064

Note. For the application of the above Table, see Appendix III,
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APPENDIX IIT*

NOTES ON ISOLATION OF SECTIONS AND CIRCUITS

Maintenance work in an outdoor open-type sub-station must be
carried out with safety to the men engaged, and therefore isolating
switches are provided in order to render a sufficient portion of the
equipment dead. The sub-station is usually divided into sections, but
a section is normally itself subdivided into circuits by isolators, so
that individual circuits or pieces of apparatus may be dead, although
not necessarily, for the purposes of work thereon.

It is important to recognize the use to which these two kinds of
isolation should be applied, since the dimensions in Table IV are laid
down for the clearances between the nearest conductors of neighbour-
ing sections, while there need be only the clearances of Table IIIL
between the parts of adjacent circuits not worked on above ground
leve) whilst either circuit remains alive.

Tt is specified that all conductors which can be made alive must be
situated a minimum distance above the ground, rendering it safe for
a man to move about amongst the equipment, even when it is *‘alive,”
provided he does not leave ground level and does not use long tools or
materials. Any work, therefore, that can be done from the ground is
carried out without risk if the piece of apparatus upon which he is
engaged be isolated; and when the section is divided into circuits, only
that circuit involved need be made dead. Such functions include—

(a) Painting the oil circuit-breaker and transformer tanks support-
ing steel-work and other parts as far as the man can reach from the
ground without artificial means.

(b) Testing and adjustment of transformer tap-changing, trip coils
and operating mechanisms.

(¢) Drawing-off and replenishing the oil.

(d) Inspection of contacts (where the oil switch tank can be lowered
to ground level by the operator).

(e) Testing of multi-core cables and protective gear.

(f) Isolation of an overhead line or underground cable for testing
or maintenance.

The above list is important, as it includes the most frequent main-
tenance operations required in an outdoor sub-station.

Other maintenance work which involves ascending above ground
level brings the workman within reduced clearances of conductors
which are ordinarily alive, and he can only be safeguarded by ensuring
that a sufficient radial clearance separates him from live metal, sup-
plemented where and when necessary by divisions, screens, or other
means. For work carried out above ground level, the whole section in
which he is working must be made dead.

There is thus no difficulty in distinguishing between the two sets of
conditions, and it is simply necessary to lay down that no man must
leave the ground or use long tools or materials in an outdoor sub-
station without first assuring himself that the whole section has been
made dead, and that no work must be done from the ground level
unless he is certain that the part on which he is to work has been
made dead.

* This is tho extract to which reference is made on p. 20,
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APPENDIX 1V
SECTION DELIMITATION

The provision of section clearance and the question of supplement-
ing them where necessary arises from the terims of Regulation 18 (d)
of the Electricity Regulations made under the Factory and Workshop
Act. High Court decisions in electrical and other factory cases have
laid down the principle that it is insufficient merely to warn an em-
ployee of a danger, and that steps must be taken to protect him against.
the consequences of error. Whilst the methods necessary to achieve
this object will depend on the conditions, the following may be taken
as a guide

(1) Nomn-sectionalized Switchgear. Where the design is such that no
provision is made for division of the switchgear into separate sections
as defined in this Specification, the whole of the switchgear must be
made dead before work which involves leaving ground level is under-
taken.

(2) Group-sectionalized Swilchgear. Where the design is such that
two or more groups of unspaced circuits can be divided into sections
as defined in this Specification, the arvea of cach may be delimited by
permanent screenwork, permanent fencing, or by temporary enclosure,
as by ropes or chains (see examples in Figs. 1 and 2).

The division may be temporary, in the form of ropes or chains
stretched from side to side of the station, green or red flags or warning
notices being placed in one section or the other to prevent mistakes in
identification. Coloured lamps may be used at night, and the provision
of floor sockets for temporary screen standards is recommended.

Note. Where pormanent screenwork resulting in complete physical division
between sections is adopted, the clearance hetween such soctions may be in
accordance with Table I11.

As compared with permanent divisions, temporary methods of delimitation
entail increased responsibility and care in supervision to ensure their use and
effectivoness.

(3) Circuil-sectionalized Switchgear. Where the design is such that
each circuit constitutes a section as defined in this Specification, the
area of each may be delimited as follows—

(i) At ground level by indicative fencing of a permanent or
removable character. (See example in Fig. 3.)

Note. Fatalitios have occurred in consequence of workmen mistaking the
circuit-breaker or transformer on which work is in hand.

(ii) Above ground level by divisions or screens of a permanent
nature to prevent passage vie the structure from one section to
another. (See example in Fig. 4.)

(iii) Above ground level by the elimination of structural steelwork
or other means of access between sections. (See example in Fig. 5.)
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GENERAL NOTES.

(1) The question of section delimitation must be considered in conjunction
with means of access to points above ground level whero such work may be
necessary. Design should envisage method and path or direction of access
and eliminate necessity of climbing the structure. Whero fixed laddersaro

L4
Screen Division

_Structural Steelwork.

Table I¥ Clearance

Structural Steelwork.

Screen Division
N

Fi¢. 4. ScreEN Division, BArrikk FENCE OR RADIAL SPIKES
FIXED ON STRUCTURAL STEELWORK TO PREVENT PASSAGE ALONG THE
STEELWORK ¥ROM ONE SECTION TO ANOTHER

provided, some form of locking-off, such as a hinged flap at the ladder bottom,
will serve both as an indicative device and also to prevent unauthorized
climbing.

(2) This appendix is intended to provide for normal maintenance work
only. Should special work such as extensions, largo scale renowals or work
involving handling of lengths of material be necessary, special and appro-
priate precautions in addition are called for.
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CHAPTER III
ELECTRICAL PORCELAIN AND ITS MANUFACTURE

WitHOUT porcelain, high voltage transmission would have been
extremely difficult, if not impossible. Its high dielectric
strength, non-hygroscopic nature, and low cost make it unique
among commercial materials. Substitute materials have been
tried from time to time, but in the high voltage field porcelain
maintains its position.

Porcelain is a material which differs in almost every respect
from any other material used by the engineer, and is somewhat
outside his purview. This difference is not always appreciated,
and difficulties arise due ecither to designers expecting similar
manufacturing qualities to those they would in metal, or to
their having incorrect ideas as to the mechanical strength of
the material. The following chapter dealing brietly with the
manufacture of porcelain has been included to enable a general
conception to be obtained of its possibilities, qualities and
limitations.

PORCELAIN MANUFACTURE

General. Contrary to general belief, porcelain is not made
from a clay found in abundance in North Staffordshire. The
reason for this misunderstanding is due to the fact that most
of the works making all varieties of porcelain articles are to
be found in the district known as The Potteries. One of the
reasons for this gathering is that North Staffordshire is an
extensive coalfield, and produces fuel that is particularly
applicable for the firing of pottery.

There are also extensive fireclay deposits, and this material
is a necessity in the manufacture of bricks for kilns and saggers;
the latter act as containers for the ware whilst being fired.
The quantity of fireclay used in the Potteries runs into thous-
ands of tons per year.

Raw Material. The clay used for making electrical por-
celains is a mixture of certain plastic and non-plastic materials
in very carefully graded quantities. KEach manufacturer has
his own mixtures, which are known as bodies. One maker may

43
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have several bodies, each suitable for a particular class of
work. The actual quantities of the various ingredients are as
a rule kept secret. The plastic ingredients consist principally
of two clays known as ball clay and china clay. England is
particularly fortunate in having remarkably good supplies of
both of these clays. The main sources of supply are Dorset;
Devon, and Cornwall, and clays from these areas have a
world-wide demand.

Both these clays are the result of decomposition of Fels-
pathic Rock.

China clay is formed at the source of the decomposition, and
a process of artificial washing removes impurities, including
alkalies and the remaining decomposed materials.

Ball clay is the portion of the material naturally transported
by the agency of water and re-deposited in lake beds, some-
times many miles away from its original source, having accu-
mulated on its way alkalies and organic matter. Only the fine
grained plastic clay reaches the lake beds, the coarse material
having settled out during transportation.

This fineness of grain in ball clay is mainly responsible for
its plasticity and its reluctance to give up its water content
during drying. Both clays are used in their natural state,
except for the removal of foreign matter, although variations
occur in deposits taken from different sources. The biggest
variation is found in the ball clays, and the alkaline contents
account for some of these differences. Analysis helps to some
extent in detecting these variations, but there are also physical
differences in the ‘“working” properties. As an example, a
given ball clay may be strong in the wet state but weak when
dry. Another may have exactly opposite characteristics. A
wide variation in firing temperatures may be necessary to bring
different clays to their maturing point, and to keep within a
reasonable range of firing temperatures adjustments have to
be made in the composition of the other materials, to com-
pensate for the lack, or the reverse, of alkalies in the ball clay.
The source from which various makers obtain their ball clay
can account for some of the difference in the firing tempera-
tures used. As the final result of a change in clay may not show
until the finished insulators are taken from the kiln, careful
check on material is necessary, and the ceramic chemist and his
laboratory form an extremely important link in the manu-
facturing chain.
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The non-plustic materials come under two main headings—
Hluxes and relatively inert material.

%he flux is the vitrifying and strengthening agent used during
the firing process, and under this heading there is considerable
choice of substances, among which are the following: Felspars,
Steatite, Calcium Phosphate, Insoluble Barium Salts, etc.

Felspar is one of the most popular fluxes, but is unfortunately
almost non-existent in this country. The bulk supplies used
in Great Britain come from mines in Norway and Sweden.
Its fluxing properties arc determined by the alkaline contents,
the bulk of which is in the form of potash and soda.

The inert materials are usually a variety of Silicon Dioxide,
such as quartz or flint: ground porcelain is also used. Flint
is obtainable in this country in pebble form. One of the func-
tions of these materials is to counteract distortion and possible
collapse of the articles during firing, and to prevent excessive
shrinkage during the drying process in the clay stage.

The characteristics of the final product can be varied by
adjusting the quantities of the ingredients. Additional clay
tends to improve the resistance of the porcelain to temperature
changes, whilst an increase in flint adds mechanical strength.
Additional felspar has the effect of increasing the dielectric
strength.

The non-plastic materials also keep the body open, before
firing, thereby assisting in the drying stage. Without their
assistance, difficulty would be experienced in extracting the
water from the centre of the article, as the ball clay, owing to
the fineness of its particles, tends to fill up the pores of the
mass.

Preparing the Body. The clays are prepared separately from
the non-plastic materials. Their treatment is carried out in a
mixing machine known as a blunging mill. This consists of a
large circular tank, in the centre of which is a rotating shaft.
Attached to this shaft are arms arranged to rotate in opposite
directions. Water is added to the clay, and the rapidly revolv-
ing arms beat the contents to a uniform consistency. Free iron
which is one of the impurities found in clay is then extracted
by running the liquid over strong electro-magnets.

The non-plastic materials are first put through crushers or
rollers, and are finally ground in special mills until the correct
degree of fineness is obtained. Water is added to facilitate this
process and the quantity is critical. Too little water is apt to
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clog the grinding by the sticky mass produced, while too much
makes the liquid so thin that little grinding action takes place.

The final mix is made in a blunging mill with all the material
in a fluid state. After the specified mixing time has elapsed,
the body (at this stage known as slip) has a consistency of
thick cream, and it is necessary to extract the excess water
in order to bring the mix to a plastic workable mass. The slip
is therefore drawn off through sieves into filter presses. The
filter press consists of a series of narrow fabric bags, usually
rectangular or round in shape, and held between wood or
metal trays. Each bag is filled with the slip. When all bags
are full, a pressure of about 100 Ib. per sq. in. is applied at the
ends of the press and the excess water is forced through the
fabric, leaving a pliable working body in the bag.

The next process is to eliminate air pockets and laminations.
The method of accomplishing this differs with various makers.

One method which originated on the continent of Europe is
to roll the clay in a machine similar to a mortar mill, but with
a flat bed instead of a pan. Side rollers keep the clay from
escaping over the edge and help in the kneading. Another
popular method is to use a machine similar to a large mincing
machine, known as a pug. The main carcass is barrel shape,
in which are revolving knives. The knives serve the dual
purpose of cutting up the clay and then pressing it through a
die, which extrudes it to a shape convenient for use. This
results in a homogencous mass with respect to water contents,
and an even distribution of stresses. A maturing or ageing
period of several weeks is necessary after this process, and the
clay is stored in cool, damp cellars for this purpose.

Forming. There are three different methods by which an
insulator can be formed. They arc known as—

1. Throwing and turning,

2. Jollying, including pressing, and
3. Casting.

Each method produces the same quality of porcelain, but
has its own particular application in manufacture. Before
describing these methods the problem of shrinkage, which
applies to all three cases, should be considered. Apart from
the free and chemically combined water which is contained in
most of the materials, additional water has been added to the
body to bring it to the required consistency for working. A
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body in a proper working condition contains approximately
22 per cent free water in addition to a further 14 per cent that
is chemically combined in the clay materials. The free water
is eliminated by drying after shaping. The chemically com-
bined water cannot be removed in this way, and is driven out
during firing at temperatures about 600° C. The loss of water
naturally causes shrinkage and considerable movement takes
place, both during drying and firing. These contractions have
to be allowed for when forming an insulator in the clay stage.
In certain cases a total shr 1nkdge of 14 per cent is quite possible,
two-thirds of this being during ﬁrlng This means that an
outdoor end of a bushing, say 3 ft. 6 in. finished length, would
be made 4 ft. long in clay. This unavoidable contraction tends
to aggravate stresses set up during the forming, drying, or
firing operations, which in bad cases may develop into cracks.
Such cracks may not be discovered until the insulator is
subjected to its routine electrical tests.

The undesirable loss from this trouble is minimized by—

1. Correct design of the insulators from the potting stand-
point.

2. Careful check to ensure that the properties of the materials
used in the body are constant.

3. Utilizing the correct manufacturing method for each
particular type and size of insulator.

4. Due regard to drying conditions and, in the case of large
articles, sufficient time allowed to permit moisture to be driven
out slowly.

Throwing and Turning. This method, which has the advan-
tage that no special tools are required, is carried out in two
stages, first the throwing and then the turning. For throwing,
the clay is delivered to the potter from the ageing process store.
Throwing is the manipulation of the body on the potter’s wheel,
the latter consisting of a horizontal revolving disk. Tt is the
potter’s duty first to work the clay further to eliminate en-
trapped air and laminations, and finally to form the mass to
the correct length and diameter for the turning process. Con-
siderable skill is required, as incorrect working can do more
harm than good, causing defects that will not develop until
after the firing stage. The blank produced by the potter is too
soft for turning, and a period of drying is necessary to bring the
body to the required consistency.

Due to contraction the time of this partial drying is critical,
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and there is only a limited range over which turning can be
carried out, otherwise a batch of insulators all turned to the
same size will vary on completion due to the various stages
of drying they were in when turned. Some manufacturers use
an extruding machine similar to a pug, which eliminates the
throwing process in cases where a large quantity of blanks are
required.

The turning operation is carried out in a lathe having a
rest similar to that used by woodworkers. The hand tools are
in profile form in accordance with the required shape of the
insulator. Whenever possible a mandrel is used to support the
body during this operation.

Jollying is a method evolved from throwing. The body in
this case is placed in a plaster of Paris mould shaped to one
surface of the insulator. 1t is pressed firmly into the mould
until the latter is filled. The mould is then placed on a special
potter’s wheel and as it revolves a metal tool shaped to the
other surface of the insulator is brought down to the exposed
clay. This tool does not rotate and is fixed at a slope such that
a pressing action is imparted to the body. By a vertical move-
ment the tool is brought in contact with the clay, thus forcing
the latter into the mould, at the same time forming the upper
surface to the required shape. This method can only be
applied when the lower surface is of such a shape that it will
leave the mould, and the upper surface has contours such as
can be correctly shaped by the profile tool.

After forming, the insulator is allowed to dry in its mould
until sufficient contraction has occurred to make its extraction
safe.

Casting. For casting the body is not used in a plastic state,
but in the form of a creamy liquid (casting slip). The moulds
are constructed of plaster of Paris, which, as is well known,
takes up water easily. The slip is poured into the mould and
allowed to stand for a definite period. Owing to the porosity
of the mould the slip adjacent to it is deprived of its water
and commences to solidify. The time the slip is allowed to
stay in the mould is governed by the required thickness of the
insulator, as the longer the time, the thicker the wall of clay
against the mould becomes. At the required time the surplus
slip is poured from the mould and the deposited clay allowed
to dry sufficiently for it to be extracted from the mould. The
design of the mould should be such that the clay is allowed to



PORCELAIN 49

leave easily when contracting, otherwise fatal stresses will be
set up.

Casting, due to the excessive contraction, would have had
a very limited application had the only method of reducing the
body to liquid form been that of adding water. Fortunately,
a peculiar physical phenomenon saves the situation. By the
addition of certain alkaline salts and other electrolytes to the
body, it is possible to produce a slip capable of being easily
poured, which contains very little more water than the plastic
body used for turning and jollying.

Drying. The drying of insulators in the clay stage is the
same for all three types of manufacture. Special rooms are huilt
for this process in which the temperature, humidity, and ven-
tilation can be adjusted in such a manner as to ensure that dry-
ing takes place uniformly throughout the whole mass. Should
the outside be allowed to harden before the centre is dry,
cracking is unavoidable. This process cannot be speeded up
without risk of considerable loss.

Glazing. Until recent years each insulator was fired twice.
The first firing was to vitrify the body (the insulator in this
condition is said to be in the biscuit stage) and the sccond to
fire the glaze. Present-day practice is to have one firing and
the insulator is dipped into the glaze before it is taken to the
kiln. It is a great assistance to the potter if one end of the
insulator can be left unglazed in order that it can stand on this
surface. The glaze itself ix a clay mixture similar to the body,
but with a larger percentage of fluxing material which produces
the glass-like finish, and certain metallic oxides to obtain the
required colour. Brown is almost the universal colour for
outdoor work.

The main purpose of the glaze is to impart a smoother sur-
face to the insulator than is possible were the body left in the
biscuit state, thus making the accumulation of dirt deposits
more difficult. A secondary but important feature is that a
correct combination of glaze and body increases the mechanical
strength of the insulator. Glaze is not applied to protect the
porcelain from moisture, although this belief is not entirely
unknown.

Firing. Firing is the final process of an intricate sequence,
and is perhaps the most critical. There are several types of
ovens or kilns. The oldest type, which is still the most popular
for high voltage insulator work, is known as the round kiln.
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Many of this type can be seen from the train when passing
through the Potteries. A typical example is here shown (Fig.
30) from which it will be seen the fire boxes are placed on the
outside of the kiln. The gases.
on emerging from the firing
zones, split and travel in two
directions; part go upwards to
the top, then downwards and
under the bottom, and from
there pass between the outer
walls upwards and ont. The
second part first pass under
the kiln bottom, entering the
kiln through the floor, moving
upwards and then downwards
to join with the gases started
in the other mentioned direc-
tion.

In all types of kilns, the
method of filling is generally
the same.

—60'02

Flan. Section AA.

Fie. 30. A Rounp Kinn Uskep ror FiriNag PORCELAINS
(Taylor, Tunnicliffe, Ltd.)

The insulators are placed in fire clay receptacles known as
saggers. Where an insulator has an unglazed end, this surface
is used to stand it upon in the sagger. In cases where the
article is completely covered by the glaze, three porcelain
props known as stilfs are used to support it. These stilts leave
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slight marks similar to those found on the bottoms of domestic
plates and saucers. Only light articles can be treated thus, as
with heavy pieces the stilts would become embedded to a
considerable extent. The saggers are placed one on top of the
other with a ring of fire clay between them to prevent smoke
and fire gases entering and contaminating the insulator. In
the case of tall pieces such as bushing insulators, the sagger is
built up of a number of sagger rings with the fire clay packing
at each joint. The water vapour and other gases driven off
from the insulator during firing escape through the joints
between the saggers.

The stacking of the saggers in the kiln is a skilled operation ;
various types of insulator occupy different positions and the
maximum amount of material is packed in, as the firing cost
of a partly-filled kiln is as much as a filled one. There may be
as many as twenty-four saggers in a stack; with each sagger
containing its average weight of insulators the bottom sagger
will have to support approximately 12001b. Failure of a
bottom sagger means at the least that its particular stack is
ruined, and the fall may involve others. When the kiln is full,
the doorway is bricked up and firing commences. Coal is used
as the fuel in most cases for round kilns.

An approximate time from starting to fire until the kiln is
cool enough to empty (known as drawing) is six days. The
peak temperature varics between 1 250° (' and 1 350° C. This
maximum temperature has to be steadily maintained within
a very limited variation for a definite period to ensure complete
vitrification. The contraction during firing is 8 to 10 per cent.
This is caused not only by the loss of moisture but by the
collapse of the pores in the body. The semi-molten flux is the
agent which causes this collapse by drawing the particles
together, thus forming a non-hygroscopic homogeneous mass.
This process is known as vitrification.

Although the literal definition of vitrification is ‘‘a process
of bringing to a state of glass,” vitrcousness is a term applied
to porcelain, understood by the trade to mean a condition
produced by the application of certain temperatures on the
material used, whereby the latter is fused to a condition that
does not permit the entry of moisture. This is the subject of a
B.S.I. Specification which defines tests to be carried out to
determine this condition.

Whilst the characteristic of vitreousness is most important,
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it is essential not to lose sight ot the fact that what is of equal
importance is the maintaining of other characteristics such as
mechanical strength, and the ideal insulator material is one
that has a good balance of all the required characteristics in
such a way that one is not brought into extra prominence to
the detriment of any of the others. As an instance, it would
be perfectly easy to produce a porcelain body more of the
appearance of glass, but the mechanical strength in such a
case would be considerably weakened.

The tests to prove correct firing, and therefore complete
vitrification, are sufficient to ensure that this has taken place,
since, apart from the pyrometers used to indicate temperatures,
tests are made from every kiln on many pieces of porcelain as
a further check.

Over-firing is a condition which must be guarded against,
as this produces a weakened structure, owing to bloating of
the material. This fault, however, is one that is easily observed
by visual examination, and ordinary routine checking, as
indications of this fault are very obvious in the final inspection.
These remarks apply to the body, but the glaze (particularly
when coloured glazes are used) also gives an indication of the
firing conditions to which the ware has been subjected.



CHAPTER 1V
THE DESIGN AND TESTING OF PEDESTAL INSULATORS

WHEN considering the design of any type of outdoor insulator,
various requirements emanating from entirely different sources
have to be co-ordinated to ensure a satisfactory final result.

Consideration of any one of these requirements alone would
ensure complete compliance with that particular phase, but
might prejudice the solution of other problems. After a review
of all the circumstances, a compromise is usually necessary to
obtain a balanced design. These facts should be realized
when considering the merits of insulators designed and manu-
factured by different makers.

The main factors influencing design are—-

1. General Electrostatics. Dielectric field form, the external
and internal potential distribution, equipotential surfaces and
refraction.

2. Weather Conditions. Rain, snow, ice, atmospheric pres-
sure, temperature variation, fog, mist, and humidity.

3. Fouling. Chemical fumes, salt, soot and ash deposits, etc.

4. Mechanical Strength.

5. Manufacture. Under this heading the fixing of metal
parts to porcelain is included, in addition to ceramic problems.

6. Tests.

GENERAL ELECTROSTATICS

Until the advent of high voltage transmission, the study of
electrostatics was solely an academic subject. At generating
voltages considerable liberties could be taken with the dielec-
tric field without loss of power or insulation failure, whereas
the magnetic field required careful study to obtain satisfactory
results.

Electrical energy flowing along a conductor exists in two
forms, electrostatic and electromagnetic, each of which has
its own independent field form. The electrostatic energy =
+ CV2  The electromagnetic energy = } Li2. The energy is
actually stored in these fields which are formed in the space
surrounding the conductors. Electrical energy cannot flow

53
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without the existence of both fields. [t is the electrostatic field
that is of importance in insulator design.

As the electric circuit has been given more consideration
than the dielectric circuit by most engineers, an analogy
between them may help in defining the terms of the latter.

TABLE 11

Electrice Cireuit Dielectric Circuit

)
Current : Flux
Current density Flux density
Conductivity Specific inductive capacitance (s.i.c.) or dielectric
constant (k)
The reciprocal of s.i.c., sometimes termed elast-
ance
Electromotive force
i Voltage per unit length of dielectric circuit, or
| voltage gradient, or intensity
' Dielectric field

Resistance

Magnetizing force
Magnetomotive force

Magnetic field

F. W. Peek, Jr., gives an analogy with Hooke’s Law, the
voltage gradient being substituted for force or stress and flux
density for the resulting electrical strain. S.i.c. or « is then a
measure of the electrical elasticity of the material. Thus

== LffI where [ == strain, L == original length, f == stress and
E = modulus of elasticity. The electrical equivalent given by
Peek is as follows: a = Defk where « = increase in flux
density, D == original flux density, ¢ == potential stress or
intensity, and « = dielectric constant.

The Dielectric Field. Dielectric lines or tubes of force were
first conceived by Faraday to explain the action of force across
space. They are therefore known as Faraday tubes.

These tubes leave a conducting surface coincident with the
radius of curvature at the point considered, or in other words
at right angles to the conducting surface at that point. From
this it will be realized that the field produced between two
parallel plate electrodes will be strictly uniform (if fringing at
the edges be neglected); the field being a series of equally
spaced straight lines at 90° to the electrodes.

The density and shape of the field flux is influenced by the
following factors.

(a) Thes.i.c. of the insulating medium between the electrodes.

(b) The shape of the electrodes.

(¢) The number of insulating materials of different s.i.c.
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between the electrodes and their relative positions with respect
to each other.

(d) The shape of the dielectrics.

(e) The potential difference between the electrodes.

(a) Specific Inductive Capacitance. The scientific standard for
unit s.i.c. is that of a vacuum. Tests have proved, however,
that for all practical purposes
air can be considered as hav-
ing unit s.i.c. The dielectric
strength of air remains constant,
therefore a definite number of /'\
lines of force are required per
unit arca before breakdown
occurs. It has been proved ex-
perimentally by a number of
authorities that with air at
15°C. under a pressure of ]
760 mm. the maximum eclec-
trical stress it can withstand is
30 000 volts per ¢m.

(b) The Shape of the Elec-
trodes. Elcctrodes should be
shaped so as to avoid concen-
tration of field and to keep the
lines of force as far apart as
possible, the reduced density .
thus minimizing the number of Tas DigLse hf"’ 3] .

. . 5 nE DieLecrric Fienp Propucep
hlghly -stressed regions. Refer- Lurwiiry PArariuL-Prate ELkc-
ring to Fig‘ 31 the fringing can TRODES HAVING Rounp Epcrs
be counteracted by making the
plate round and fitting a curved rim of defined radius. The
maximum intensity, however, is still at the edge. It is possible
to obtain the same breakdown values between two spheres as
between two plate electrodes provided the radius of the sphere
is the same as that of the curved rim of the plates.

The nearest practical equivalent to a uniform field is
therefore that produced between large sphere electrodes. The

Diameter of sphere in vm.' 6:25 ' 125 25 l 50 l 100 |Neml|e gap

Distuptive kV. . .| 110 | 13l
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disruptive voltage for the same spacing increases with the
sphere diameter. The table on p. 55 gives the spark-over
voltage in air between various sizes of ungrounded spheres, the
spacing between them being 10 ¢cm. in each case.

This difference in breakdown value of the gap is entirely
due to the varying field intensity close to and at the surface of

, the electrode. The field form
between two spheres is shown in
Fig. 32.

With increasing voltage
between the electrodes a value is
reached when the air adjacent
to them becomes stressed to
the 30 000 volts per em. limit,
and breakdown of this portion
occurs. The smaller the sphere
- - the lower is this disruptive volt-
age for a given gap.

The failure of a portion of the
air in effect alters the shape of
the spheres and diminishes the
distance between them, thereby
increasing the stress in the re-
maining air and thus causing
complete  breakdown. When
‘ spheres are spaced at a dimen-
sion less than their diameter,

DieLectrIiCc FIELD PRODUCED preliminm:y .breakdo'wn is, in

BuTwEEN Seneri Euecrrovrs  effect,  coincident with spark-

The full lines indicate the shape of the  over. This spacing is seldom

field. The dotted lines show equipoten- .

tial zones, exceeded when using spheres

for accurate voltage measure-

ment, although no appreciable corona forms below a spac-

ing of three diameters. In practice it is seldom possible

to use large spheres on apparatus, but usually highly-

stressed regions can be partially relieved by careful shap-

ing of the electrodes. It is often a help to plot roughly

the field form when deciding shapes of both electrodes and
insulation.

After a little practice an approximate field can be drawn
without calculation or test which will be accurate enough
to enable preliminary shapes to be fixed.

Fre. 32
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MzergoDps oF OBTAINING DikLEcTRIC FiELp Forms

Mathematical Calculation. Although it is possible to calculate
and graphically plot field forms, the lengthy calculations neces-
sary for irregularly shaped electrodes make this method
impracticable.

Insulation Filings Method. This method can be used for
obtaining the field form from the electrodes only, or from a
complete insulator unit. In the former case a sheet of press-
board which has been cut to embrace the electrodes is mounted
horizontally. The upper surface of the board, which should lie
on the axis of the electrodes, is then thinly sprinkled with mica,

Fic. 33. DISTORTION OF THE DIELECTRIC FTELD BETWEEN PARALLEL-
PLATE ELECTRODES CAUSED BY THE INTRODUCTION OF AN EGG-SHAPE

3

PORCELAIN PrackD HORIZONTALLY BETWEEN THE KLECTRODES

asbestos or fibre filings and the required voltage applied be-
tween the electrodes. Slight tapping on the pressboard assists
the filings to adjust themselves to the field form. In the case
of a complete insulator the card is cut to embrace the whole
unit.

Single Straw Method. Perhaps the most accurate and con-
venient method is that originated by Toepler, modifications of
which have been devised to obtain an indication of field
intensity as well as field shape.

The Toepler scheme uses a straw suspended by silk threads,
which, when introduced into the field, adjusts itself thereto,
in just the same manner as a steel needle would take up =
position in a magnetic field.

A shadow of the insulator and the straw is thrown upon a
screen by a suitable projector. By moving the straw into
different positions in a plane parallel to the screen and marking
its shadow position thereon, the field form can be plotted.
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(c) and (d) The Number and Relative Positions of Different In-
sulating Materials. An insulating material having the same s.i.c.
as air can be placed between two electrodes without changing
the dielectric field form, irrespective of the shape of the material.
Should the s.i.c. of this insulation differ from that of air then
the stress in the air between the surfaces of the electrodes and
the insulation will be altered unless the insulation is so shaped
to avoid such an occurrence.

Fig. 33 illustrates the effect on the field form between two
plate electrodes by the introduction of an egg-shaped porcelain

1. 34, DisrortioN 10 THE Digneeriic FIELD BETWEEN PARALLEL-
PLATE BKLECTRODES CAUSED BY THE INTRODUCTION 0¥ AN EGG-sHAPE
PORCELAIN PLACED VERTICALLY BETWEKN THE ELECTRODES

placed horizontally. Fig. 34 shows the modification resulting
from the body being mounted vertically.

It will be noted that the lines of force are concentrated in
the porcelain and are more dense at the surfaces nearest the
electrode. In both cases the disruptive voltage will be lowered
by the presence of the porcelain.

The explanation of this phenomenon lies in the difference
of the s.i.c. of air and porcelain; thus unit potential produces
a greater flux in the porcelain in direct proportion to its s.i.c.
At the surface of the porcelain the tangential component of
the intensity must be the same in the air as it is in the porcelain.

When a dielectric flux passes from air to porcelain, or vice
versa, the flux density /) across the immediately adjacent air
layer must be the same as that across the immediately adjacent
poreelain layer. Therefore, as /) is common, there results from
the standard equation ) — C'V the condition

c,V,=0,V,
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where the suffixes denote air and porcelain respectively. Let
the s.i.c. now be represented by the diclectric constant «, then,
if C, is « times the value of C,, from the above cquation

Ve=«V,

Or, the voltage stress in the air at the surface of the porcelain
is « times as great as the stress in the porcelain at the surface.

Consider the case of a voltage V across a number of dielec-
trics in series, and suppose the dielectrics to be of constants
Ky, K, Ky, €te., and of thicknesses dy, d,, d;, etc. Let them be in
the form of flat plates of area A, such that their capacitances
are given by A(ifd)); A(kofd,); A(xsfdy), ete., 4 being con-
stant. Then, as these are in series, the total capacitance C,
will be

A
C

O i oy e @)
The voltage V will divide across the various dielectrics in

inverse proportion to their capacitances. Thus, the voltage
across cach diclectric will be

v d, 1
kg dyfiey 4 dofig 4 dyfie, + ...
dy 1
K ‘ difry - dofry -+ dyfry -
dy 1
ky dyficy + dyfiey - dyfiey - ..

V

v

ete.

and the voltage gradients will be

V 1
E = . - .
! kg yfiy + dofiy + dyfrey -
g , 1
R . difiy - dayfry |- dyfrey -1
L 1
&y =

K3 . dl/Kl 'Vf“ (Izlkz‘{‘}lglka -1 C
etc.

From the above, it follows that the insertion of a porcelain
slab into an air field will result in a stress in the air « times as
great as the stress in the porcelain. In the limiting case of an
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infinitely thin air layer between clectrode and porcelain, the
stress in the air will become « times as great as would be the
stress were the porcelain not present.

Therefore, it will be realized that the higher the « value of
the insulation introduced into the field, the higher will be the
stress in the air. It will also be apparent that with a lower
voltage than that required to cause flash-over between the
electrodes some sections of the air may still be overstressed
and local corona formed. This state of affairs can be observed
when taking flash-over tests
on pin or strain type insu-
lators in a darkencd test
room. Observation on the
amount of corona and at
what voltage it commences is
used as a guide when com-
paring insulators of different
designs submitted for the

Fre. 35 same service. Insulators to

A Booy wiren Coxvorsms 1x Suapr be 80 tested are usually

TO THE DIELFCTRI(‘. FirLo Propucep mounted on a common base

Bracs Apprmiowa Sunss 1wy and voltage applied  simul-
AIr SURROUNDING THE Bopy t&neousb’.

In Fig. 34 the tangent at
any point at the sides is of a nearer relation to the normal lines
of force than at a point on the surface of the rounded ends.
The field intensity in the air is therefore less at the sides.

If a porcelain cylinder or any other parallel sided insu-
lator is inserted between the plate electrodes, KFig. 35, then
the side of the insulator conforms exactly with the field
form and no additional stress is placed on the air by the
addition of the insulation. It is therefore possible to insert
a solid dielectric having a greater s.i.c. than air between any
two electrodes without increasing the stress in the air if the
solid dielectric is so shaped that it conforms to any one of the
Faraday tubes. The importance of this fact and its bearings on
the design of pin type insulators was brought to the fore by
C. L. Fortescue and S. W. Farnsworth, A.I.K.E. Transactions,
1913, page 893.

Shaping of the Main Body of Cap and Pin Type Post Insu-
lators on Electrostatic Principles. Fig. 36 shows the dielectric
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field form between a typical cap and pin of a post type
insulator. The heavy line on the left-hand side illustrates a
suitable body porcelain shaped to conform to a Faraday tube.

Tests have demonstrated that by shaping the porcelain in
this manner a flash-over figure of 15 to 20 kV. per inch is
obtained. The variation in this value is due to the shaping of
the metal parts and the accuracy of the porcelain in conforming
to the field.

Switch parts or bus-bars mounted on an insulator also affect
the field form, and may reduce the flash-over value although
the added metal parts have
not shortened the path to

earth. The insulator illus- SEssS

trated would be suitable for N .

indoor use, but would have too €= 917 2 g SN S N

short a leakage path for out- AN SN

door service; rain sheds are -‘,727 =~ ,/kz\ XA T

therefore fitted. ‘,7“;"\, AN
Theoretical Considerations ~ &7/ CN T

Affecting the Shaping of Rain &) / | Vo

Sheds. The chief function of = / N

a rain shed is to increase the 7 '

leakage path of the insulator. ———

The protection of a portion of Fia. 36

the insulator {from rain 1S Snowing ThE DisupcTrRIC Fimip

not always strictly necessary,
although many designs fulfil
such a requirement.

THE KEQUIPOTENTIAL

SURFACES BETWEEN A Typican Car

AND PIix, ALsO A Bopy AND SHuD
Suarr CoNrormiNng THERETO

Form AND

Indiscriminate shaping of
sheds may have an undesirable influence on the figld and cause
other troubles which will be enumerated later.

As it is usually impossible to form sheds to the dielectric
field, an arrangement is necessary in which the least field
disturbance is caused, and concentration at the sheds
avoided. One method of attaining this end is to shape the
sheds to conform as nearly as possible to equipotential surfaces
between the metal parts.

Equipotential Surfaces. All points in the space surrounding
an electrode have definite potentials of their own, these values
varying according to their positions in the field. The joining
up of all points having the same potential completes what is
known as an equipotential surface. A thin sheet of metal
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shaped to conform to one of these surfaces and inserted in
its correct position in the field will not alter the form of the
latter.

Such surfaces formed between spheres are shown dotted in
Fig. 32. They are at 90° to the dielectric field at the point of
intersection and conform exactly with the magnetic field.
Fig. 36 shows in dotted lines the equipotential lines between
the cap and pin, also rain sheds shaped to conform as nearly
as practicable to these surfaces. By this arrangement the field

B

F1. 37. SECTION oF A PORCELAIN RAIN SHED SHOWING DIFFRACTION

form will be but slightly affected when the surface resistance
of the sheds is lowered by rain or fouling, as all points along the
surface of any shed are practically at the same potential.

A shed so shaped that its surface cuts a number of
equipotential surfaces is not necessarily wrong, as the stress
between the various sections may be of a safe value.

Diffraction. The actual section of a rain shed should be of
such a shape that diffraction is reduced to a minimum. As
already stated, lines of force leave a conductor at right angles
to its surface, but they may strike the surface of a dielectric
at any angle. Thus it is possible for a dielectric to be shaped so
that concentration of lines of force is affected at any desired
part, just’in the same way as a glass lens may be shaped to
concentrate light rays by refracting the rays through the
required angle. So also may the lines or rays be scattered by
suitably shaping the dielectric or lens.

Fig. 37 shows this effect on a rain shed so shaped as to
diffract two lines of force so that concentration is obtained.
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The portion of porcelain enclosed by these two lines is thus
subjected to an unequal stress, while the air adjacent to side
A is not so highly stressed as is that adjacent to side B. If,
therefore, the air field intensity on side 4 is just below the
breakdown value, that on
side B will exceed it and
local discharge will occur.

Spacing of Rain Sheds.
Having fixed suitable rain
shed shapes forany particular
unit their effectivencss can
be discounted by incorrect
spacing. Referring back to
Fig. 35, the addition of small
corrugations, Fig. 38 (left-
hand half), lengthens the
leakage path considerably,
but in so doing increases the
stress in the air adjacent to
the insulator. The spark-over
value is but slightly increased
although a considerable in-
crease in leakage path has
been obtained. The right-
hand section gives the same Fr¢. 38, SECTION oF A PORCELAIN
length of leakage path a8 INSULATOR SHOWING ON THE RIGHT
that on the [eft’ but causes Tk CORRECT AND ON THE LEFT
far less field distortion, and "%, P Meon oo b
obtains a corresponding in-
crease in spark-over value. The crowding together of rain
sheds intensifies the condition illustrated as long as thin air
sections are formed which become highly stressed. The long
leakage path obtained by this practice is of little practical use
and will result in producing a unit less efficient in service than
one with a smaller number of well-spaced sheds.

An insulator constructed to obtain a long leakage path by
crowding will often have a high wet-to-dry spark-over ratio
when tests are made on a clean unit, thereby giving a false
impression of its service safety factor. This high ratio is
caused by the large percentage of porcelain protected from rain.

Dry and Wet Spark-over Values of Pin-Type Insulators.
Provided the generally accepted proportions of a pin-type
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insulator are observed, the number and shape of the rain
sheds will have little effect on the dry spark-over voltage of a
clean unit. Fig. 39 shows a series of curves giving the dry spark-
over voltage against the “ tight string ” length between live metal
and earth of various types of insulators. These curves were
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Fi¢. 39. DrRY SPARK-OVER VOLTAGE OF VARIOUS TYPES OF INSULATORS
Lapp I'mgwlator ('o., U.S.A.

issued by the Lapp Insulator Co., Inc., U.S.A. The pin insu-
lator curve has been checked by the authors with various makes
of units and found to give a very good approximation.

Wet spark-over values are influenced by rain-shed design.
Provided clean insulators are tested, a unit having a large por-
tion of porcelain shielded from rain will give a higher wet spark-
over value than a unit of similar size but of a more open design.

As already pointed out, a high wet-to-dry ratio is not a guide
to insulator efficiency.

Rain tests taken in line with B.S.S. No. 137 on a repre-
sentative collection of post type insulators show that the wet
spark-over voltage may be between 65 per cent to 75 per cent
of the dry spark-over.
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Puncture Values of Cap and Pin-Type Insulators. 'The
increased flash-over voltage of an insulator obtained by adding
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oS

rain sheds is limited by the puncture voltage through the

porcelain between the cap and pin, as spark-over must occur

at a value lower than the puncture value under all service

conditions. The ratio of spark-over volts to puncture volts may
4—(T.5771)
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vary with different insulator designs. This is due to other
design features (such as mechanical strength) affecting the
thickness of porcelain employed.

On 50 periods the puncture value should not be less than
130 per cent of the dry spark-over: in some cases it may be
found to be as high as 190 per cent.

Due to ceramic difficulties it is uneconomical to manufacture
this type of insulator for voltages above 22 or 33 kV. in one
piece. It is therefore customary to construct units in two or
more pieces, each piece being arranged to form a rain shed in
addition to a portion of the main body. Fig. 36. This arrange-
ment aids the technical design in so far as some measure of
control is obtained on the voltage gradient of the porcelain
between the cap and the pin. The cement joints and the
metalwork acting as the plates. and the porcelain as the
dielectric. of condensers in series. the capacitance of each
condenser should be as far as possible equal.

With this arrangement the thickness of any section seldom
exceeds one inch.

Fig. 40 gives the variation of puncture voltage with porcelain
thickness.

Fig. 41 gives the puncture gradient value in kilovolts per
inch for various thicknesses of porcelain,

Curves A and B in these illustrations embrace values which
can be used safely for pin-type insulator design.

Curve €' gives values for a uniformly stressed field, i.e.
hetween flat plates with rounded edges.

When system voltages exceed 50 kV. it is usual to employ
multiple insulator units. Examples of such assemblies for use
on 132 kV. are drawn in Fig, 42,

WeATHER CONDITIONS

Rain. Rain is of definite service to insulators due to its
cleaning cffect. Its two important properties in connection
with insulator spark-over values are precipitation and
resistivity.

Precipitation. Spark-over voltages fall rapidly with increas-
ing intensity up to a rainfall of approximately 3 mm. per
minute, after which further increase has but little influence.
The standard of 5 mm. (0-2 in.) per minute adopted by Britain
and America is therefore a safe figure and is actually in excess
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of any rainfall experienced in service except under unusual
conditions.

Resistimty. Resistivity provides a more awkward problem
than precipitation. The variation in rain-water resistance is
caused by the presence of impurities either in solution or
suspension and widely different values are obtained.

At resistances of approximately 5 000 ohms per em. cube or

Fic. 42, Post INstLartors BUint (p oF SEVERAL SEPARATE
U~rrs, Kacn vor 132 gV,

below, the impurity content is liable to influence flash-over
values, quite independently of its effect on the water resistance.

Fig. 43 shows the variation in spark-over of a particular
insulator with varying water resistance. The general shape of
this curve is only approximately similar for all insulators, as
the shape of the unit has a definite influence on the values
obtained. It is therefore impossible to draw a curve of per-
centage spark-over against water resistance for use with various
designs of insulators. Comparisons ol wet spark-over values
should only be made when the units concerned have heen tested
with water of the same resistivity.

Fog. Fog and mist are the worst weather conditions for
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insulators and are often the final means of causing spark-over.
They envelop the complete unit, carrying moisture to the
whole surface. Portions of the insulator that are dirty are
thereby rendered damp and more conductive. Electrostatic
precipitation (see page 71) is encouraged, and the foreign
matter carried in suspension in the enveloping fog is drawn
to the insulator surface, which further decreases the surface
resistance.

Humidity. Fig. 44. Provided the relative humidity does
not exceed 60 per cent, spark-over troubles even on fouled
units are few. Between 60 and 100 per cent spark-over values
fall rapidly. (Refer also to Chapter on Tests.)

Wind. The effect of wind can be either beneficial or detri-
mental. A large percentage of the dust and dirt that settles
on exposed surfaces by the aid of gravity or light breezes is
removed by wind.

Enclosures and hollows formed in the insulator construction
reduce the wind velocity and cause eddies which build up
impurity layers in these seemingly protected areas. These
surfaces are not exposed to the cleaning effect of rain in many
cases.

It is well known that wind passing over industrial areas,
sandy plains, the sea, etc., will collect and carry with it con-
siderable quantities of foreign matter. A prevailing wind of
this type will build up a heavy deposit on one side of an insu-
lator during a dry spell, particularly if some of the ingredients
are of an adhesive nature. This deposit may be such that on
the arrival of rain, which may be accompanied by wind from
this same direction, the cleaning effect will not be sufficiently
rapid to avoid flash-over.

Atmospheric Pressure and Temperature. The variation of
each of these conditions has a marked effect on insulator
spark-over. The fluctuation is, however, small when compared
with the effect of fog and rain. and is of more importance
during testing than in service.

Fouring

Deposits of Dirt, Salt, Tar, etc. The available data on the
composition of air impurities is very limited. One official
report on the subject is issued by the Advisory Committee on
Atmospheric Pollution (Air Ministry). Quantitative figures
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and constituent impurities in the atmosphere at various parts
of the British Isles are given. A summary of this information
has been published. This information has a limited use to
insulator designers for two reasons.

1. The apparatus used for collection retained all solid matter,
therefore the deposit recorded for a given period has no relation
to that collection by an insulator which is scoured by wind and
rain. It has been suggested that not more than 5 to 10 per cent
of the total precipitation helps to form a permanent deposit.

2. There are certain special cases which are met with where
the conditions are local and of a more severe nature than
would be considered typical for the district in question. Two
such examples are—

An outdoor station installed alongside a main power station,
the latter having short smoke stacks. 'The prevailing wind may be
from the stacks towards the outdoor station. (Several cases
of this type can be cited.) Under such conditions abnormal
tar, ash and grit deposits are encountered, especially where
pulverized fuel is used.

An outdoor station feeding a cement factory. In this case the
fine cement dust deposited on the insulators is formed into a
hard coating by the action of a humid atmosphere, fog or rain.
Such a coating is particularly conductive when wet and
extremely hard to remove.

Types of Deposits. When considered purely from the insu-
lator standpoint, deposits can be segregated into three main
classes. Owing to the variety of ingredients contained therein,
all of them are hygroscopic, their conductivity increasing
with water absorption. Deposit “C” suffers least from this
trouble.

Class *“A.” Dust of a non-adhesive nature easily removed by
wind and rain is common to all situations. When this is the
only deposit its influence on insulators can be ignored.

Class *“ B.””  Adhesives soluble in water and therefore remov-
able by rain. The principal ingredient in this category is salt
deposited in crystal form by wind and sea fog in coastal dis-
tricts. Its natural attraction for moisture, and adhesive
property when damp, aids the building of a particularly objec-
tionable deposit as, apart from adhering to the porcelain itself,
it captures a percentage of deposits “A” and “C.” Heavier
deposits are collected in districts adjacent to rocky coasts.
This is due to the spray caused by the sea against the rocks
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being greater than that from the sea breaking on a sandy
beach.

Class *“C." Adhesive deposits not soluble in water. Trouble
from this deposit is principally confined to industrial districts
where tar carried in the smoke-laden atmosphere forms the
main deposit. Its sticky nature aids its combination with both
classes ““A” and “B.”

An industrial area near the coast will be troubled by a
combination of all three types.

The Effect of Electrical Forces on Insulator Fouling. Al-
though gravity and wind play their part in building up a surface
deposit, electrical forces also contribute.

When the potential applied to an insulator is such that
discharges cannot occur, a deposit is built up by the attractive
properties of the field. This process is slow and will accumulate
the thickest coating where the field intensity is highest. These
portions of high intensity are usually on the underside of the
sheds.

In cases where the applied voltage may cause local elec-
trical discharge either continuously or under certain weather
conditions, such as fog, the building up of a deposit is appre-
ciably accelerated by the clectric wind created. The dirt is
precipitated on the surface adjacent to the spark.

The action is identical with that used for air purification
by electrostatic precipitation, and similar nitrous solutions are
formed by the action of the brush on the impurities. These
products are particularly adhesive and aid tenacity.

This phenomenon, known as onic bomdardment, occurs with
any electrical discharge. In the insulator case, the stream of
ions leaving the brush collides with air molecules and sets them
in motion. This exodus from the surface of the insulator causes
an inrush of dirt-laden air.

With the building up of the deposit local stresses increase,
thus intensifying the discharge, accelerating the attraction of
dirt and further shortening the leakage path

Mist and fog aid the process by (lecream\g the resistance of
the fouled surfaces, and complete flash-overs are more frequent
under such conditions. These failures occur in many cases
at normal working pressure. Mr. P. J. Ryle gives the experience
of the Newcastle-upon-Tyne Electric Supply Co., Ltd., England,
with a 66 kV. line which shows that fouled insulator strings
having a wet flash-over of 175kV. when clean, have flashed
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over at normal working voltage (38-2 kV. line-to-earth) under
fog or drizzle.

INsuLATORS DESIGNED FOR FouLkD PoSITIONS

The expense incurred by shut-downs due to dirt deposits
and the cost of manually cleaning insulators has resulted in
the design of special insulators for fouled positions. Several
entirely different types have been produced.

Owing to the difficulty of framing tests that will accurately
establish the efficiency of insulators with various types of
fouling, no standard specifications have as yet been set up.

The number of organized tests made in service to establish
data are far less than would be expected. This is due to the
difficulties encountered when experimenting with service lines.
Certain power companies have solved this problem by installing
a test rack on which experimental insulators are mounted.
Voltage is applied by a fuse protected tapping from the trans-
mission line.

Service tests must of necessity extend over long periods, and
artificial fouling has heen resorted to by certain investigators
in order to accelerate results.

Unfortunately only a limited number of reports on such
tests have been published, therefore available data does not
cover experience on all the known conditions.

Protected Leakage Path Type. The first types of insulator
to be erroneously called “Fog type” were designed on the
“long protected leakage path” principle. Their advocates claim
that such units are the logical development from the normal,
well proved pin-type insulator. The reasoning underlying
their design is that an insulator is virtually a high resistance
placed between live metal and earth. The value of this resist-
ance will vary according to the foreign matter present on the
insulator surface. As it is impossible to prevent fouling the
obvious remedy is to increase the length of the leakage path
sufficiently to counteract the loss in surface resistance. This
can be achieved by using insulators of a higher voltage rating.
This method is expensive, as the price of units rises rapidly
from 33 kV. upwards, and normal design does not provide
the maximum leakage length obtainable with a given total
volume.

Figs. 45 and 46 show two examples of insulators designed
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on the long leakage path principle. The first type obtains its
additional creepage by undershed projections, while the second
is a standard unit fitted with an umbrella top shed.

As surface resistance is a function of area, and not merely
of length, an accurate comparison between insulators cannot
be made by using leakage path lengths; the main virtue of
this type of insulator being increased resistance. A factor
known as the leakage resistance form factor has been evolved
to check this value.

Resistance Leakage Form Factor of Insulators. Consider a
unit square on the surface of an insulator. The area intervening

=
N
)
Fi1a. 45. SrA-ro¢ PiN-TYPE Fri. 46. Foa-1YPE INSULATOR
INSULATOR (Ohio Brass Co, U.S.4.)

(Bullers, Ltd.)

between two opposite sides of this square will have a given
resistance dependent upon the quality and nature of the
surface. Let this value = K.

Because the square chosen is of unit area, the value K may
be considered as the specific surface resistance for the material.
The total surface resistance will depend upon how many unit
squares there are over the total surface of the insulator.

Let N be the number of equivalent unit areas placed
together on the surface of the insulator in a line between
electrodes. Then, because they are electrically in series, the
resistance will be VKA.

Let m be the number of equivalent unit areas placed together
in a ring on the surface of the insulator, and concentric with
the insulator axis. Then, because they are electrically in
parallel, the resistance of the ring will be K x 1fm. The number
m in a ring will vary according to the position of the ring on
the surface. Let M be the value for the mean ring. Then
the total number of unit areas over the surface will be MN,
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comprising N rings in series and each ring with M unit areas
in parallel.
Therefore the total surface resistance will be

K x NIM . . . . . . . . (4)
K = the specific surface resistance.
N|M = the leakage resistance form factor.

Disadvantages of Protected Path Insulators. The disadvant-
ages usually met with in this type are—

1. In most designs dirt collection caused by wind eddies is
encouraged.

2. Many sections protected from rain are difficult to clean
by hand.

3. The addition of corrugations cause regions of high elec-
trical stress, thereby accelerating fouling.

Rain-washed Insulators. Recent years have brought into
being an insulator directly opposite in principle to the type
just described.

Instead of protecting a large portion of the porcelain from
rain the maximum area possible is exposed to its cleaning action.
The conception of this new type was in all probability inspired
by noting the marked difference in performance between
suspension and horizontal-strain type transmission line insu-
lators when installed in positions liable to fouling. Although
both assemblies are made up from identical insulator units,
suspended strings foul far quicker than when horizontal.

A suspension string is similar to a pin-type insulator in so
far as it has several rain sheds which protect the underside of
the porcelain from rain. A horizontally strained string of
units exposes both sides of the insulators to rain.

The first commercial pin type insulator of this type to be
introduced was the *“Lapp Fog Type.” (Fig. 47.) The makers
claim that these are self-cleaning and possess uniformity of
leakage path. The rain sheds are shallow and of the same
diameter. Therefore the leakage surface area varies but little
from the top to the bottom rain shed. The shallowness of the
sheds makes the splashing of rain to the underside a possibility,
so that the surface condition is practically uniform under all
circumstances, viz. dry, wet or dirty. By this means corona
caused by acute changes in surface resistance is avoided. It is
claimed that in cases where normal pin-type units required
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cleaning from two to four times a year, substituting Lapp fog
units has eliminated cleaning entirely. In severe cases, where

Fra. 47 Fia. 48
Foc-1YPE INSULATOR RAIN-WASHED INSULATOR
(Lapp Insulator C'o., U.S..1.) (Jeffery-Dwitt Insulation Co., U7.8. 4.)

normal insulators were cleaned every four to six weeks, Lapp
units required cleaning once or twice a year.

Disadvantages of Rain-washed Insulators. These are—

1. The closely-spaced rain sheds create
wind eddies and the resulting fouling on
their under surface.

2. The sheds being of the same diameter
and closely spaced cause sections to be short
circuited by rain drips.

An insulator on similar lines to the Lapp
unit but modified to avoid the above two
objections is shown in Fig. 48. The rain
sheds consist of two spiral inverted skirts.
In the insulator shown, each spiral has two
full turns. By inverting the shed shape the
whole surface is exposed to rain. Dripping

between sheds is avoided as the rain-water Fig. 49
flows down the spirals. PEDESTAL

A further type falling within the category InsuLATOR

v . . . . Ns (Steatite & Poreeluin
of rain-washed insulators is shown in Fig. 49. Products, Ltd.)

This type, which originated in Germany,

was primarily designed for use with isolating switches, its
mechanical construction being such that high torsional and
bending strengths are obtained. Tts shape is similar to the top
porcelain of a bushing insulator. Experience has proved that
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bushings are less affected by fouling than pin-type insulators,
the explanation again being open design and large areas
exposed to wind and rain. The top and bottom metal caps
are identical, and the body shape conforms approximately to
a Faraday tube.

The Choice of Insulators for Fouled Conditions. The electrical
design of insulators has been dealt with at some length
owing to its importance in high voltage engineering. The
most difficult problem, and one on which authorities differ,
is, perhaps, the choosing or designing of an insulator for a
partlcular installation where fouled conditions are prevalent.
This section is included in the hope that it will assist engineers
faced with such a task.

The problem in all cases is to maintain a resistance to earth
of such a value that the leakage current will not attain a value
sufficient to cause flash-over.

(The symbols for the various deposits described on pages 70
and 71 are used below.)

(1) Where the main depositis “A.” In these cases any reput-
able maker’s standard unit could be used. The dry and wet
flash-over voltages should not be less than those recommended
in B.S.S. No. 137.

(2) Where the principal deposits are “A” and “B,” high
humidity ts common, and long periods of dry weather experienced.
In such a case there will be periods when the whole surface
of the insulator is fouled. Under fog or high humidity, this
surface will be rendered conductive, its resistance varying
inversely as the deposit thickness.

To cater for this condition a long leakage path will be
required, the design being such that the deposit is as nearly as
possible evenly distributed over the whole surface.

When rain falls after a long dry spell the surfaces on which
it falls will be rendered highly conductive until such time as
the deposit has been washed away. The resistance of the rain
will also be lowered due to its combination with the deposit.
To meet this requirement a sufficient area of porcelain must be
protected from the rain to maintain insulation with the ex-
posed portions short-circuited.

The best insulator would appear to be one constructed with
a body shape conforming to a Faraday tube, and the sheds
lying approximately on equipotential surfaces. Such a con-
struction avoids uneven coating and prevents field distortion
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under rain. Under-shed corrugations would help provided
they did not distort the field or form wind traps. The rain sheds
must be such that water drips cannot short-circuit protected
sections. This can be accomplished either by varying the shed
diameters or spacing them far enough apart.

The bottom shed should be as close as possible to the pin
without causing undue air stress. If shaped to approximate an
equipotential surface such a shed will be practically parallel
with the pin and of small diameter throughout its entire length.
Such a shed will have a high surface resistance factor since
resistance increases with decreasing area; moreover it will be
well protected from rain.

Periodical hand cleaning will be necessary, therefore all
parts must be accessible. The length of les Lkage path can only
be determined from knowledge of the amount of components
of the deposit. Most cases will be met by installing units two
sizes above those recommended in B.S.S. No. 137. The insu-
lators shown in Figs. 45 and 49 are two examples of suitable
shapes. The following table gives a comparison between the
spark-over values of two insulators of different make put for-
ward for the same service voltage. Both were tested under
identical conditions. Insulator A" complied with the general
requircments set forth above.

TABLE 1V

Dr hpml\ over \nLh 0 OU/ g.
. Y Salt Deposit per sq. em. Surface
[ Leakage | Spark-over
nsulator | o8 L e e 500, — o
Lotter esistanco 509 .
Factor Humidity 609, l 809, 959,
No Deposit | Humdity II Humidity | Humidity
A 135 33KV, | 138KV, 1 73KV, i A8V,
B 16 0KV, | 168KV, | 40kV. l 22 kV.
|

(3) Where the principal deposits are “A” and “B” and rain
s frequent throughout the year. This condition will be found
more common than (2), and fortunately is less arduous.

The insulator recommended for condition (2) could be utilized
but good results would be obtained by installing one of the
self-cleaning variety. In certain cases hand cleaning would
then be eliminated.
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4, When deposits ** A" and © C” are encountered. 1n this case
the problem is to obtain as long a period as possible between
hand cleaning operations as no appreciable help will be afforded
by rain.

A standard type of insulator would be suitable provided
it complied generally with the requirements specified for
condition (2). Particular attention should be paid to cleaning
accessibility, as deposit “C” is very adhesive. 1t is often
necessary to use a metal sponge (pan scrubber) to remove the
more obstinate varieties. For this reason under-shed corruga-
tions should be avoided.

5. Where all three types of deposit are encountered. Here
again the surface is rendered conductive with damp. Rain will
remove deposit “B” and in so doing carry away a proportion
of deposits “A”" and “C.” This cleaning action of rain will
vary according to the proportions of “B™ and “(.” Where
“B" predominates and rain is frequent, the self-washing type
of unit will be most suitable. When ““C” has the bigger per-
centage, or when long dry spells are experienced, the type of
insulator recommended for condition (2) would be preferable.

MECHANTCAL STRENGTH AND MANUFACTURE

From the information given in Chapter 111 it will be apparent
that consideration of porcelain manufacture will not only
ensure freedom from ceramic trouble but will, as a rule. mean a
cheaper insulator.

The principles recognized when designing cast iron parts
can in general be applied to porcelain. Rapid changes in section,
sharp corners and edges, and intricate shapes are to be avoided.

Shed curvature should be as liberal as possible in order to
avoid hollows being formed should settling occur during firing.
Most sheds are placed inverted in the sagger in order that they
may rest on their unglazed top. (Fig. 51.)

The demand for unnecessarily fine dimension limits increases
the number of insulators to be rejected, thereby raising pro-
duction costs. Most manufacturers are prepared to accept a
limit of 4 2} per cent as a standard tolerance. This limit is
satisfactory for most purposes. In cases where grinding is
resorted to, such as at the ends of a bushing porcelain, Fig.
159, any desired limits can be obtained. Porcelain grinding is,
however, slow and expensive, and a reasonable tolerance will
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Holes tapped through the cap may
cause the latter to be pressed ofF
by toofong a bolt.

Space necessary to
avoid fracture caused
by differing coeff-
icients of thermal
expansion between

Cement depth
— /nadequate.

e Lxcessive cement, causing
V' radjal cracking in porce-
/ain due to expansion.

d.— Overstressed air.
Short shed upsetting

vo/tage distribution,

No attempt to comply with
electrostatic principles,
Sheds too thin.
Impossible to clean.

Fra. 50. SEcrioN oF A Car AND PiN-rypPr INSULATOR
ILLUSTRATING Variovs Durrers

All points have been taken from actual examples, The drawing is
exaggerated to emphasize the defects,
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Fre. 51, ILLUSTRATING THE SAG OF THE PORCELAIN
SHED THAT MAY RESULT IF SUFFICIENT ALLOWANCE
FOR SETTLING IS NOT MADE
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mean a slightly lower price. Such tolerances are usually pos-
sible, as grinding is primarily to provide a true flat surface for
jointing. When necessary, a tolerance of plus or minus 0-015in.
can be worked to.

Roughing or Knurling. The method used for preparing a
porcelain surface to receive cement varies with different makers,
and has a marked effect on the mechanical strength of the unit.
The cheaper method is to groove or knurl the insulator while
in the clay stage, and leave this portion unglazed. The cross-
section of the insulator is thereby reduced unless the porcelain
is thickened where knurling is required.

It is not generally known that glaze can add materially to
the mechanical strength of porcelain. Additional layers are
sometimes applied to stressed sections for this reason. A
roughing which does not necessitate an unglazed surface is
therefore preferable, and certain makers glaze over diamond
knurling.

Perhaps the most popular roughing is known as sand glazing ;
it was first introduced by the Ohio Brass Co., U.S.A. This
process affixes poreelain granule® of predetermined size to the
surface of the insulator by means of special glaze, there being
one layer of glaze next to the insulator and one over the gran-
ules. The final result is similar in appearance to builders’
pebble-dash in miniature.

Cementing. Until recent years the frequent failure of out-
door insulators was accepted as unavoidable. Investigation
proved that few failures were due to porous porcelain but that
the principal cause was expansion of the cement jointing
material, and the use of poor cement. Research on cementing
by various authorities has established Portland cement as
one of the most suitable materials for this work, provided the
necessary precautions to allay expansion are taken.

There are three accepted causes of expansion—

1. The maturing time of normal Portland cement may
extend over several years. Expansion may take place during
such a period. The known failure of large numbers of insulators
after a period of several years trouble-free service would seem
to prove this theory.

2. Portland cement will expand if allowed to absorb water.

3. The coefficient of thermal expansion of cement and iron is
higher than that of porcelain. The range of temperatures
experienced in many countries is sufficient to cause failure from
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this cause unless preventive methods are applied. The
present methods used to eliminate expansion failures are—

Cement and Sand Mortar. By mixing a percentage of sand
(usually not more than 50 per cent) with the Portland cement,
a reduction in expansion can be obtained, as sand is an inert
material.

Resilient Coatings. The coating with a resilient material of
all porcelain and metal surfaces to be cemented together, in
combination with steam curing of the cement, has proved,
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F1c. 52. A RECORD OF FAILURES FOR PORCELAIN TEsT Cups
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The per cent failure is the average of all results obtained with each particular
slope studied, i.e. whether with or without resilient coatings or whether
cement or mortar was employed (K. H. Fritz.)

during test and in service, completely to cure expansion
troubles. A bitumen paint is commonly used. Its consistency
and the thickness of the coat is critical. While sufficient thick-
ness is necessary to buffer expansion, an excess will have a
detrimental effect on the mechanical properties of the insulator.

Steam Curing of Cement. This process claims to accelerate
the expansion of the cement at a high temperature while it is
in a weak state, thereby preventing maturing expansion in
service.

Insulators to be treated are placed in the curing oven as
soon as the cement has hardened sufficiently to allow of careful
transport. The oven is maintained at a definite temperature
by blowing live steam into it from nozzles situated along the
top and bottom of two sides. The curing time varies with
different makers, 36 hours being an average. The total time
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from commencing to cement until the insulator is ready to
be dispatched is approximately four days, which is ten days
less than the old method of water setting.

No matter what cementing method is used, exposed cement
should be carefully painted with a reliable waterproof paint.

Shape of Sections. The shaping of sections to be cemented
together can in many cases reduce the mechanical stress
caused by expansion. Fig. 36 shows a pin-type insulator so
designed. The conical shape of the cementing surfaces in this
case reduces the tensile stress component on the porcelain
should the cement expand. The results of a series of experi-
ments to prove this principle is given by E. H. Fritz, Fig. 52.

The angle used in practice is critical, and is governed to some
extent by the method used for roughing the cementing section
of the porce]am Too steep an (uwle will obviously affect tensile
strength ; 15° is suggested as a maximum for general use.

The space allowed for cement should be such that its maxi-
mum thickness does not exceed } in. An average thickness is
}in.

Mechanical Design of Insulators. In order to assist in the
mechanical design of units, the physical properties of porcelain
and Portland cement are given.

TABLE V
PORCELAIN

Ultimate compression strength

Ultimate tensile strength on specially
shaped test pioces

Ultimate tensile strength ﬁ;.,uu' to be
used in insulator design *. .

40 000 1b. per sq. in.
5000 to 7000 Ih. per sq. in.

2 500 b, per sq. in.

Ultiate shear strength
Specific gravity . .
Modulus of elasticity . .
Coefficient of thermal expansion
Specific inductive capacitanco
Thermal conductivity .

3000 to 6 000 b, per sq. in.

2-3

10 < 10% b, per sq. in.

0-100" . 416 < 10~°

St to 58

210 2:5 2 1073 g, cal. per 8q. em
pm sec,

STEAM-CURED Puwm AND ( EMENT (NMl)

Ultimate tenslle strongth
Ultimate compression strength

1 000 to 1 500 Ib. per sq. in.
5000 1b. per sq. in. approx.

Ultimate shear strength (plll’(‘ shear) .1 3000 to 4 000 Ib. per sq. in. approx.

* It is not possible to obtain in pm(,tlce mec hanu al stlengths proportional
to figures obtained on test pieces, owing to the difficulty of obtaining a grip
on the porcelain, which avoids concentration of stross.
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The properties of the various metals used are not given, as
they can easily be obtained elsewhere.

TESTING PORCELAIN INSULATORS

The generally accepted tests for insulators are fully explained
in the various National Specifications (British—B.8S.S. No.
137, American—A.L.K.K. No. 41). This information is not
repeated, but difficulties and modifications that will be en-
countered are considered.

Variations in Test Results and Some of their Causes

PuysicaL DIFFERENCES IN INsuLATORS. From what has
been said on the manufacture of porcelain, it will be realized
that insulators made to the same drawing will not be strictly
identical. The variations, though usually small, have an effect
on the insulator’s characteristics.

A slight reduction in a shed diameter due to settling during
firing will affect the spark-over figures. A warp in a shed or
a local increase in glaze thickness may influence the water
distribution under rain, and so on. This fact is clearly demon-
strated by the tests recorded in the tables* given on p. 83, which
give the dry and wet spark-over of ten different insulators of
the same design.

VARrIATION IN Test ConNpITIONS. Apart from the varying
test values obtained on insulators of the same design, the figures
obtained on the same unit tested at different times vary. The
causes of these disparities can be divided into four groups—

1. Atmospheric change.

2. Difference in test set up.

3. Tests taken at different testing laboratories.

4. Unaccountable.

Variation No. 1 is recognized in most specifications. In
B.S.S. No. 137 the effects of temperature and air density are
acknowledged, and a graph is given to enable voltage readings
to be adjusted. Variations due to humidity are also mentioned,
but no method for correcting voltage readings is given. A
standard condition at which guarantee figures apply is stated
to be: Temperature 25°C.; barometric pressure 760 mm.;
humidity 80 per cent. The iniluence of humidity and tempera-
ture on spark-over values on clean insulators is shown in Fig.

* Goodlet, ‘“‘Tho Testing of Porcelain Insulators,” I.E.E., 1929,
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53. It will be observed that the effect on each insulator tested
differs; it is therefore impossible to obtain a universal correc-
tion factor.

The A.L.LE.E. Specification No. 41 specifies a standard test
condition, a vapour pressure of 0-6085in. (1545 mm.) of
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Fia. 53. THr INFLUENCE oF HuUMIDITY AND TEMPERATURE
ON SPARK-OVER VALUES

(Goodlet and Mitford)

mercury. This is equivalent to a relative humidity of 65 per
cent at 77°F. (25°C.) and a barometric pressure of 30 in.
(762 mm.).

No graph is given for temperature or air density correction,
but a method of deducing humidity variations is suggested as
a temporary measure pending a more satisfactory solution
(section 41-—601). Three sets of tesis are taken on each type
of insulator at different humidities, at least one test being made
at a higher and one at a lower humidity than standard. The
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spark-over at standard humidity is then graphically inter-
polated along a smooth curve drawn through the three points
determined by the tests with spark-over voltage and vapour
pressure as co-ordinates.

A tolerance is also given which it is stated is to provide for
testing variables which are difficult to control (41—104). “The
spark-over voltages of a pin-insulator design shall be considered
as checked, if the average of the dry spark-over voltages of
three insulators shall be within 5 per cent and the average of
the wet spark-over voltages of three insulators shall be within
10 per cent of the corresponding assigned voltage.”

The British Specification (paragraphs 11 and 12) is not so
accommodating. ‘“The voltage at which spark-over occurs
shall be not less than that shown in columns 2 and 3 of
Table I.”

Due to this lack of tolerance in the British Specification a
designer will need a higher factor of safety to ensure compliance
than would be necessary were he working to the American
Specification.

The difficulty of reproducing spark-over tests is clearly
illustrated by Goodlet.

“A certain pin-type insulator was mounted in the labor-
atory and its dry spark-over voltage observed at intervals
over a long period, all controllable conditions being held as
nearly constant as possible. On the occasion of cach test
the first few figures were discarded, the mean being derived
from ten subsequent observations.

“The average deviation of the mean spark-over voltage
on any one occasion from the mean of all the figures taken
was -+ 2-4 per cent while the maximum deviations were as
much as 4 8 per cent and — 4-2 per cent.”

Variation No. 2. The set-up of insulators for test is a further
fruitful cause of variation. An insulator tested alone by bring-
ing a testing wire direct to the top cap will usually give different
results from those obtained with the same unit assembled in
a switch or other piece of apparatus. Variation will also occur
with the shape and size of the apparatus carried. The effect
on the dry spark-over is usually caused by the resulting change
in the field form. In some cases the distance from live metal
to earth is reduced.

Wet spark-over may be influenced by uneven water dis-
tribution. A piece of apparatus may be of such a shape that
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water is collected by it and discharged in a stream at one
spot.

Vartation No. 3. To obtain varying values on the same insu-
lators when tested at different testing plants is disconcerting
to all parties concerned, particularly when the tests are to
prove contract guarantees. Frequently such discrepancies are
found to be due to an incomplete history of test conditions.
As an example, the 44 kV. pin-type insulator in Fig. 53 can be
taken. If No. 1 Plant tested at 40° C. with 75 per cent humidity,
the dry spark-over would be approximately 166 kV. No. 2
Plant may have tested at 40° C. but with 30 per cent humidity,
thereby obtaining a dry spark-over of approximately 136 kV.

The necessity for recording complete test data is obvious,
but in many cases it is neglected. In certain cases the dis-
crepancies are due to differences in the test plants concerned.
No. 1 Plant may consist of carefully designed and checked
machines and transformers with an accurate method of voltage
indication. No. 2 Plant may default in some of these essentials.

B.S.8. No. 137 (1930), Section V, page 9, attempts to stabilize
testing methods but gives considerable latitude, presumably to
avoid the re-equipping of existing laboratories to comply to one
standard.

No matter what methods of obtaining and measuring the
test voltages are used, a satisfactory equipment should comply
with the following general conditions—

1. The actual alternating voltage used for testing must be
as nearly as practicably possible of true sine-wave form.

2. The low tension voltage supplying the testing transformer
must not be capable of varying except by methods under the
complete control of the testing engineer. As an example, a
supply which in addition to feeding the testing transformer
supplied power to a heavy intermittent load, thereby causing
voltage variation, would be unsuitable.

3. The rating of the complete plant must be such that it
remains stable up to the largest capacity load likely to be
imposed.

4. Voltmeter readings must check up with spark-gap settings
throughout the entire range and be unaffected by the capacit-
ance of the apparatus under test.

5. Any method of varying the test voltage which at inter-
vals momentarily disconnects the apparatus under test, must
not be used. Such methods usually cause voltage surges which
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are not indicated on the voltmeter, but which may cause
premature spark-over. ‘

Puncture Tests. As already stated, insulators are designed to
spark-over at a voltage considerably lower than their puncture
value when tested in air at commercial frequency. Surface
spark-over must therefore be eliminated if the unit is to be
punctured.

The usual method is to immerse the insulator in oil. This
method introduces variations that are entirely independent
of the insulator. The presence of the oil along the surface of
the insulator seldom, if ever, entirely eliminates brush dis-
charge right up to the value at which puncture takes place.
The voltage at which discharge commences will vary with the
dielectric strength of the oil. These discharges which com-
mence at a much higher voltage than those in air are of an
entirely different type to the latter. Once started they develop
far quicker, are more concentrated, and of greater intensity.
The streamers remain at the surface of the insulator burning a
path for themselves in the glaze. Once discharge has com-
menced, breakdown usually follows, even when the voltage is
not raised above the discharge value. Further, owing to the dis-
similarity between the discharges in il and air, the modifications
to the dielectric field caused thereby bear no relation to
one another. Fortunately for the user all this tends to give a
lower figure than the true puncture value.

Variations can also be caused by the size, shape and material
of the testing tank used : too small a tank influences the field
distribution, whether it be made of metal or insulation. The
A.LE.E. again recognize the difficulty (41-—203) by allowing
an average deviation of 10 per cent. B.S.S. No. 137, Clause 16,
does not allow a tolerance but states that the voltage need not
be taken above the guaranteed puncture value.

Mechanical Tests. The tests specified in the various National
Specifications refer to pin-type insulators for transmission line
service, and the mechanical tests are arranged accordingly.
B.S.8. No. 137, for instance, gives one test only, a bending load
of 2} times the specified working load applied at the top of
the unit at right angles to the axis.

The varying mechanical duties required of switchgear insu-
lators make it necessary to broaden the scope of mechanical
tests, and torsional and tensional type tests are necessary. In
certain cases a vibration test is specified, the rate of vibration
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being of the order of 150 per min. During the vibration period,
which is usually approximately 8 hr., the insulator carries its
normal working load. This test is to demonstrate an insulator’s
ability to withstand vibration caused by winds.

Porosity Test. This test, which was very necessary a few
years ago, could now be dispensed with as a type test on finished
insulator units purchased from makers of repute. The im-
provements made in electrical porcelain manufacture and the
factory tests taken make it practically impossible for a porous
porcelain to be built up into an insulator unit. Its deletion
from specifications might, however, encourage unscrupulous
makers to supply an inferior product.

Temperature Cycle Test. This test, also known as the
“Inherent Stress Test,” was brought into being to demonstrate
the capability of an insulator to withstand the variations of
temperature met with in service. 1t is an intensified form of
these conditions. The nearest natural approach in severity
is a sleet storm occurring after a period of hot sunshine. This
test, apart from stressing the porcelain, expands and contracts
the metal fittings and the cement used for their assembly.

Insulators that have withstood this test satisfactorily have
been known to fail in service through porcelain cracks caused
by expansion of metalwork. The knowledge of this fact has
resulted in a demand by some engincers for an increased
temperature range. This practice is of doubtful value. A
temperature variation from 7° C. to 70° C. is virtually impossible
in service, therefore failure occurs at a temperature range
below that at which tests were made. Thus it must follow
that some change has taken place between the time of testing
and the failure. Anincrease in the test temperature range can-
not ensure that detrimental changes in structure will not occur.

High Frequency and Impulse Tests. These tests have not as
yet been adopted as standard procedure in National Specifica-
tions, although mention of them is made. Again, taking the
British and American Specifications as examples, B.S.S. No.
137, 1930, Appendix III, gives a quantity of useful information
in a condensed form, and states ‘It is considered inadvisable
to incorporate any test of this nature in a standard specification
until further information is available.” The A.L.LE.E. Specifica-
tion gives an optional h.f. test for suspension insulators only.

The advantages of such tests are recognized by most organ-
izations, and many testing laboratories are equipped for making
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them. The general principles involved are therefore worthy
of short consideration. Inasmuch as the impulse test repre-
sents conditions actually obtaining in practice, its incorporation
in the standard specifications at some not distant date is
almost certain.

For every dielectric there is a limiting value of the steady
field intensity, beyond which breakdown of the dielectric will
occur. This intensity, as already stated, is measured by the
number of lines of force per unit area. Breakdown of a dielectric
does not occur instantaneously, since such a breakdown
necessitates the expenditure of energy and this involves time.
Thus, when the voltage is slowly increased until the breakdown
intensity of field is obtained, a spark does not pass immediately.
The energy of discharge will be of the form

E =1} Ddlt

where D equals the field intensity, d the distance apart of
electrodes, / the current, and ¢ the time for spark to pass. This
equation will have a minimum value for each dielectric; thus,
with a given value of D and d, there will be a minimum value

of time ¢ before the spark will pass. This is the time-lag for the
particular dielectric at the given voltage. To consider air,
which is the most common dielectric subject to spark discharge,
the reason for the time-lag is that before a spark can develop
the free ions and electrons in the surrounding medium have to
be accelerated by the electric field until they have produced
further ions by collision, which in their turn must also produce
ions. During the time that ions are being produced by collision
processes, re-combination of ions is also proceeding, and the
final development of the complete discharge or spark between
the electrodes signifies that the processes of production of ions
have overtaken those of re-combination of ions. This takes
time, and the value of this time-lag depends on many condi-
tions. Primarily it depends on the presence in the air of some
ions initially. If two electrodes, say plates, are submitted to
a difference of electrical pressure, and if the intervening air
were perfectly dry and free from all trace of ionization, no spark
would pass until the potential was raised to a sufficiently high
value so that the potential barrier of the negative electrode
was overcome and electrons were thus emitted to start the
ionization of the air preparatory to the full development of
the spark. Such a condition in ordinary practice never exists.
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There are always many free electrons or ions present in the
atmosphere. Daylight alone acting on the electrodes will
produce electrons, while the action of ultra-violet rays is very
intense in this respect. Above all, the radio-active matter
contained in the soil and air is sufficient to maintain a consider-
able state of ionization in the air. Given then that electrons
are present, the voltage between the plates will set them in
motion. From the collisions and resulting ions, the number
of charged particles in motion increases very rapidly, finally
resulting in a discharge of spark dimensions.

In any high voltage test for spark-over using alternating pres-
sures, the whirring sound that is heard to increase gradually
until it becomes the crack of the spark, results from the partial
breakdown of the air at each succeeding half cycle until at one
half cycle the breakdown path of the discharge extends from one
electrode to the other, the ultimate discharge being reached in
so short a space of time that the sound becomes a crack.

The time-lag of breakdown is one of the most important
features in impulse spark-over of insulators and of solid and
liquid dielectrics. It is present in all kinds of dielectrics. Its
value is subject to the laws of chance, varying between wide
limits for a given gap and for different dielectrics. In the case
of a gas it is affected by pressure, temperature, composition,
history, etc., all of which should be quite apparent. The shape
of the conductor affects the lag in so far as the smaller the
conductor area, or projected area, perpendicular to the direc-
tion of the field, the smaller the volume of gas intervening,
and therefore the smaller the number of free electrons and ions
available to commence the ionization of the path. The extreme
case of this is the point electrode. and with points a time lag
of from three to four times that for large surfaces is experienced.
For shaped surfaces between the point and the sphere, rather
shorter time-lags occur, whilst for spheres at spacings less than
three-quarters of their diameters, the time-lags are extremely
small; of the order of s u sec. The time-lag referred to so far
is that corresponding to the minimum voltage which will cause
a spark to pass between the electrodes. When voltage is applied
at a commercial frequency of say 50 cycles per sec., the spark-
over value must be maintained for a certain minimum time
to accommodate the above lags, if spark-over is to occur. This
is indicated in Fig. 54, where V, is the minimum spark-over
voltage and #, the time for which the voltage V, is maintained
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during a half cycle. At the frequency stated, the value of ¢,
will necessarily be less than 0-01 sec., and will also be affected
by the shape of the voltage wave. For higher frequencies with
the same peak values, the time of duration of the voltage V,
will be less per half cycle than ¢,. It will be, say, t,. Therefore,
other things being the same, there will be a value of high
frequency for which the value of ¢, will be less than the time-lag
of the dielectric as above defined, and spark-over will not occur
at that voltage V;. In order to obtain spark-over at this higher

S =50

Fia. 54. 50-CycLE SINUSOIDAL VOLTAGE WAVE
Showing duration of minimum spark-over value of V,.

frequency, it is necessary for the value of the peak voltage to
increase above the nominal value V,, and thus compensate
for the decrease in the time value ¢, such that the energy ex-
pression ' = }DdIt remains unchanged. Suppose, for example,
a dielectric to have a time-lag of one microsecond, and for
given gap length, a nominal minimum spark-over value of
100 000 volts d.c. Then, with a 50 cycle sinusoidal voltage wave,
the minimum peak value to effect spark-over would be very
slightly more than 100 000 volts. This is because the time to
reach the peak value from zero is 5 X 10-3 sec., and the time
to reach the value 100 000 volts which is to endure for a mini-
mum of 108 gec., is 5 X 10-3— 5 x 10-7 = 4-999 X 10-3 sec.
This corresponds to an angular value of 0-009° from the peak
value; therefore
100 000 = E sin 89-99°
From which
E ~100000V. (See Fig. 55.)
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In the case of a high frequency of say 200 000 cycles per sec.
(see Fig. 56), the time from zero to peak is 1-25 X 10-6 sec. The
angular displacement of the 100 000 V. value from the peak value

70 sec.
) Xlo.éec;—é\ /Jz

E = 100000

f =50

5x10 sec.

Fia. 55. 50-CycLE VOLTAGE \WAVE
Showing that a 100 KV., 1 g sec. gap breaks down at practically peak
voltage on the wave,

-~ (<"5x07"sec.

¥, = 100000 £=124000

i L £ =200000
|

——1 1-25x10 =
§ec.
l 50107 sec.
m~

Fic. 56. 200 000-CycLe VorLTacE WAVE

Showing that a 100 KV. 1 g¢ sec. gap requires a peak value of approximately
124 KV. for breakdown.

. 85X 1077 x 90 o . 100000
8 ”r;‘fgm' = 36°. Therefore, & = si};'s'ﬁ—o

In the case of an impulse or surge which, suppose, reaches itx
peak value in half a microsecond and has a tail of the form

V = EetlX

= 124 000 V.
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where E is the peak value and K a circuit constant ; to find the
value which E must reach to effect spark-over, suppose K equals

1:5 X 10-%. Then,
100 000 == Fe-10"415+1079
or B = 100000 x 27267
= 100 000 X 1-95
= 195000 V. (See Fig. 57.)

— e —

E=195000

Y =100000

|

!

|
_J—’ 110 sec.
0-5x10 5ee.

Fig. 57. ImpuLSE VOLTAGE WAVE
Showing peak value required for a 100 kV., 1 ¢ see. gap.

Thus, with a given dielectric and given gap conditions, the
spark-over values are 100000, 124 000 and 195 000 volts for
commercial frequency, high frequency and surge or impulse
frequency respectively.

The above is the generally accepted theory for the variation
of spark-over values at different frequencies, etc., but it must
be understood that it is not strictly correct numerically, and
is only intended to indicate the way the time-lag of breakdowns
affects the spark-over figure.

If V, is the voltage to break down a gap at a given commercial
frequency, and V, the voltage to break down the same gap at
impulse pressure, the ratio of V,/V, has been designated by
F. W. Peek, Jr., as the impulse ratio of the gap concerned.
With spheres this ratio is of the order of unity, and with points
it is from 1-5 to 2. For gaps of a form intermediate between
the sphere and point it has a value between 1 and 2. For
example, the impulse ratio of a pin and cap type insulator is
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approximately 1:3. A table of impulse ratios cannot be given
because they vary so much with different designs of apparatus.

The way in which the time-lag varies with the applied voltage
may not be the same for the air surrounding an insulator as
for the material of the insulator itself, therefore it will be
apparent that an insulator which sparks over below its punc-
ture value when tested at 50 periods will not necessarily behave
in the same manner on high frequency or impulse. The high
spark-over values obtained may be sufficient to cause puncture.
Such tests would therefore seem essential when trying out new
designs.

High Frequency Testing. It is established that undamped

%)
)
3
AN
Time.
Fra. 58. Snowing H.F. Oscirnarions ox ax Tveunse VoLTack
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high frequency oscillations do not occur in power systems.
Various frequencies for damped oscillations are specified by
different authorities. As an instance, A.ILK.E. mention both
200 000 and 100 000. Goodlet suggests 100 000 as a standard,
stating that from his knowledge the highest frequency to
cause serious trouble was 80 000; also that the variation in
spark-over between 66 000 and 587 000 cycles was small.
Impulse Testing. The last few years have seen a distinct
advance in impulse testing technique. The principal factor
contributing to this improvement is the development of the
cathode ray oscillograph. This instrument enables wave shapes
to be accurately recorded, whereas previously their form was
determined by calculation. It thus discloses undesirable
features in an impulse generator wave-form when such are
present. When used for insulator testing, the point on the
wave at which spark-over occurs is recorded. Fig. 58 illus-
trates an example shape of an impulse wave when h.f.
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oscillations are present. Prior to the introduction of the
cathode ray oscillograph the oscillations shown at the peak
were suspected, but their nature was unknown. It was there-
fore difficult to eliminate them. Their presence, however, had
a definite influence upon the values obtained by the measuring
sphere gap, as the voltage measured was that of the highest
peak value of these oscillations. The cathode ray oscillograph
records this phenomenon, and this enables the required correc-
tion to be made.

Standardization has not yet been possible, as research on
this matter is still proceeding. Until standard specifications can
be issued, misunderstandings will be unavoidable, as wave
shape terminology and definitions will vary with different
engineers. Perhaps the more important point is that results
obtained at different testing laboratories will be difficult to
compare. To illustrate this point, one example is given. The
impulse ratio of a particular insulator will seem to have a higher
value when tested with a voltage wave having high frequency
oscillations present than when tested with a smooth or ‘“cor-
rected”’ wave.

In order to help in the better understanding of impulse
testing data, the following designations are given—

Designation of Wave-form. The present method of desig-
nating impulse waves is to specify them in the form of a fraction.
The equivalent of the numerator denotes the steepness of the
wave front, or the time from the foot to the peak of the wave,
and that of the denominator the time from the foot of the wave
to the instant when the tail has dropped to half the value
between peak and zero. Thus suppose a wave rises from zero
to a peak of say 500kV. in 1 u sec., and falls from peak to
250 kV. in 19 u sec., then this would be specified as a 3; wave.

Positive and Negative Values. When the electrodes are
dissimilar, the spark-over value will vary for a positive and a
negative wave. This is because of the different field formations
at the two electrodes having different effects on the time lag for
the commencement of the spark. To take an extreme example
the better to emphasize the fact, in a point-to-plate gap, when
the point is of negative polarity, the development of the spark
will not be so rapid as when the point is of positive polarity.

Maximum and Minimum Impulse Spark-over Values. The
spark-over value of an insulator may be varied between definite
limits known as maximum and minimum values.
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MiniMuM SPARK-OVER VALUE. This figure may be obtained
by connecting the insulator under test in parallel with a
measuring sphere gap. The voltage and gap are then adjusted
so that during a predetermined number of voltage applications
spark-over occurs an equal number of times over the insulator
and the measuring gap. Oscillographic records taken on such
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Fia, 59, CAaTHODE RAY OSCILLOGRAPH OF MINIMUM AND MAXIMUM
IMPULSE SPARK-OVER ON A PARTICULAR INSULATOR
(Metropolitan-Viekers, Research Dept.)

Wave Front =- 1 pisee. Wave Tail = 50 usec.
(a) Maximum impulse spark-over. (d) Zero line,
() Minimum impulse spark-over. (¢) Timing oscillation.

(¢) Calibrating voltage line.
Wave length = 300 metres,
Oscillogram 301/6

tests have shown that spark-over occurs at a point along the
tail of the wave.

MaxiMmum SPARK-OVER VALUE. If the measuring gap now
be increased and the applied voltage raised, it will be found
that the spark-over figures obtained will increase also, until a
value is reached when a further increase in voltage will not
produce a higher spark-over value on the insulator. The reason
is that spark-over is now occurring on the front of the wave.
The latter is arrested in its upward trend by the insulator
sparking over, and the amplitude it would have otherwise
attained can have no influence on the spark-over value. Fig.
59 shows the minimum and maximum impulse spark-over of a
particular insulator recorded on one and the same oscillogram.

The ratio between maximum and minimum spark-overs

5—(T.5771)
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varies with wave form, and the insulator under test. With a
0-5/1 wave both values would be virtually the same. With a
long tail wave the ratio will become appreciable. The minimum
spark-over is influenced primarily by the length of tail, whilst
the maximum figure is controlled by the rate of rise of voltage
at the wave front. When the type of spark-over is not stated,
it is usual to assume that minimum figures at positive values
are required.

The a' ¢ remarks on high frequency and impulse voltages
are necessarily' brief, since the problem is one of great com-
plexity and cannot be dealt with in anything like its entire'y
in this book. Reference should be made to the works of
Allibone, etc. Finally, it should be noted that spark-over
depends upon the gap, temperature, atmospheric pressure,
iwamidity, frequency, wave form, light, and other sources of
ionization. It is esgentidl that records of tests should be
complete in every detail, otherwise comparison is impossible.
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CHAPTER V

AIR-BREAK SWITCHES FOR LOAD BREAKING AND
ISOLATING PURPOSES

THERE exists a certain amount of confusion as to the precise
difference between a switch used for isolating purposes and
one capable of load breaking. 7

The two main factors contributing to this un. srtainty are—

1. Most makers use the same general design of switch for
both purposes.

2. Switches which are only capable of breaking the magnet-
izing current of a transformer are often designated as *‘ Air-
Break Switches.” o

To clarify the situation a short specification is given of each
type.

Isolating Switches. The operation of an isolator must be
carried out after the circuit has been broken. Interlocks are
often fitted to ensure the meeting of this condition.

Single phase switches operated by a separate insulated
operating pole, or multiphase units connected together by a
common mechanism extending to ground leve', may be used.
The phase and pole centres are dictated by flash-over values.

Light Load-Breaking Switches. The usual duty of this type
of switch is the breaking of transformer no-load magnetizing
currents. Load currents of a few amperes can as a rule be
successfully broken under normal weather conditions, pro-
vided the power factor be good. Such switches are in use for
voltages up to 220 kV. In many instances an isolating switch
mounted at slightly greater phase centres and fitted with arcing
horns is used.

Load-Breaking Switches. Under this heading are included
switches capable of breaking normal load currents, or rupturing
the charging currents of transmission lines. Their use makes
possible the electrification of districts where capital cost must
of necessity be limited. The clearances between phases and
poles are determined by the size and shape of the arc formed
during opening rather than by arc-over requirements.

Pole Operated Isolating Switch. Fig. 60. The limit in the
application of this type of switch is set by the difficulty experi-
enced in manipulating the operating pole. When the switch

99



100 OUTDOOR HIGH VOLTAGE SWITCHGEAR

has to be mounted at, say, 20 ft. above ground, the length of

the pole becomes unwieldy. The difficulty is aggravated when

there is a wind blowing and also if access is impeded by floor

mounted apparatus. Operation at night is intricate and a

check to ensure that all phases have been operated is necessary.
The one excuse for the design is its low cost.

Fia. 60. Typican 37 xV. HorizoNTaL Brave
IsoLATING SWITCH
(British Thomson-Houston Co., Ltd.)

The essential features are—

1. The ring or catch attached to the blade to accommodate
the pole hook should be at least 4 in. in diameter in order to
make engagement possible when high mountings are used.

2. The blade and jaw should be designed for strength and
robustness, since they may be subject to considerable side
thrust due to the operator not being able to get a straight pull.

3. Vertical mounting, Fig. 11, should be avoided above
66 kV., as bending moment imparted to the insulators during
the opening pull is too great for the standard designs of post
insulators. This pull must be computed on the value required
to overcome stiffness in the break jaw, due to ice or dirt.
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AIR-BREAK SWITCHES 103

Gang-operated Switches. Although detail designs vary con-
siderably, practically all switches of this type fall under one
of three headings—

Horizontal Break ;

Vertical Break ;

Carriage Type.

HorizonTAL BrEAK. This type is perhaps the most popular.
Up to 33 kV. it has a close rival in the vertical break ‘“ Rocker”
switch, but above this voltage it is used by most manufac-
turers. A single break arrangement is usually adopted up

Fig. 63. Cueap TyYPE OF Fia. 64. SWIVEL
SwIVvEL TERMINAL TERMINAL

to 66 kV., Fig. 61, and a double break above this voltage,
Fig. 62. :

In both cases operation is carried out by rotating the insu-
lator to which the blade is attached.

The only special detail occurs in the single break type. One
of the leads to the switch has to be taken to the revolving
insulator. This necessitates a swivel terminal. Two examples
are shown in Figs. 63 and 64.

The horizontal break makes possible a simple design using
a small number of robust parts. The single break type has
but two insulators per phase. As the moving portion is
revolved and not lifted, operation is comparatively easy.

The disadvantage of this design is that phase centre dimen-
sions are greater than for the vertical break types when used
as isolating switches. This applies particularly to single break
units. When used for load breaking the phase centres necessary
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AIR-BREAK SWITCHES 105

are the same for all types of switch. This will be referred to
later.

VEerTICAL BrREAK. This type of switch can be again sub-
divided into two main groups—Rocker Type and Revolving
Insulator Type—the former being the more popular.

Rocker Type (Fig. 65). This design lends itself to sound
economical construction up to 33kV. Above this voltage it
is very difficult to balance the moving portion, hence undue
stresses are imposed on the moving insulator and operation is

Non-ferrous
Bearing Bush

(a) (®)

F1a. 66. Rocker TYpPE SwITCH OPERATION

rendered difficult. This objection has been successfully over-
come in some cases by counter-balancing or by the use of
buffers. This switch shares with all other vertical break types
the advantage that it can be mounted at minimum phase
centres when used as an isolator or light load-breaking switch.
The special design features are the electrical connection be-
tween the swinging and stationary insulator, Fig. 65, and the
method of ganging the phases. Fig. 66 (a) and (b) shows two
methods ; in 66 (a) the interconnecting rod is in torsion ; in 66 (b)
arrangement the torsion stress is relieved.

Revolving Insulator Type. The operating mechanism for this
type is similar to the horizontal break type. The difference is
that instead of the blade being solidly coupled to the top of the
revolving insulator, a mechanism transferring the horizontal
swing to a vertical operation is necessary. Many ingenious
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designs are in existence which accomplish this change in motion.
Figs. 67 and 68 show two typical cases. The complete cost of
this type is greater than that of either the horizontal break or

Rotating Insulator

F1g. 67. VERTICAL-BREAK ROTATING INSULATOR AIR-BREAK
SwiTcH OPERATION

S B ¢/ it i
closed position

Insulator

Rack has special tooth to

compensate for angul:
a’is/;zccmmt, ngular Balance Weight

Fi1a. 68. VERTICAL-BREAK MECHANISM FOR AIR-BREAK SWITCH
FOR 115 KV AND ABOVE

rocker type switches. For this reason its field is limited. Its
main application is for load-breaking switches for 66 kV. and

above.
CARRIAGE TYPE. The construction of this switch is such that
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the moving contact or blade complete with its insulator, is
mounted upon a carriage which is propelled by gearing, chains
or other means. The construction is inherently costly and can
only be considered for 110 kV. and above. It is only used in
special cases where its construction suits a particular station

Rotor Bearing
Mounting

Holes for Post
Insulator

Frc. 69. Brivr-ve Typer oF IsoLaTING SwITcH Bask

lay-out, and therefore the greater cost can be offset against
saving in structures, ete.

(GENERAL DETAILS APPLICABLE TO ALL TYPES OF
SWITCHES

Bases. For voltages up to 66 kV. a channel section base is
generally used. It may be rolled steel section or folded from
sheet, the latter being cheaper for the smaller sizes. At 88 kV.
and above the increased pole centres and weight demand a
more rigid construction. Fig. 69 shows a popular built-up
type. The advent of electrical welding and metal folding has
resulted in several new types of base being produced. Figs.
70 and 71 show two examples. It is always advisable to design
isolator bases slightly flexible, so as to minimize the shock
imparted to the insulators during operation.

Rotating Insulator Bearings. The type shown in Fig. 72 is
satisfactory provided the weight of the insulator and blade
does not exceed 100 Ib. The blade length should not be longer



108 OUTDOOR HIGH VOLTAGE SWITCHGEAR

than 54 in. Above these limits it is necessary to fit either ball
or roller races. (Fig. 73.)
The bearing proper should in all cases be either babbit lined

Fia. 70. FoLpenp Tyre o
ISOLATING SWITCH BASE

Fi1a. 71. TuBurLar TYPE oF
TSOLATING SWITCH Bask

or bushed with a non-ferrous metal. In Fig. 70 the bearing
forms an integral part of the base.

Break-jaw Contacts. The design of contacts differs with
almost every make. The main design requirements are therefore
given, together with illustrations and descriptions of a few
types. Heavy current contacts are seldom required and are
therefore omitted.
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Infrequent operation, oxidization, dirt deposits and changing
weather conditions all tend to promote adhesion. In countries
where snow and frost are experienced, freezing up also must
be overcome or avoided. A well-designed contact caters for
these conditions. Three such types are shown in Figs. 74a,
748, and 74c. : ' )

In 74A the complete fixed contact is enclosed in a housing
in which a flared slot is - S
incorporated to allow blade C o )
access. Note that the con- ]
tact fingers are made self- \
aligning by floating them on —
springs. &5

[ SRS Ip PRS- R 1

kY

Fie. 72. Licur TypE Fi1a. 73. Heavy Type Iso-

TsoLATING SWITCH TATING SwITcH RoTATING
BEARING ¥OR RoTaT- SHAFT AND BEARING FOR
ING POST INSULATOR Post INSULATOR

The contact in 748 has no housing or shield of any kind.
Contact is made by a toggling moving contact arm forcing
itself between a contact block and a strong horse-shoe spring.
The leverages are such that a wiping action of increasing
pressure is applied during closing which cleans away dirt,
oxide or ice. The contact pressure when closed is 250 1b. along
a half-inch line. On opening, the twist imparted to the blade
tail and the' deflection of the horse-shoe spring successfully
shatter any ice accumulation.

In 74c the contact proper is situated on the moving blade,
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protected by a top shroud or roof. A cleaning action ocours as
the moving contact passes over the fixed knife edge.

Fig. 75 shows a cheap form of contact, modifications of which
are used by many makers for pole operated isolators, up to
44 kV.

Where excessive oxidization is encountered, copper or brass

7

AN

7 N — -

7 =1\

L2278

Fie. 74A. SELF-ALIGNING SHROUDED CONTACT
( British Thomson-Houston (‘o)

Fra. 748. HigH PrESSURE Tyri 1. 74c. SHROUDED SELF-
CoNTAcCT CLEANING CONTACT
(Metropolitan Vickers Else. Co.) (A. Reyrolle & Co.)

parts forming a contact face should be either tinned or coated
electrically with silver or cadmium. In certain cases silver
inserts have been used. Where conditions are reasonable, a
slight coating of grease is sufficient, and lanoline is recommended
for such use.

Mechanical Operation. Here again the scope for the designer
is so large that many types of operating gear are used and
generalities ‘only can be given.
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The force required at the operating handle is directly gov-
erned by the type of contact used, therefore as the contact load
varies so does the mechanism employed change. Even when
contact loads are the same there is still variation due to differing
points of view. Some makers will favour simplicity provided
that the power required at the handle is not excessive. Others
may add additional mechanism in order that operation can be
accomplished with comparatively little effort.

The interconnection between the operating mechanism and
the switch, also between the separate phases, may include
tension, compression or torsional members,

F1a. 76. KND DETALL OF PHASE
INTERCONNECTING  Rop  FoOR
SMALL PHastE CENTRES

Fi1a. 75. Cuear Typrr CoNTACT Fic. 77. ENp DgTAll oF PHASkE INTER-
CONNECTING RoD UsING A SCREWED
Tusk IN TENSION AND COMPRESSION

As one example, the phase interconnecting mechanism for
rotating insulator types of switch can be taken. For small
phase centres, say up to 42 in., a flat iron bar which is placed
alternatively in tension or compression is quite satisfactory.
(Fig. 76.) With increasing spans a single steel tube with screwed
clevis ends can replace the flat iron. (Fig. 77.) When the phase
centres become greater than 72 in.. two smaller diameter ten-
sion tubes may be used, so arranged that they take the opera-
tion alternatively. (Fig. 78.) Note that in this case clamp
fittings are shown which avoid the weakening of the tube by
screwing, and the difficulty of successfully galvanizing the
threads.

A further example is the interconnection between the
operating handle and the switch itself.

The rocker type of switch drive is usually one of two schemes.
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For small switches having light contacts a single vertical tube
is placed alternatively in tension or compression. Heavier
switches are operated by tension members only ; these may be
solid rod, tube or wire rope. Although the use of wire rope is
tempting, it has the disadvantages of stretching and corrosion.

When considering rotating insulator switches, the simplest
type of drive is arranged by connecting a vertical tube to
the insulator rotating shaft at one end and to the handle at
the other. Operation is effected by rotating the tube. Slight
twist is unimportant as the travel lost can be regained by

C.L. of '\
Rotation L=

Fi1a. 78. END DETAIL OF PHASE INTERCONNECTING ROD FOR LARGE
SwITCHES USING TUBES IN TENSION AND Cramp FiTriNcs

taking the handle through a slightly greater angle than that
required by the switch. With increasing loads a system of
toggles is employed and in some cases gearing or levers
arranged to increase the angular movement of the operating
handle.

Fig. 79 shows the principle of a geared operating handle
which rotates the switch through 90° when the handle travels
180°. Fig. 80 illustrates a lever arrangement accomplishing
the same duty, through a reciprocating vertical shaft.

Dimensions. Overall dimensions of the various types of

_switches are given in Figs. 61, 62 and 65. These figures may be
taken as representing present-day practice. The dimensions
which cause most controversy are the pole and phase spacings.

Pole Cenfres for Isolating Switches. The actual clearance
between poles of the same phase should be such that the arc-
over voltage between them, with the switch open,.is at least
10 per cent greater than the arc-over voltage to earth. This
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is to ensure that isolated apparatus will not be energized by
an arc-over from the live side of the switch. In cases where it
is necessary to fit large insulators to counteract fouling, arcing
horns should be fitted to them so as to preserve the arc-over
ratio given.

Pole Centres for Load-breaking Switches. The total length
of break at the arcing horns is usually a function of the pole
centres. For this reason the dimensions suitable for isolators

Space inthe top

of the case may be
used for Aux. Switches,
and Interfocks.

Fia. 79. TsoLATING SWITCH OPERAT- Fia. 80. ISOLATING
ING HANDLE Giving 180° RoTaTIiON SwiTcH OPERATING
oF THE HANDLE ror 90° ROTATION HANDLE ARRANGED

OF THE SWITCH FOR 180° TRAVEL

are usually exceeded. The length of break required at the
horns is determined by the switch design.

Phase Centres for Load-breaking Switches. The breaking
capacity of all load-breaking switches, irrespective of type, is
influenced more by phase centres than by any other dimension.
It is this spacing that decides whether the switch will be
reasonably immune from short circuits caused by the arcs
being blown together.

The dimensions given in Figs. 61, 62 and 65 are, in the opinion
of the authors, the minimum for reasonable reliability. It will
be noted that the same dimensions are given for horizontal and
vertical break. Provided the horn shapes are similar to Fig.
81 (c) and (d) the arc is struck well above the switch itself and
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the spacing between the arcs is approximately the same for
both types of break.

The Load-breaking Capacity of Outdoor Air-Break Switches.
Chapter VII has dealt with arc phenomena and matters affect-
ing breaking capacity. These data have been given primarily
to aid the better understanding of oil circuit-breaker problems.

Much of the information, however, is applicable to arc-

X

19"

Fra. 81. AIR-BREAK S»\rr(,u Horns

breaking in air. The normal outdoor air-break switch is not
intended to be a competitor of the oil circuit-breaker. Its
main sphere constitutes the switching of normal load currents.
Overload and short-circuit protection is in most cases provided
by other apparatus. When designed and installed correctly,
an air switch is capable of handling considerable power. The
number of organized breaking tests has been few, presum-
ably owing to their high cost when compared with the value
of the switch. Data on a few tests are given at the end of this
chapter.
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The assignment of breaking capacity is not a matter of
precision. Apart from the variables previously enumerated for
oil circuit-breakers, two further entirely uncontrollable ele-
ments are introduced, wind, and the state of the atmosphere.

Arc-breaking in Air. The drawing of an arc is unavoidable
when breaking a circuit in air. It is the duty of a switch so to
increase the resistance of the arc path that the potential differ-
ence across the switch break is no longer capable of maintaining
the arc. This can best be accomplished by increasing the arc
length. By this means the potential gradient in the arc is
reduced in two ways, first by lengthening it and secondly by
introducing into its path unionized air.

It is generally the case that during the major part of the
switch travel, the r.m.s. current in the arc will decrease but
little, irrespective of the opening speed. The fact is important
for two reasons.

In the first place, the speed of break is in most cases under
the direct control of operators, and the varying times taken
by different men is of minor importance.

The second point is that the final stretching of the arc takes
place with the switch stationary, therefore full use must be
made of any available means of arc extending and deionizing.

The three principal aids are magnetic blow-out, convection,
and wind.

Magnetic Blow-out. The effect of magnetic blow-out varies
with current. It is, however, possible to increase its action
considerably by a correct design of arcing horns. Fig. 81 (a)
shows the type of horns used in early designs. The arc is
formed at the base of the horns and depends on convection
to start it upon its upward path. The magnetic blow-out effect
can only come into operation after a loop has been formed. Fig.
81 (b) illustrates a modification which partly cures this defect.
The loop is, however, rather small. The main idea with both
these types was to provide paths along which the arc could rise
and thereby extend.

The angle of the horns is critical. If too acute, the arc is
reluctant to leave the base of the horns, especially when separ-
ated at speed. In other cases it is inclined to swing down and
go to earth. This type of construction is seldom used on modern
switches.

Fig. 81 (¢) and (d) show two horns of a later design. (c) is
suitable for horizontal and (d) for vertical break. In both these
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cases the arc is drawn at the extreme ends of the horns, and
forms the top of a magnetic loop of good proportions.

Further, shorts to earth are avoided as the point of break
is well above earthed metal.

The switch in Figs. 21 and 22 is fitted with horns (¢).

Convection. Convection is a direct function of the current.
The greater the current, the greater the heat generated and the
greater the convection currents which help to lengthen the arc.
The beneficial effect is partly countered by the fact that
increased currents also mean increased ionization.

In order to make full use of convection, the free air space
beneath the arc should be as generous as possible.

Wind. It is perhaps incorrect to classify wind as an aid.
Its presence in any case is uncertain. In cases where it blows
directly across phases a short circuit may be caused. It does,
however, often help in stretching the arc. A high wind will
usually snap out an arc when it is comparatively short, due
to the rapid deionization brought about by the high velocity
of the air passing through the arc. It is sometimes claimed that
a light breeze is the worst wind condition in that it is not
strong enough to blow the arc out, but aids it in wandering.
A well-designed switch should be capable of breaking without
the aid of wind.

Load-breaking switches can be divided into two sections:
one for breaking normal load currents at commercial power
factor, and one for transmission line control. The duty im-
posed on the switch differs in each case.

Load-Breaking at Commercial Power Factor. Normal load
currents seldom have a power factor of less than 0-8, therefore
there is but little voltage across the switch break to re-establish
the arc at the instant of current zero. A correctly designed
switch will give reliable service, although its operation will be
influenced by weather, which in particularly adverse cases may
cause incorrect operation. An operating efficiency of approxi-
mately 95 per cent can be expected.

The currents to be dealt with seldom exceed 300 A. This
value is by no means the maximum current that can be
handled. The highest power known by the authors to have
been successfully broken on an outdoor air-break switch is
4 500A. at 30 kV. This was accomplished on a horizontal break
switch. Tests have been taken at various times in the U.S.A. to
demonstrate load-breaking ability. The published information
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is, however, meagre, and in some cases contradictory. The
statements given do appear to confirm the operation efficiency
figure of 95 per cent. Records of a series of ten tests carried
out by Metropolitan-Vickers Co. in 1933 are given to illustrate
breaking characteristics.

SwrrcH DATA : Two insulator, horizontal, single break type
air-break switch pole centres 31 in. 60 in. phase centres. Horns

F1c. 83. HORIZONTAL AIR-BREAK SWITCH BREAKING 250 A.
AT 30 xV.

The bright ring in the left-hand arc is an indicating lamp. Arc just about
to break.

(Metropolitan-Vickers Elec. Co. Ltd.)

as per Fig. 8lc. Operation was effected by an overcurrent
tripping device fitted to the switch.

TesT Data: Line voltage 30kV. Currents broken varied
between 164 and 278 A. Arc duration varied between 61 and.76
cycles. Duration of short varied between 73 and 88 cycles. No
wind. All tests successful. Fig. 82 shows an oscillogram of one of
the tests. Fig. 83 shows the arc just before breaking. Fig. 84 was
taken at the approximate completion of the moving arm travel.
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Breaking Line-Charging Currents. A line-sectioning switch
will at times be called upon to break the charging current of
an open-ended transmission line. Let E be the peak value of
the phase voltage of the line before the switch opens, and
consider the time #, when the current passes through zero. The
voltage at both sides of the switch is, at this instant, equal to £.

Fi1a. 84. HorizoNTAL AIR-BREAK SwiTcH BREAKING 278 A.
AT 30 xV.

The moving contact has just completed its travel, shown by the vibration
of the moving horns. All arcs are clear of each other.

(Metropolitan-Vickers Elec. Co, Ltd.)

Now consider when the switch contacts are parted, and, at
some time #, when again the current passes through zero, and
ignore the arc volts. At this instant ¢,, the voltage of each con-
tact is practically E, see Fig. 85 (b); but, while the line contact
will remain at this voltage, except for line losses, the voltage
on the other contact will follow that of the system. Therefore,
in half a cycle after instant ¢, say at instant ¢,, the voltage of
the contact on the supply side of the switch will be — E, whilst
that on the line side is still £, see Fig. 85 (c). Thus there is a
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pressure of 2K across the
contacts to restrike the arc.
As the switch opens, there
will be periods when the
breakdown value of the con-
tact gap will be less than 2K,
in which case the arc, after
the zero pauses, will restrike
before the value 2E is
reached. Also, there will be
a certain gap length which
the pressure 2E cannot break
down, and it is when this
length is reached that the arc
will not restrike, and the
switch will have opened the
circuit.

In addition to the above,
there is the question of volt-
age transients, sometimes
called switching surges, which
are set up as a result of the
arc remaking. Consider the
instant when the arc re-
strikes, when the voltage
across the gap is 2E. At this
instant the voltage of the line
is E and the voltage of the
supply side of the switch — E,
and when the arc strikes, the
line tends to become charged
negatively. This is not
effected instantaneously,
because of the finite time
required for the propaga-
tion of the charge. There is
in consequence a travelling
wave started along the line,
which, on a fifty mile line,
would reach the open end

in 50/186 000 = 0-00027 sec.,
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Fi1a. 85. VARIATIONS OF VOLTAGE
Across SwiTcE GAP THAT OCCUR
WHEN BRreEARING LINE-CHARGING
CURRENTS ON AN OPEN-ENDED
TRANSMISSION LINE

(a) Voltage and charging current curves

for open-ended transmission lines.
(b) Voltage distribution at instant ¢,.

(c) Showing effective voltage of 2E across

gap to restrike arc at instant ¢,.

(d) Showing voltage wave — ﬁ}'opagatcd
along line as a result of arc restri n%.

&o) Showing voltage wave reflected by open
end of line and of valus - 3E.

{f ) Showing next half cycle of system

voltage wave which gives an effactive voltage

across gap of 4E.

see Fig. 85 (d).

of the line this wave will reflect and the voltage double,

At the end



120 OUTDOOR HIGH VOLTAGE SWITCHGEAR

with the result that there will be a voltage wave travelling
back to the switch of value — 3E, see Fig. 85 (¢). When
next the current passes through zero, the line side is at 3E,
and half a cycle later the supply side is at E; thus a pressure
of 4E becomes possible to break down the gap, see Fig. 85 (f).
If the gap breaks down again, a wave of value K is propagated
along the line, and, at the end of the line, doubling will again
occur with this time a returning wave of value 5E; and so on.
The limit to this building up of transient voltages is probably
due to line losses, etc. It is, however, believed that as much
as five or six times normal voltage can occur across the switch
contacts from such causes, and this is sufficient to indicate the
cause of the difficulty experienced in breaking line charging
currents.

The actual currents to be broken are small in comparison
to those of power loads, but it must not be believed that it is
only the line charging current that is to be broken. This is
only true for the first instant, for after that, due to the restrik-
ing of the arc, there will be current transients set up in a
manner similar to the voltage transients.

The magnitude of these currents is limited due to the decay
resulting from the line surge impedance.

The severity of the above conditions reduces considerably the
currents that may be successfully broken. Twenty amperes
may be taken as an approximate limit at 33 kV. and ten
amperes at 115 kV. These values may appear low at first sight,
but charging currents in many cases fall within this range.

The arc which draws out to a length far in excess of a power
arc of many times its current value has the appearance of a
luminous waving string. The extended length and the result-
ant large cooling surface, together with the continuous move-
ment of the arc through unionized air, results in final rupture.
Switches used for this duty should be mounted at as large a
phase spacing as possible. The switch horns must be the highest
point on the complete structure, thus leaving the space above
entirely free.

A record of field tests taken by the New Zealand Public
Works Department at 110 kV., three-phase, 50 periods, is
given below. ,

Swirca Dara: Three insulator revolving post type vertical
break air-break switch. Pole centres 4 ft. 6 in., phase centres
12 ft. Horns as per Fig. 81 (d).
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The charging current of a 25 mile transmission line, which
was approximately 8 A., was readily broken in good weather
conditions. A 60 mile line having a charging current of 20 A.
was not satisfactorily broken. The excessive arc lengths for
_currents above 10 A. made their rupture precarious.

Earth Switches. In order to ensure safety during repair or
maintenance work on the transmission lines, it is customary
to arrange that such lines are not only isolated but adequately

Earthing
Switch

Contact

__Earthin
Switch ¢

L Blade

Fia. 86. 132 V. ISOLATING SWITCH WITH EKARTHING SWITCH
(Metropolitan-Vickers Elec. C'o. Ltd.)

earthed. This earthing is generally effected by one of two
alternative methods, thus—

(@) The isolating switches controlling the lines are fitted
with earthing contacts such that, when the isolating switch
blades are moved to the open position, they can, for the purpose
of earthing, be opened still more until they engage with these
earthing contacts. The earth contacts are generally mounted
on a bracket, supported directly on the main switch base, and
a copper earthing strip is taken from the base to the earthing
network of the system. With this method it is clear that the
isolating switch must be mounted so that the blade is connected
to the line side. No interlock is required, since, from the nature
of the arrangement, it is impossible to have the switch blade
in the closed and earthed positions at the same time.
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(b) A separate switch for earthing purposes is fitted, although
this may be incorporated with the line isolating switch. For
example: an additional jaw contact is fitted adjacent to the
main contact at the top of the stationary post insulator of
the isolating switch, Fig. 86. The earthing blade hinge bearing
is mounted at the base of the same insulator post. Thus the
combination must be installed with the isolating switch blade
on the station side of the equipment, and the fixed contact on
the line side. A separate operating gear controls the earth
blade, and an interlock is necessary between this operating
gear and that of the isolating switch, so that it is impossible
to have both of these switches closed at the same time.
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CHAPTER VI
CONTACT PRESSURE AND TEMPERATURE RISE

It is known that the conductance of a pair of contact faces,
however smooth and well bedded, will not be the same as the
conductivity of the metal itself. In all cases the conductance
is less. This means that for a given current density there will
be a greater watt loss across such contact faces than there is
through the same proportion of the metal itself. In consequence
there will be a greater generation of heat, and this will tend to
establish a higher temperature at the contact faces than that
which occurs in the conductor proper. Temperature rise is
therefore the limiting feature of all contact design.

The value of the conductivity given by the metal can never
be equalled by the conductance across a pair of contact faces,
because it is impossible in practice to press the surfaces together
with a force sufficient to flatten out all the minute protuber-
ances such that molecular spacing would be obtained. It is,
however, reasonable to expect that the greater the pressure
put across the contacts the greater will be the degree of com-
pression, and therefore the nearer the approach the conductance
will make to the 100 per cent value as represented by the
conductivity of the metal. That this is so is demonstrated by
the tests which show that the voltage drop across a pair of
contacts varies directly as the current and inversely as the
contact pressure. This may be expressed in the form of an
equation, thus—

V=IK/P . . . . . . . .0

where V equals the voltage drop across the contacts, I the
current, P the contact pressure, and K a constant dependent
upon the metal and nature of the contact surfaces.
Schaelchlin has investigated this question of contact pressure
on the basis that all contact surfaces are made up of numerous
points, some more protuberant than others. As the pressure
increases, the most prominent points become depressed and
allow other points, hitherto separated, to come into contact.
Furthermore, when the projections are depressed they increase
in lateral dimension, and thus provide larger contact surface
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and current carrying capacity. This effect acts to reduce con-
tact resistance and therefore the IR loss.

For clean copper surfaces Schaelchlin gives the value of K
as being equal to 2:3 X 104, but in practice this may vary
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F1a. 87. VALUE oF THE CONSTANT K FOR DIFFERENT TYPES
oF CoNTACTS
(From paper by O. Schaelchlin)

somewhat dependent upon the nature and condition of the
surfaces in question. If then the correct value can be assigned
to the constant K, the watt loss across a pair of contact faces
can be determined from equation 5. In Fig. 87 u series of
curves is given which is taken from Schaelchlin’s paper. From
these can be derived the value of K for different kinds of contact
surfaces.
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The energy represented by the watt loss across a pair of
contact faces is converted into heat, so that the contact faces
become a source of heat supply, and therefore the temperature
of these surfaces, and of those of the adjacent conductors, will
rise until thermal balance is reached between the heat generated
and that lost by conduction, etc. The heat generated at the
contacts is dissipated through the conductors connected to the
contacts, and lost from the surfaces of those conductors by
radiation, convection and conduction through the surrounding
medium. Thus if H is the total heat lost from the surface, and
H,, H. and H, that lost by radiation, convection and conduc-
tion respectively, then

H = ]1u ‘1‘“ H(' "{” HN

In addition to the heat from the contact faces, there is the heat
generated in the conductors by virtue of their resistance.
Therefore, if H, and H, represent the heat supplied from the
contact faces and from the conductors respectively, then H,
the total heat lost from the surfaces, is equal to the sum of
these, or
H = H, { H,
The value of H in watts can be obtained from equation (5), thus—
H = I’K|P

Therefore, if a value can be found for K, this equation gives the
relationship between the heat generated by a given current,
and the contact pressure, whence the resulting temperature
rise can be calculated.

The heat losses from the conductor surfaces are, however,
different functions of the temperature difference between con-
ductor surfaces and surrounding medium. Thus the loss due
to radiation is found to vary as the fourth power of this tem-
perature difference, whilst the convection loss is governed by
the ith power. The equations for all these losses can be
obtained from a standard treatise on Heat.

The temperature of the conductor surfaces due to the heat
from the contacts is, however, not constant along the conductor,
but follows an exponential law of the order

0, = Ot . . . . . . . . (6)

where 0, is the temperature at a point distant z from the con-
tacts, and 6, the temperature of the contacts; whilst u? =
dpfkA, where d is a dissipation coefficient, p the perimeter of
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the conductor, « the thermal conductivity of the metal, and 4
the sectional area of the conductor.

It will be appreciated that the calculation for the value of H
to be substituted in equation (5) is somewhat complex, par-
ticularly when the contacts and conductors are of irregular
shapes. In general, it can be taken that for contact surfaces
subject to the action of salty or polluted atmospheres, high
contact pressure is an advantage, because the area of the
contact surfaces can be reduced in proportion to the increase
in pressure, as given in equation (5), and the reduced area
offers a smaller scope for the action of the atmosphere. As an
example, for currents up to 600 A. a line contact about half
an inch long under a pressure of 150 Ib. will be found to be
adequate.
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CHAPTER VII
ARC INTERRUPTION PHENOMENA

THE THEORY OF ARC INTERRUPTION
To interrupt the flow of current in an electric circuit it would

aPp“éE_i"“‘_to be necessary only to pull two contacts apart: yet
by doing this one of the most complex problems in the whole
rafige of éléctro-physics is. presented. When two such contacts
are separated, the result is the establishment of an arc between
them. The phenomena_involved in this arc constitute the
problem teferred to.

“"Although the study of the arc has progressed considerably in
recent years, it is by no means complete, and, in this chapter,
the endeavour to give an introduction to the subject is neces-
sarily based on the science as it stands to-day. It is therefore
subject to the somewhat changing views that arc a consequence
of the rapid advance of physics.

Before dealing with the arc it is advisable . . consider what is
happening in the conductors that form the’ circuit prior to the
separation of the_coritacts. The atoms of which a metal is
composed” are known to be electrically neutral, though each
is regarded as consisting of a central small nucleus bearing a
large positive charge surrounded by a cloud of electrons or
‘unit negative charges. The total negative charge borne by

. these electrons is equal to the total positive charge on the
nucleus; and all atoms of the same element, copper for example,
have identical nuclei and the same number of surrounding
electrons. Most of these .electrons are bound to the nucleus
by very strong forces, and in arc phenomena these electrons
are never sepatatéd Trom the nucleus. The remaining electrons
are, however, bound by very weak forces and it is these weakly-
bound electrons that play a role in the phenomena of conduc-
tion, "whether metallic or gaseous._The nucleus together with
the tightly-bound electrons may be regatded as a unit, which
l&-olz}:i_qul _electro-positive, and is called the positive ion.
‘This, together with one or two Joosely-bound electrons, com-
prises the atom as a whole. The Rutherford-Bohr madel of the.
atoth Pictures all these electrons revolving in different orbits
around the nucleus Tike planets around a sun, the loosely-bound
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electrons corresponding to the most remote planets of the

gystem.

At normal temperatures a metal consists of an assembly of
small crystals, each crystal being composed of atoms of the
metal spaced at regular intervals at distances of about 2 X 10-8
cm. apart. Though the mean positions of the atoms are fixed,
each atom is in a state of rapid motion depending solely upon
the temperature of the metal, and those electrons most weakly
attached to the atom frequently find themselves in a field-free
space between adjacent atoms. [f, then, a potential difference

A B8

/fngstrb'm Units between Nucle’.

Fig. 88. KELecTrRON DiSposiTION IN A METAL
The humps in the two curves correspond to the frequency of the various

quantum shell electrons. The lines 4 and B represent the nucleus position
between any two atoms of the metal.
is established in a metal, these loosely bound electrons will
be able to move under its influence no matter how small, and
it is this electron drift that is measured as current.

It is impossible in the present work to expound the different
theories of electrical conductivity in metals, the early theory
of Drude which supposed the electron to be moving freely
through the metal and obeying the gas laws, the later theory
of Lindemann which placed the free electrons at the corners
of a “lattice” that dovetailed into the crystal lattice of the
metal positive ions, and finally to the latest theories of Sommer-
feld based on the wave theory of the electron. The common
feature of all theories is that there would appear to be about
one electron per atom associated with the process of conduc-
tivity, and that the electrons are free to drift under the smallest
applied potential. (Fig. 88.)
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When the electrons approach an outer boundary of a crystal
aggregate, they reach a position where the net resultant force
on them is directed inwards from the boundary, the force
increasing towards the boundary. Whether electrons can escape
beyond this boundary depends upon their energy, a minimum
or threshold value being necessary, which value is a character-
istic of each metal. Under normal conditions, electrons do not
possess this necessary threshold energy, but energy may be
given to them by various means—

1. By the incidence of light radiations of a sufficiently short
wavelength.

2. By increasing the temperature of the metal.

3. By the application of strong electric fields to the surface
of the metal.

When a cirenit.in which current is flowing is suddenly broken
it is not to be expected that the electron drift will be arrested
instantaneously without a display in some form or other of
the energy with which it was invested prior to the opening of
the circuif, Such display is seen in the arc or spark which
accompanies the interruption, and it is necessary to examine
which of the three methods outlined above becomes operative
in allowing the conductivity electrons to escape from the
boundary of the metal. When light radiation falls on a metal
surface its energy is absorbed by the atoms of the metal, and it
has been observed experimentally that, under certain conditions,
free electrons leave the surface of the metal. The Quantum
Theory has given a quantitative explanation of this phenom-
enon, and briefly the energy of motion with which the escaped
electrons leave the surface, i.e. mev?, is equal to the difference
between a constant, depending on the wavelength of the light
used, and a constant depending on the metal. Or

tm? = hn — w . . . . . . . (M

where m is the mass of the electron, v its velocity, n the fre-
quency of the monochromatic light, » is Planck’s constant
and w is a constant for the given metal. w may be regarded as
the energy the electron requires to escape from the forces of
attraction of the positive ions of the metal, and it can be
expressed as the product ¢V, of the electron charge ¢ and a
potential difference V,. For the element copper, it is found
that the light of longest wavelength which will just liberate an
electron from a copper surface, the electron appearing in free
6—T.5771)
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space with almost zero velocity, is 1 600 ;\ngstrém units, which
3 x 1010

15
6 5 1o = 187 x 10

cycles per sec., and a light quantum energy of 6:55 x 10-%7 X
1-87 x 1015 = 1:23 X 101! ergs.

As the electron has almost no free energy under these con-
ditions, § mv? = 0, and the escape energy of the electron becomes

hn = 123 X 10" ergs = qVy,= Vo X 477 X 10710 ergs.
From which V= 7-8V.

corresponds to a light frequency of

That is, the electron experiences a total retarding force corre-
sponding to an electric gradient of 7-8 volts. This force is
called the photo-electric work function for the metal.

Regarding the second method by which electrons are known
to be enabled to leave a metallic surface: briefly, when the
temperature of the metal is raised, and an electric field is
established at its surface, the rate of emission of electrons is
an exponential function of the temperature, thus

[ = AT2MT . . . ... ®

where [ is the emission current, 7’ the absolute temperature, and
A and b constants. A is theoretically a universal constant for
all metals, but b is characteristic of the metal, and is associated
with the work done on an electron in leaving the surface, i.e.
the thermionic work fumction. This thermionic work function
and the photo-electric work function are now known to be
identical in the case of very pure metals. Both are changed
differently if impurities are present; the change being in the
direction of lower values.

Regarding the third method, the potential gradient neces-
sary to produce electron emission at the surface of a metal is
of the order of 10° volts per centimetre, and the law of emission
is given by

I = BF2e~I* | . . . . . . . (9)

It is of the same form as that for thermionic emission. F is the
field strength, and the constant ¢ contains the thermionic
work function again.
New-consider the condition in an oil circuit-breaker at the
(_n_lgr_ng_nh_.nihneak.l.ng_m‘_cult When the contacts first part gas
‘will rush into the gap; but as the spacing is extremely small gﬁe
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pressure in the gap will certainly be less than atmospheric

pressure. Now the electric strength of a gas gap varies directly
with the pressure, down to quite low pressures; therefore, at
ﬂnﬁij‘w the conditions for the initiation of a
spark are very favourable. At the same time, if the contacts
Start to separate at the moment current is flowing_through.
them, there will be an extremely rapid rise of voltage across
the gap and conditions will then be favourable for the conduc-
fivity electrons to be dragged out of the negative contactyas
“outlined in method 3. This is probably the first process in the
formation of an arc between the contacts. When open only
105 ¢m., for example, there may be as much as a hundred volts
potential differénce between the contacts. This would give
a field strength well in excess of that required to drag the
,electrons from the cathode contact. This voltage difference
" alone would not be sufficient to cause ionization, as it is below
the minimum critical sparking voltage for air, but the current
flowing from the cathode under the action of the intense field
can readily ionize the gas molecules as they rush intc—the
widening space between the contacts. Under the action of the
field the positive gas ions travel towards the cathode, delivering
a considerable energy to the cathode on account of their large
mass. The cathode in turn heats up under the positive ion
bombardment, and in a very short time the second method of
Teleasing_ electrons from a surface becomes operative. Thus
fhermionic emission sets in, and is of a far larger order of magni-
tude Than the so-called aufoelectronic emission which started
the sequence of the ionization processes. No doubt, also, the
intense ultra-violet light radiation, emitted during the first
few ionizing collisions, calls into play the first method referred
to of liberating electrons, but it is not possible to define the
importance of this agent quantitatively.

When the system voltage is in phase with the current, no
current will flow across the gap when the field across the gap is
zero ; but the cooling of the hot spots on the electrodes may not
be sufficient to entirely prevent thermionic emission, so that
when the potential increases once more ionization will follow.
Also, the residual ionization in the arc gases may be adequate
to start the arc when the potential builds up.

When cos ¢ of the circuit is less than unity there will be a
greater probability of the arc restriking after a current zero
point than would be the case for a circuit in which cos ¢ were
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equal to 1. This is because the acting value of the voltage is
greater in the former case than it is in the latter. Thus the
power factor will have a definite effect upon arc interruption.
This is treated in more detail in the section dealing with
restriking voltage. See Fig. 89.

The initiation of the arc, then, is a process whereby the
electrons are liberated from the metal by the action of the
intense electric field which exists when the contact gap is very
small. When these electrons leave the cathode contact they
proceed towards the opposite contact under the action of the

field, gaining energy as they

v go. During this passage to the
opposite electrode they collide
! with neutral gas atoms, and, in
the collision process, generally
pY ) Tose energy and ionize the
) _Le volts stom by ejecting an electron

from its structure. Thus the

number of electrons liberated

Fia. 89. Vourace Avamance Py oneelectronincreases rapidly

(¢) To RE-STRIKE ARC AFTER in the passage from one contact

A CurreNT ZERO POINT FOR A {0 the other. Another possible

CircUIT WITH A POWER FAcCTOR . . . ‘

oF Cos ¢ collision process is that occur-

ring with an atom that has

already lost one electron. This collision may result in recom-

bination of the positive ion with the electron to form a neutral

atom once more. Owing to the larger mass of the positive ion,

its motion under the action of the field is much slower than that

of the electron, and most of the arc current, i.e. 90 to 98 per

cent, is carried by the free electrons. The positive ions form a

space charge which remains more or less immobile between the
contacts.

The whole of this action is dependent in extent upon the
pressure of the gas in which it occurs, because the greater the
gas pressure, the greater the density, and therefore the shorter
will be the mean free path of translation. For the same reason
the result is governed by temperature. It will be gathered
from the above that the movement of an ion or electron will not
be continuous but will result in a series of runs between the
collisions. Tt is generally assumed that when a collision occurs,
the electron will lose all its velocity and start again from rest.
If the field strength is ¢ and the charge ¢, the force on the ion
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will be eg, and its acceleration, if free to move, will be eg/m,
where m is the mass of the ion. But, as the path is not free but
made up of a series of short runs, this acceleration is not main-
tained. Instead, the ion moves with a constant mean velocity
which will be proportional to the field force .

Let ¢ be the time taken for an ion to describe its mean free
path, then its velocity at the end of this path is

Vi=eqtfm . . . . . . . . (10)

and its average velocity over the path is eg#/2m, which is also
its average velocity across the gap.

Now, because of the different values that m will have for
the different ions, etc., the velocities of the positive and negative
ions will not be the same, as is indicated by the equation given
above. For any given ion, the term gffm will be constant, and
can therefore be represented by K, and K, for the positive and
negative ions respectively. Therefore, if U equals the velocity
of the positive ions and V the velocity of the negative ions, then
the above equation can be written

U = Kle;
and V = K,e

These values represent the mobilities of the ions.

Because in the constants K, and K, the factor ¢ is dependent
upon the length of mean free path, it is clear that these con-
stants will vary for different values of gas pressures and tem-
perature. Therefore the mobility of the ions, which is defined
as the velocity of the ion in centimetres per second under the
action of a field force of one volt per centimetre, is governed
by the pressure and temperature of the gas in which it moves.

It follows that the pressure and temperature will also affect
the rate of recombination of the ions, since the more dense the
gas, the shorter the mean free path, and therefore the greater
the likelihood of the electron or negative ion to meet and com-
bine with a positive ion. The rate of recombination R is given
by the expression

R = dN/dt = — « N2 . . : : . . (12)
where « is the coefficient of recombination and N the number

of positive and negative ions per cubic centimetre of the gas
path between the contacts.

N = NyJ(1 + Nyxi) . . . . . . (13)

(11)
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where N equals number of ions at instant ¢, N, number at
instant ¢,. Under given conditions the value of R is smaller
when the current is large, and greater when the current is
small, or

« N2 = K[i'/N = R . . . . . . (14)

For air and carbon dioxide, at standard pressure and tempera-
ture

o~ 16 x 10-¢
For hydrogen under the same conditions,
o~ 14 x 10-%

The higher the current value the greater will be the rate of
electron emission from one contact and absorption by the
other, and the less the probability of recombination of the
electrons with positive ions en route. This is a fortunate fact
in so far as it means that the rate of recombination is greater
about the periods of zero current values than it is for the periods
about the peak values. In other words, the rate of growth of
the dielectric strength is a maximum about the current zero
periods.

The above leads to the conclusion that arc extinction can
be brought about by two or three different means—

1. By facilitating recombination within the gap.

2. By lengthening the gap so that between collisions the
electrons will not be able to gain enough energy to effect ioniza-
tion by collision.

3. By preventing or reducing emission at the cathode.

4. By displacement.

Also, arc extinction is impossible until the energy that the
electrons acquire by their acceleration in the electric field
is less than the ionization voltage of the gas atoms in the
gap. The displacement method mentioned in (4) is based
on the theory of Prince, and is that in which arc extinction is
obtained by displacing, by any means, the arc products from
between the arc electrodes, and substituting therefor a good
dielectric.

Arc Voltage. Havmg seen from above that the arc is the
flow of electrons and ions from one contact to another through
an intervening gas, and that the path of these electrons and
ions is subject to intermittent obstructions caused by the
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collisions between them, it is not to be expected that the voltage
gradient between the contacts will be constant. Actually, this
arc voltage takes the form shown in Fig. 90. The cathode
potential drop is small compared with that of the anode or posi-
tive conductor ; while for about 80 per cent of the central
portion of the gap the gradient is reasonably uniform. The
major portion of the arc is made up of the positive column;
the negative dark space is too narrow to be visible.

The voltage distribution given in Fig. 90 is for fixed current
values and its general form applies to any fixed value at
standard pressure and temperature. For different current
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Fia. 90. VariaTioNn 1IN VouTAGE GRADIENT BETWEEN
ANODE AND CATHODE o¥ A Pam or CONTACTS BETWEEN
WHICH AN ARC PERSISTS

values, while the form of the curve will remain the same, the
distribution will vary.

In regard to the oil circuit-breaker arc, this voltage distribu-
tion is not considered, but the arc voltage is taken as being
that of the mean value across the whole arc.

A number of equations are given by various authorities for
arc voltage. For instance there is Mrs. Ayrton’s classical
equation

Ve=ua+ bl + (c +dlfi P § €3
Prof. Steinmetz gives

Vi=a+ ¢l + )i . . . . ) . (16)
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Norberg changes this to

V=K, + Kofvil . . . . . .1
And the British Electrical Research Association gives
Vo=V, + (K[vi)l + Bl . . . . . (18)

In these equations V, is the arc voltage, a, b, ¢, d, K, and K,
are constants depending upon the material of the contacts, etc.,
l is the length of the arc and g is the instantaneous voltage per
unit length of arc proper.

It is probable that each of these equations, which all profess
to express the same thing, is nearly right within the limits of
its own application, yet none is strictly correct. Mrs. Ayrton’s
equation refers to d.c. arcs, short in length, and of about thirty
amperes in current strength. On the other hand the equation
given by the Electrical Research Association is for long a.c.
arcs up to about 1 600 amperes. But the variation of voltage
throughout the arc length is very complex, and not one of the
above equations will give a correct solution unless the proper
values are assigned to the constants. In fact, it is not possible
fully to represent arc voltage by any one equation, because it is
governed by such things as the composition, condition and
history of the contacts on the one hand, and on those of the
fluid or gas in which the arc occurs, on the other; as well as
upon temperature, pressure, light, etc.

For high current values, the arc becomes fat, in order to
supply the current thermionically. In this case the central
part of the arc reaches a condition of what can be termed
tonic saturation. Further increase of current does not then
increase the current density of this central portion or core of
the arc, but increases instead the cross-sectional area of the
arc. This means that the potential drop per unit length of arc
will decrease with increasing current until a limiting value of
current is reached, after which any further increase in current
does not affect the voltage drop. From the theory of ionic
collisions, this is to be expected, since when all the atoms in a
given volume of dielectric have been ionized there can be no
further increase in current density in that volume. In the study
of a.c. arcs in general, the values of current dealt with will be
high, so that saturation will be reached and the voltage drop
will therefore be constant. The curve representing the voltage
for about 40 per cent on each side of the peak value of a half
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current cycle will be almost a horizontal line, with small ripples
superimposed on it due to chance variations of cooling con-
ditions of the arc and many other small disturbing effects.
(See Fig. 91.)

Now when approaching the zero value on the system current
cycle, the rapid decrease in the current value that occurs about
that point results in a corresponding increase in the rate of
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F1a. 91. CHARACTERISTICS OF ARC VOLTAGE CURVE WHICH
18 IN PHASE WITH CURRENT CURVE I AND 90° DISPLACED
FROM SYSTEM VoLTAGE CURVE V

recombination in the arc path. This is indicated in the
equation

aN2=K[MY. . . .. ... (19)

This in turn means that the resistance of the arc increases:
therefore there will be a rise in the arc voltage curve as it
approaches the zero point of the current wave. Immediately
after the current has passed through zero the rate of recom-
bination will be at its highest, as also will be the arc resistance.
There is, therefore, a somewhat greater voltage rise across the
arc after zero than just before it. On the whole there is a violent
change about the zero environs.

These variations of the arc voltage are shown in Fig. 91, in
which the central portion a represents the duration of fairly
constant voltage over most of the current half-wave between
the current zero points; c¢d is the voltage variation on
approaching the current zero point, and de the corresponding
variation following current zero. The illustration is quite
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figurative, and is only a very general indication of what would
be observed on an oscillogram. The extraneous influences
acting on the arc can affect the voltage curve considerably,
but the figure is sufficient to explain the general tendency to
which the voltage curve inclines.

From the above it may be expected that the equation to
the voltage across the arc will contain at least three terms.
One of these will represent the voltage over the middle portion
of the half cycle, @ in Fig. 91. This is the voltage which is
independent of the current but dependent only on the arc
length. Another term will represent the voltage in the region
of current zero values; whilst a third term will be required to
express the potential drop at cathode and anode. The first of
these can be represented by pl, where f is a constant and
the length of the arc. The third can be given as V., since it
will have a fixed value for any given pair of contacts and inter-
vening gas. The second term, which is to express the voltage
variation about the zero current point, can be derived from
the expression for the rate of recombination of the ions in the
arc path, i.e. from equation

R = a N2

R has been shown (by equation (14) to be equal to Ki-!/¥, This
voltage term will also depend upon the length of the arc, since
N, the number of ions, obviously depends upon the length of
the arc path. Therefore, the second term can be written

Ki| 3y
The whole equation for arc voltage thus becomes
Va="V.+ (K]0l + Bl . . . . . (20)

This equation, it will be observed, agrees with that which has
been given by the Electrical Research Association, although
the authors are not aware whether that body arrived at the
formula by the same reasoning. In the E.R.A. equation, the
value of the index N is given as 2, and for the small current
values as those about the zero point, N = 2 would seem
applicable.

For current values of the order of those that occur at the
peak of the wave in large oil circuit-breakers, the second term
in the equation becomes of small consequence, and can, there-
fore, in general be ignored. This being so, the arc voltage
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varies only as the arc length, plus an allowance for contact
drop. Numerous tests have been made by the Electrical
Research Association to determine the value of the constant .
An extract from the results of these is given in Table IX.

TABLE IX
R.M.5. Current B in Last
(Frequency duf’ (M?';"Ifl_).' Half-cycle of
40 Cyecles) g Arcing Arcing
Amperes Volts Volts
140 49 44
260 49 44
460 48 49
455 54 52
730 45 51
1075 53 37
1590 44 42

(F'rom Paper by Wedmore, Whitney and Bruce—J.1.E.E., May, 1929.)

It will be found there that the values vary between 44 and 54
volts per em. for currents ranging from 140 to 1590 A. The
E.R.A. have decided to adopt a mean value of 50 volts per cm.
as the optimum figure for arc voltage for currents of this order.
With currents of smaller value, such as those sometimes
encountered on high voltage systems, or line charging currents,
ionic saturation is not reached, and the above requires a certain
amount of modification. For such currents, the variation of
arc resistance is, in general, inversely as the square of the
current, from which it follows that if ¥, is the arc voltage

VdlalfI2or Voa YI . . . . . . @

This is expressed as a function by the curve 4 B in Fig. 92, which
has the form of a rectangular hyperbola. The line CD, specified
as the resistance line, represents the difference in voltage
between that given by the supply and that absorbed by the
resistance of the circuit excluding the arc itself. Or

Vo=V —1,

where V equals the supply voltage, and v, equals the volts
absorbed by the circuit, excluding the arc volts. At the points
V, and I, the voltage and current given by the circuit agree
with the values required by the arc. They are therefore points
of stability. For any intermediate point z, the voltage given
by the circuit for current, I, is V,,, whilst that required by the
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arc for the same current is V,,. From the figure V., > Vg,
therefore there is instability in the arc in so far as the circuit
is forcing more current through it than is required. For any
point y, beyond the stable point P, the voltage given by the
circuit for current I, is V,,, whilst that required by the arc
is V,,. In this case V,, < V,,; or the circuit is unable to

ﬂ?
| I

L

PR

e ————

Iy Ip Ie  Current Ig0
F1a. 92. CHARACTERISTIC CURVE FOR A Low CURRENT
ARrc

supply the voltage required by the arc. Therefore this is an
unstable point and the arc will extinguish.

The above represents conditions at some constant arc
length. There will be an arc characteristic curve of the kind
AB for each different length of arc. If these curves be drawn,
and a locus of the stable points be drawn for the various arc
gap lengths, it will be found that the locus curve ultimately
becomes tangential to the resistance line. This tangent point
represents the last stable point to be reached in the lengthening
of the arc; beyond which extinction of the arc is inevitable.
This is shown in Fig. 93.

The above treatment applies to a.c. and d.c. arcs. In the case
of an a.c. arc, there is in addition arc hysteresis to be con-
sidered. This results from the fact that, with the commence-
ment of a small arc, there is a certain value of voltage associated
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vith it. As the current increases, this voltage will decrease in
value, until, if the increase of current is sufficient to reach
ionized saturation, it obtains a constant value. If the current
be then decreased, the corresponding variation in voltage will
not be the same as it was for increasing current ; or, the current-
voltage curves are not coincident for increasing and decreasing
currents. Actually, the decreasing current curve will lie below
that for increasing current. This means there are certain
current values for each of which there are two voltage values.

Locus curve of
arc stability
points.

Ultimate point
of arc main-
tehance.

Voltage

Current

Fia. 93. VARIATION OF ARC CHARACTERISTICS WITH

OPENING OF CoNTACTS AND ULTIMATE STABILITY POINT

AFTER WHICH FURTHER LENGTHENING WILL RESULT IN
Arc EXTINCTION

In Fig. 94 the curve 4B represents the voltage variation for
increasing currents, and curve BC that for decreasing currents.
The hysteresis loop is the result of the rate of deionization of
the arc path, as determined by the rate of recombination
within the arc, not keeping pace with the rate of change of
current ; the rate of change of current being that due to a
50 or 60 cycle system. The difference between the curves AB
and BC for zero current value, i.e. AC, is representative gener-
ally of the difference between de and cd in Fig. 91, page 137.
There will be a curve of the kind 4B shown in Fig. 94 for each
half cycle of an alternating current, and the value OA repre-
sents the voltage necessary to restart the arc after current
zero. The voltage at the end of the half cycle will, of course,
be OC, and this will have to increase to OA, as stated above,
before the arc will remake.
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There will be a series of curves for the current half cycles,
and these will differ from each other in so far that, as the con-
tacts move farther apart and the arc becomes longer, the arc
characteristic will change accordingly. This is similar to that
which takes place with the d.c. arc as the gap widens. These
characteristic curves will lie one above the other, and the locus
of their peak values will form another curve representing the
variations of restriking voltage as the circuit-breaker opens.
When the value of this restriking voltage becomes greater

A i e
NN _
) \‘

8 =

3 =3
0 Current

Fi1a. 94. CHARACTERISTIC OF AN A.C. ARc, SHOWING EFFrCT
OoF ArRc HYSTERESIS

than that which the system can supply, the arc will be unable
to restrike and the circuit will be broken.

The above is shown graphically in Fig. 95, in which a, b, ¢, d,
etc., are the arc characteristic curves for the different lengths
of arc gap as the circuit-breaker opens. OI is the arc current,
and OV,, OV,, OV,, etc., the arc voltages for the increasing
gaps; whilst OV is the system or restriking voltage. The point
X is that at which the arc voltage and system voltage are equal,
and is the last stability point. A further increase in gap
length beyond X must result in arc extinction, since the system
voltage or restriking voltage, as given in the figure, are then
less than those required by the arc.

Arc Energy. Having obtained from the foregoing some idea
of the variation in the voltage across the arc during a half cycle,
and knowing the current strength of the are, it should be
possible to calculate the energy of the arc during this half
cycle. The three factors in the expression for arc energy are
current, voltage and time, the same as for the energy of any
other part of an electric circuit. Therefore, if i, v and ¢ represent
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hese three factors for a half cycle, then the arc energy equation
@n be given as

B L P ¢ )
and the total energy for N half cycles, as

EN=Z:;fv.i.dt$. S ¢X )

Of the quantities entailed in this equation, the current ¢ can
be calculated with fair accuracy. For the voltage v, it will be

N
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F16. 95. VARIATION OF A.C. ARCc CHARACTERISTICS
wITH ARC LENGTHENING
Also shows ultimate stability point.

recalled that this is dependent on the value of the current. If
the current is such as to effect ionic saturation, then the value
of 50 volts per cm., as given by the Electrical Research Associa-
tion, can be accepted as a fairly close estimate of the true
value. The time factor in the arc energy expression is allied
with the critical gap length, and thereby with the speed of

opening.
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Speed of Break. Now it has already been shown that the/
voltage drop across an a.c. arc when the current reaches zerc/
is not of itself sufficient to restart the arc. A definite increase iy
voltage must be provided, and this restriking value becomes
greater as the arc gap lengthens. As shown in Fig. 95, there is
eventually reached a restriking value higher than the system
recovery voltage is able to supply. It would therefore seem
advantageous so to design the speed of opening of the breaker
that this critical gap length will be reached in the smallest
possible time. The objection is sometimes raised that this
critical length is attained during a half cycle rather than at the
end of one, and there is undoubtedly a greater probability that
this will be so than otherwise. Thus, suppose the critical length
of gap is reached just after the arc has restarted after zero. Then
for all of the next half cycle, the arc will burn at a length
greater than the critical length, and there will be a correspond-
ingly greater amount of energy released. But, and here is
where the speed comes in, the greater the velocity of the con-
tacts, the greater will be the increase of arc length during the
half cycle, and therefore the greater the energy in the arc.
Furthermore, the shorter the time of total duration of the arc,
the more important becomes the critical gap when reached just
after a current zero point. Because the smaller the number of
half cycles of arc duration, the larger percentage of this number
does one half cycle become.

From this it would seem that there is a critical speed for the
best performance. For example, let

L = critical length of gap.
V = velocity of contacts.
f = frequency, say 50 cycles per sec.

t = time to reach critical gap length at average velocity V,
such that L = Vtand t = LJV.

v = arc voltage.
¢ = current.
E, = arc energy at critical gap length = viLt.
Then if the critical gap length is reached just after a zero
ourrent point, the additional arc energy involved for the ensuing

half cycle equals »i multiplied by both the length of gap
traversed in this half cycle, and by half the time of duration
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of the half cycle. The increase in the length of the gap in the
half cycle is V/100, and the duration of a half cycle 14, sec.
Therefore the energy expressed by this is

/1 VY. 14 .

2\ 100 100" T 2 x 1002
But, in addition, there is the arc of critical length, L, which
has also endured for this same half cycle. This is represented by

Voin x L vl
2" X100 = 200

Therefore the total additional energy released by the arc
during this half cycle is

F_( v L ,
“a={3gx 100t T2 x 100/

This is & minimum when E, = 0, or, when

v L
2 % 1002~ 2 X 100

from which V = 100 L. Or, the optimum speed is when the
contact velocity equals a hundred times the length o. the
critical gap.

From this then it is to be appreciated that there is a critical
speed of opening which will give the least display of arc energy,
but it is a speed that is not common with circuit-breakers of a
critical gap length of more than a few inches. For example,
consider a circuit-breaker which has a critical gap length of

100

9
9in. Then the critical speed is —51—2————

= 75 ft. per sec.; a

speed difficult to obtain in practice.

In high voltage circuit-breakers the critical gap is necessarily
large, on account of the system voltage, apart from any effect
of voltage transients at recovery. Therefore, the critical speed,
as determined above, becomes almost impossible of attainment.
Even so, the higher the speed of opening of the high voltage
circuit-breaker, the better will be the performance of the
breaker. This is only logical, since the sooner the critical gap
length is reached, even although this should not coincide with
a zero current point as the critical speed ensures, the shorter
will be the total duration of the arc, and thus the less the
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energy liberated. It is wrong to suggest that the high speed
is detrimental because it draws out too long an arc. Once the
critical gap is reached, the arc can only maintain for one more
half cycle, and, in the case of high voltage circuit-breakers where
the critical gap is unavoidably long and may entail a number of
half cycles, the addition of one more becomes of small account.
The greatest advantage is to obtain the critical gap length in
the shortest possible time ; practical limitations will ensure that
during the next half cycle the arc will not be drawn out too far.

Multiple Breaks in Series. This question of speed of opening
in the high voltage circuit-breaker is affected considerably by
the adoption of a number of breaks per phase in series, and it
is advisable to consider the limitations to the number of breaks
per phase. In the first place, if V is the cross bar speed and N
the number of breaks per phase in series, the effective speed
of opening is NV ft. per sec., and it would seem that the critical
speed would be achieved when

NV = 100L or when V = (L00/N)L

But this is to assume that the critical gap L is the same for a
long gap as it is for a series of shorter ones. This is not necessarily
the case. If reference is made to equation (20) on page 138
for arc voltage

Vo= V. -+ Kifv/i + Bl

it will be seen that the two last terms are dependent directly
upon the arc length, whilst the first is for anode and cathode
drop. Thus for N breaks, the anode and cathode drop becomes
N times greater than for one break. In the second term, while
I becomes I[N for N breaks, the current ¢ remains unchanged.
On the whole then, the voltage distribution across any one of
a series of gaps will be different from that across a single gap
of equivalent length. Therefore the critical gap length will be
different.

The fact of the anode and cathode drops being increased is
an advantage to multi-break, since the greater the proportion
of the available voltage that is absorbed in these drops, the
less will be available for restriking the arc. During high current
values, the third term of the equation would lead to the sup-
position that the number of breaks was of no consequence.
During the periods of current zero proximity, the second term
of the equation, which for N breaks becomes Kif+/i . N, states
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that the voltage is N times less than for one break, and again
suggests that the number of breaks is of no consequence on the

voltage across the N arcs as a whole. Therefore equation (20)
can be rewritten for N breaks in series as

Vay = NV, + Ki[+/i + Bl for N gaps . . . (24)

From this it is to be observed that as the number of breaks
increases, so is the voltage more and more absorbed in over-
coming anode and cathode drop. Where then lies the limitation
to the number of breaks in series? In the first place a certain
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indication has just been given of the difference in the voltage
distribution between a long arc and a series of short arcs of
the same total length. But, if reference is made to Fig. 90,
which shows the voltage distribution across an arc gap, it
will be observed that the anode and cathode drops give an
acute voltage gradient near each electrode, whilst there is a
comparatively even distribution in the middle. In the long
arc the proportion of small gradient to steep gradient is much
greater than in the short arc. But the question is not quite so
simple even as this, since the gradient in the middle part of the
arc is not a continuous function. It depends among other
things on the pressure, temperature and composition of the
intervening gases. An example curve of the type of potential
distribution to be expected is given in Fig. 96.

In a series of short arcs, although the potential distribution
curves for each will be generally the same as shown in Fig. 96,
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they will not be exactly so. Also, it will be appreciated that
while for the long arc there is but one cathode and anode
“fall,” as represented by ab and cd respectively in the figure,
in the short arcs there will be as many of each as there are
short arcs in series. It is true they will not be of the same magni-
tude, nor even in proportion. In addition to this, the voltage
across each of the arcs in series will be controlled by the capaci-
tance between the various arc gaps and between them and earth.
This can be amply explained by considering the case of two
arcs in series. Thus, suppose the two arc gaps to have each the
same capacitance, and suppose the capacitance between the
two arc gaps and earth to be four times that between each arc
gap, so that the capacitances are in the proportion of one to
four. It is then easy to prove that, in the case of a three-phase
short circuit earthed, the voltage distribution across the arc
gaps of the first phase to clear is 83-4 per cent across one gap
and 16-6 per cent across the other. Thus one gap is doing more
of the work than the other.

From the practical point of view in multiple-arcing there is
the difficulty of arranging the various sets of contacts so that
the arcs will not be able to merge into one when the breaker
operates under heavy current conditipns. Provided all points
in the design are carefully considered, it would seem that there
is an advantage in the multiple-arc breaker, and further, that
the advantage is in direct proportion to the number of arcs
in series.

Arc Energy (2). Returning to the question of arc energy,
a value* has been assigned for the voltage per centimetre of arc
length, whilst the current value can be determined from oscillo-
grams or calculated from circuit constants. There remains
to be found a value for ¢, the duration of the arc. From the
above it will be appreciated to what extent this is allied to
speed of opening, and number of breaks in series. But having
determined these values and realizing that the energy figure is
the summation of a series, the expression can be written for
the mean value of arc energy, as

E=3}VJId, . . . . . . . (@2

where E is arc energy in watt seconds, V, is arc voltage, I,, is
r.m.s. value of arc current, and [, is effective arc length in
centimetres. This equation should be applied to each half cycle

* See page 143.



ARC INTERRUPTION PHENOMENA 149

of the duration of the arc, or, if it is desired to make the calcu-
lation in one step, then the values V, and I,, must represent
the mean values of arc voltage and current throughout the
whole period of arc duration. It may be preferable to base the
calculation on contact bar speed, in which case the equation is
written

E=3VI, V.2 . . . . . . . (26

where V, is the mean velocity of contact separation. If there
are N breaks in series, it is to be appreciated that

VCZNV;,

where V, equals mean velocity of the contact bar.

It is the custom of some authorities to add to the above
equation for the total energy liberated by the arc the energy
absorbed at the contacts. This portion of the energy figure is
represented by

2 v,0,t

where v, represents the energy loss at the contacts due to heat
conduction into the conductors and radiation. The final
equation for arc energy thus becomes

E=34V, Ve + 2018 . . . . . (27

This total energy, and the mean time during which it en-
dures, is the correct physical interpretation of the breaking
capacity of the circuit-breaker; although it is not the one
conventionally adopted. This point will be further discussed
later.

There is an expression given by Dr. Bauer for arc energy of
the form

E=cVIt . . . . . . . . (28)

in which V is the system voltage, I the current and ¢ a switch
constant. The constant c is said to vary between 0-07 and 0-2,
and to depend upon the manner in which the voltage and
current vary during the period of arcing. This expression is
used extensively on the Continent, but is not accepted by
the Electrical Research Association as being sufficiently
accurate.

The Gas Bubble. When circuit-breaker contacts come
together under oil, it is safe to assume that a film of oil adheres
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to the contact surfaces despite the pressure that keeps the
contacts together. When the contacts part as a result of the
circuit-breaker opening under load, there is a tendency to form
a vacuum or cavity between the surfaces. This is to be avoided
if at all possible, since the cavity would not be a true vacuum
but would be filled with oil vapour. The conductivity of such
vapour would be much higher than that of oil, whilst its thermal
capacity would be much less.

The ideal condition, then, is that the movement of the con-
tacts on opening should disturb the oil as little as possible, so
that the arc upon formation, is in the closest possible proximity
with the oil. This is an advantage to multi-breaking, since at
the commencement of arcing the quantity of oil close to the
arcs increases in direct proportion to the number of arcs formed.
From this it follows that the moving contacts should, as far as
possible, be streamlined in the direction of opening. This has
the double advantage in that it gives the least disturbance to
the oil, and offers the least resistance to acceleration.

One must not confuse the theory of oil turbulence for arc
extinction, as utilized by the various arc control devices, with
the turbulence created by the parting of contact surfaces. The
former is an advantage whilst the latter is not.

The temperature of the arc is dependent to some extent upon
the material of the contacts. With carbon electrodes a tem-
perature of arc root of 3500° K. can be attained, and with
copper electrodes a temperature of between 6 000 and 7 000° K.
has been reached. The obvious effect of this temperature is to
heat up and volatilize the adjacent oil. A certain heat absorp-
tion is required for this purpose, depending upon the specific
heat and boiling point of the oil, and on the latent heat of the
gases formed. The gases then increase in temperature and
expand. The rate of gas formation and expansion is too slow
to affect the rate of temperature rise to any great extent, with
the result that the gases in the immediate neighbourhood of
the arc are quickly raised to temperatures almost coincident
with that of the arc itself.

Numerous experiments have been made to determine the
nature of the gases formed by an arc in transformer oil. Accord-
ing to the findings of the Electrical Research Association, the
constituents and their proportions are as given in Fig. 97.
These values will vary according to the grade of oil used.
Also, the curves are plotted to points, each of which is the
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mean of a series of tests at a given current value. For instance,
at 270 A. the acetylene content varied from 9-7 per cent to
26-0 per cent, and the hydrogen content from 65-9 per cent
to 824 per cent. At 2150 A. the variation is not so pronounced,
the acetylene figures being from 17-7 per cent to 26:6 per cent,
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BY ARCING

and the hydrogen from 62-3 per cent to 71-7 per cent. From the
mean of the curve there seems to be a slight tendency for the
acetylene content to increase with increasing current, and for
the hydrogen to decrease. On the whole, however, the actual
values vary so much in the separate tests that no definite law
can be said to exist on this point.

In the ideal case these gases will form a regular mass, the
envelope of which will assume the shape of an egg. It will be
appreciated that the lengthening of the arc will prevent this
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gaseous envelope from assuming the truly spherical form,
owing to the upward tendency of the hot gases and the slight
lag in gas formation as the arc extends.

In those oil circuit-breakers in which the arc is formed in
the body of the tank unhampered by any control device, the
formation of the gas envelope is important in so far asit deter-
mines the impact shocks on the tank side and the rate of
cooling of the arc. But where a control device is fitted, the arc

chamber is of such limited dimensions that
1 the natural shape of the gas envelope is

quickly distorted by the irregular walls of
3| I the chamber. Insuch cases the shape of the
gas bubble is of small consequence.

The more the gas bubble expands, the
4000°K H---------- smaller becomes the rate of heat loss from
the arc, since the gases intervening between
the arc and the oil wall of the bubble have
a smaller heat conductivity than has the
oil.

Thermal Ionization. The temperature
variation from the core of the arc to the
oil is not linear, but follows an order some-
what as shown in Fig. 98. It
will be observed from this
that the gradient is particu-

mm. larly steep from the core to

Fra. 98. VariarioN o¥ TEMPERA- the gas adjacent, and then

TURE FROM CORE OF Arc To OIL more gradual through the gas

to the oil. The maximum

temperature of an arc core is not definitely known, but it

would seem to be somewhere in the neighbourhood of 7 000° K.

At this temperature the gases formed from the oil become
subject to dissociation and ionization.

This means that at a given temperature the gases will dis-
integrate, and the complex molecules will split up into simpler
molecules. As the temperature is further increased the atoms
become ionized. The temperature at which this thermal
ionization takes place varies according to the nature of the gas.

It was Nernst who investigated the thermodynamics of
chemical reactions, and on his work Saha deduced an equation
for thermal ionization. In the first place it should be under-
stood that all gases are subject to certain critical potentials.
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Thus if hydrogen is submitted to an electric stress, at first of
low value and then increasing, there will be no measurable
current through the gas. As the potential is raised, a value is
reached at which the free electrons in the gas have sufficient
energy when striking the gas molecules to create radiations
of short wavelength ; which radiations, acting on the electrode,
give rise to feeble currents. This is a critical potential and is
known as the resonance potential for the gas in question. If
the potential is further increased, the current increases steadily
until another critical value is reached. This is when the elec-
trons have acquired sufficient energy to ionize the gas molecules
by impact, and is known as the tonization potential for the gas.

This ionization potential is of some importance in high-
powered arcs, because of its different values in different gases
and vapours. For instance, the ionization potential for mole-
cular hydrogen is 15-9 volts, whilst that for copper is about
7-8 volts. In the alkali metals the ionization potential varies
practically inversely as the atomic weight; thus for caesium
it is 3-9 volts. The main importance of ionization in the gas
bubble of the oil circuit-breaker is that it is a measure of the
conductivity between the parting contacts, and the lower it can
be kept the more quickly will the circuit be interrupted. It
is of critical importance during the zero current pause of the
a.c. system. The emission voltage for most metals being less
than the jonization voltage for most gases means that, during
the major portion of the half cycle, the current is nearly all
emission current from the glowing electrodes, and very little
ionization current. About the zero pauses, however, the con-
ditions are reversed, and a new half cycle may easily be started
by ionization currents.

From what has already been said, it will be understood that
ionization is the result of the mobility of the ions, since it is from
this, together with their mass, that they obtain their energy.
Thus if m is the mass and V2 the mean square of translational
velocity, the kinetic energy of molecular agitation is

Em=3mV? . . . . . . . . (29)

The temperature of the gas is a measure of this velocity of agita-
tion, while the ionization is measured by the molecular energy.
Thus, if P is the pressure of a gas, Maxwell has shown that

P=}imNV?
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where m is the mass, N Avagadro’s number, and V2 the mean
square of translational velocity. The gas law gives the
expression

Pv = Rf . . . . . . . . (30)

where P is as above, v the volume, 0 the absolute temperature
and R the gas constant. From equation (30) is obtained

P = Rbfv
whence

Rbfv = ¢ mNV2 . . . . . ) . (31)

or V2 = 3R0, since v = 1/mN. Substituting this value of V2
in equation (29), the molecular energy is given by the expression

em=4mRO . . . . . . .. (32

Thus it is proved that thermal ionization is a measure of the
velocity or mobility of the ions and the temperature of the gas.

Now ionization of a molecule, when it takes place, can be
represented by M > M* 4- ¢e— u; where M is the neutral
molecule, M+ the ionized raolecule, e the electron, and « the
heat of reaction per gramme molecule. And

w oc § mRO oc m V2
Saha has given the equation for thermal ionization thus

u Log,,0

u, 0, and R have the meanings given above; C and ¢ are
chemical constants. K is the proportion of molecules or atoms
ionized and is equal to (P ' P-)[P; where P* is pressure due to
positive ions, P~ pressure due to negative ions, and P that due
to the neutral atoms.

Now u is expressed in gramme-calories, but it is more
convenient to use the value in ionization potential. One
gramme-calorie is equal to 4:18 X 107 ergs. Ionization voltage
is the voltage through which an electron must fall to acquire
sufficient energy to ionize the molecule on impact. The value
of e, the electron charge, is 4774 X 10~ e.s.u., and one volt
equals y§; e.s.u. Therefore, the work done by a charge of
4774 X 10-10 units falling through w4+ unit, or one volt, is
(4:774 x 10-19)/300 ergs, or, one ionization volt = 1-591 x 10-12
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ergs. The number of atoms in a gramme-atom, or molecules in
a gramme-molecule, is 6-06 x 102}, and as the ionization
potential is per atom or molecule, the expression becomes

one gramme-calorie
4-18 x 107

= 159 X 10-10 x 6:06 x Tom — 438 X 107 volts.

Or, one ionization volt

= 23 000 gramme-calories.

The ionization of the gas is, of course, just another way of
expressing its conduectivity, so that the greater the ionization,
the greater the conductivity. Apart from the electrical con-
ductivity there is the thermal conductivity, and for oil circuit-
breakers, the higher the thermal conductivity the better, since,
the more rapidly the heat is borne away, the more rapid is
the temperature fall in the arc, and the smaller is the ioniza-
tion, and so the conductivity.

Kopeliowitsch has calculated for hydrogen the degree of
dissociation against absolute temperature, and curves taken
from his paper are reproduced in Fig. 99. Nos. 1, 2, 3 and 4
are for pressures of 0-1, 1-0, 10 and 100 kg. per sq. cm. respec-
tively. From these curves it will also be observed that the
temperature for 100 per cent dissociation varies with the
pressure. With a pressure of 100 kg. per sq. cm. the temperature
necessary to effect 100 per cent dissociation is of the order
of 10 000° K. whilst with a pressure of 10 kg. per sq. cm. the
temperature for 100 per cent dissociation is about 7 000° K.
These temperatures may be higher than the arc is likely to
reach, from which it would seem to follow that the major part
of the conductivity of the arc flame is due to the ionization of
the metal vapours and not to that of the gases. O.Mayr has
also investigated this question and some of his curves are shown
in Fig. 100. These show the dissociation of the different gases,
and also the ionization for copper vapour. Thus for temperature
between say 6000°K. and 7000° K. and at a pressure of 10
kg. per sq. cm. the hydrogen will be 100 per cent dissociated,
and the copper about 9 per cent ionized. There will also be a
small degree of ionization of the hydrogen atoms which, accord-
ing to curve No. 2, Fig. 100, will be about 0-5 per cent.

Thus it is seen that the greater part of thermal ionization
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of the arc path is that effected on the metal vapours. In addi-
tion to this thermal ionization there is the ionization due to
the main arc stream described earlier.

An advantage of the high temperature is that atomic }}ydro-
gen has a better thermal conductivity than when it is in the
molecular state. For instance, Langmuir has shown that at
6 000° K. the conductivity is 185 times better. This is because,
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F1a. 99. Dreree oF DissociaTioN oF HYDROGEN AS A FuNcTiON
OF ABSOLUTE TEMPERATURE
(From paper by Dr. Kopeliowitsch)

owing to their lighter weight, hydrogen atoms diffuse more
quickly. The diffusion of ions is not so rapid as is that of the
neutral atoms, and the diffusion of the negative ions is some-
what greater than that of the positive. In all cases the diffusion
is reduced as the pressure increases, which is only to be expected
because the mean free path is then shorter. This diffusion
serves two purposes. The general diffusion tends to lower the
temperature of the gas bubble, and the ionic diffusion tends to
lower the degree of ionization in the arc path.

There are two conditions, then, by which the arc will be
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interrupted : one, that the rate of heat conduction from the arc
shall be greater than the rate of heat generation by the arc,
and the other that the rate of recombination shall be greater
than the rate of ionization.

In his investigation of these questions Kopeliowitsch has
given a formula for what he calls the increase in the strength
of the gas gap. With the aid of this and calculations he has
made for the rate of restriking voltage, he has plotted curves
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Fia. 100. ReErLaTioN BETWEREN ArRc TEMPERATURE AND
DissocIATION oF MEDIA
(From paper by Dr. O. Mayr)

shown in Fig. 101 for an example case. It is assumed that the
circuit has a natural frequency of 3 000 cycles per sec., and the
final quenching takes place at the third current zero. After the
first current zero, the increased strength of the path is as
shown by the curve la, and the restriking voltage by the curve
1. These two intersect at the point 4 after 42 microseconds;
at which point the restriking voltage equals the breakdown
voltage and restriking of the arc takes place. After the second
current zero, there is a similer occurrence according to curves
2a and 2, and the arc again strikes at B in 100 microseconds.
After the third current zero, the breakdown voltage of the
path, as determined by the rate of ionization and recombination,
builds up more rapidly than does the restriking voltage, and
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the arc does not remake. Kopeliowitsch gives as the quenching
condition
(Vi + /2. Eysin $)e~2r cos (2af, 7 + ) +
V2. Eysin¢ < N(egwt v F (vt,1,P1) + &) . . (34)
The symbols have the following meanings—
Vy = arc voltage, £, = generator voltage, ¢ = angle of lag,

e = natural logs, 7 = time of rupture in secs., f, = natural
frequency of circuit, N = number of breaks in series, & =

10r

Kilovolts.
h o >

N T

00200 400 000 5000
Time, in Micro-seconds.

I
Fi1a. 101. SpArKING PHENOMENA

Curves 1, 2 and 3 represent restriking voltage. Curves la, 2« and 3a repre-
sent increase in gap strength. Points 4 and B are re-sparking points.
ep Is arc voltage.

(From paper by Dr. Kopeliowitsch)

increase in strength of gas path per cm. per sec. in volts, v =
speed of break in metres per sec., P = pressure in oil circuit-
breaker, F' (vt,I,P7)is an empirical function. ¢, is the strength
of the gas path at time r = 0.

While the principle of this method is undoubtedly right, the
practical difficulty lies in determining the correct values for
the factors in the empirical term.

Energy Balance. The Electrical Research Association is at
present engaged in a scientific investigation of circuit-breaking
phenomena, and to the work so far done Mr. C. E. R. Bruce has
made a valuable contribution by calculating the distribution
of energy liberated in the oil circuit-breaker. This has been
given at some length in his paper in the I.E.E. Journal, No. 413.
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A balance sheet is made out for a given case in which the total
energy liberated in the breaker is balanced against the energy
absorbed in breaking up the oil and the expansion of gases,
etc. It is given that the energies absorbed comprise—
Contact energy.

Radiation.

Energy to heat the oil.

Energy to boil the oil.

Energy to break up the oil.

Energy to raise the gas to arc temperature.

Energy to expand the gas.

Energy to dissociate the hydrogen.

e e e

[

Contact energy. For this the formula
K, = 30 It joules . . . . . . (35)

is used; J, being the mean current and ¢ the time of arc dura-
tion. The constant 30 is the voltage drop at the contacts as
deduced by the Electrical Rescarch Association. This deduc-
tion is made by calculating for the energy lost by the flow of
heat from the arc root into the conductor.

2. Loss due to radiation. This has been determined by test,
from which the value of 8 volts per ecm. was determined. The
formula for radiation loss is then

E,=8 x 3¢ . . . . . . (36)
where [ is the arc length in em. This formula cannot be con-

sidered as final. No allowance is made for temperature or
surface area.

3. The energy to heat the oil.

E, =M@ —t)s . . . . . . (37)
where M is the mass of oil in grammes, ¢, and ¢, are the tem-
perature range, and s is the mean thermal capacity = 0-65
calories per gramme or 2-72 joules per gramme.

4. The energy to boil the oil.

E, = M X latent heat of oil . . . . (38)
Latent Heat = 217 joules per gramme approx.

5. The energy to break up the oil. From the tests made it has
been determined that the oil splits up into approximately 86
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per cent carbon and 14 per cent hydrogen, from which the
mean molecular constitution for the oil is given as C;, H,,.
The gross calorific value of the oil is given by the Electrical
Research Association as 4-5 X 10* joules per gramme. To this
must be added the energy in joules for heating and boiling
the oil. Table X is reproduced from Mr. Bruce’s paper, and
in this is given the proportion per 1000 cub. ecm. of the various
gases liberated.

TABLE X
: ) Mass of H Mass of C |
Gas Volume in Cases in Cases ' Mass of Gas

Symbol Cub. Cm. G. G. G.

2 . . 690 0-0615 — 0-0615
C,H, . . 230 0-0205 02460 0-2665
CH, . . 50 0-0089 0-0267 0-0356
CH, . . 30 0-0054 0-0324 0-0378

Total . . 1000 0-0963 0-3051 - 0-4014

From this table it is seen that in the 1 000 cub. em. of gases
there is 0-0963 g. of hydrogen. As stated above, this quantity
of hydrogen forms 14 per cent of the oil products. Therefore
the quantity of oil to produce 1000 cub. cm. of this gas is
(0-0963 x 100)/14 = 0-688 g. The mass of gas given by this
amount of oil is, from the table, 0-4014 g. The difference
between this value and the mass of oil, i.e. 0-287 g., is the quan-
tity of carbon deposited, thus making a total carbon content
of 0-287 + 0-3051 = 0-592 g. The calorific value of the oil for
1000 cub. em. of gas is 0-688 X (45 X 10* 4 1220) = 3-18 X
10* J., assuming 1 220 J. as an average value for the heating
and boiling of the oil.

In the first place, consider the oil to be split up into H,O and
CO,; then, allowing for the heats of formation of these, the
chemical energy to break up 0-688 g. of oil for the formation
of 1 000 cub. cm. of gas is

0-0963H, + 0-592C +
. . 5 . . 5
(3-18 % 104—00963 X;SG X 10 _0592 X 3296 X 10 )J,

or, 0:0963H, + 0-592C — 1 520 J. 2-86 x 10° and 3-96 X 10°
are the heats of formation of hydrogen and carbon respectively.
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To this must be added the energy required to raise the afore-
mentioned products to the oil boiling point. This will necessi-
tate approximately another 690 J. Thus the value for breaking
up the oil is now 2210J. To this a further addition must be
made to allow for the thermodynamical energy. This repre-
sents the energy absorbed by the change in volume of the gas.
Thus from the gas law Pv = R0, for each gramme-molecule
increase in volume at constant presgure there will be an energy
absorption of R6, where R is the gas constant and 6 the absolute
temperature. The value of R in joules is 1-997 x 4-18 = 8:36,
and the absolute temperature at which the oil boils is 658
Kelvin degrees. Thus the energy for the 1 000 cub. em. of gasis

0-0
——g—@ X 8:36 X 658 = 266 J.

Therefore the total energy for the breaking up of the oil is
E, = 2476 J. per 1 000 cub. cm. of gas liberated. . (39)

6. To raise the gases to arc temperature. The Electrical
Research Association presume the temperature of the arc to
be 2800° K. and the mean thermal capacity of the gases as
2-63 J. per 1 000 cub. cm. Thus the energy in this case is

E; = 2:63 X (2800 — 658) = 5640 J. per 1 000 cub. cm. of gas
liberated.

In more general terms, this can be given as
Ey = s (t— 658) J. per 1 000 cub. cm. . . . (40)

where s is the thermal capacity of the gas and ¢ the arc tem-
perature. The value of s varies according to the degree of
acetylene present, and the figure of 2:63 is the mean for the
temperature given. Fig. 102 shows how the value of s varies
for different H,C, contents and for different arc temperatures.
This curve is reproduced from Mr. Bruce’s paper.

7. Bxpansion of the gases. The formula for this is
E, = Rt,log (¢./t,,) joules per gramme molecule of
gas H, . . . . . (41)

where R is the gas constant, ¢, the arc temperature and ¢,, the

boiling point temperature of the oil. For 1000 cub. cm. of

gas the value of E, = 0-0481 R¢, logs (t,[t,,) obtained as
7—T.5771)
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follows. The value of R per gramme molecule is 836 J. A
gramme-molecule of hydrogen is 2g. The mass of hydrogen
in 1 000 cub. cm. of the gas is 0-0963 g., which equals 0-0963/2 =
0:0481 gramme-molecule.

8. Dissociation of the hydrogen. For the degree of dissociation
of the hydrogen into its atomic state, the Electrical Research
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Fia. 102. VariaTioNn oF MeaN HeaT CApaciTy or O Propucts
BETWEEN Arc TEMPERATURE AND O1L Borring PoinT,
WITH ARC TEMPERATURE AND ACETYLENE CONTENT

(a) Assuming carbon and hydrogen present.
(b) Assuming observed gases present.

(From paper by C. E. R. Bruce.—I.E.E. Journal No. 413, 1931)
Association use Langmuir’s equation. A curve is given in Fig.
103 which is plotted from the values given in Langmuir’s
paper. For the energy to produce such dissociation the equa-
tion used is

H = 406 000 + 14:6 6 — 0-00188 62 joules per gramme-
molecule
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where 6 is the absolute temperature. Therefore if x is the
degree of dissociation effected on m g. of hydrogen, the energy
involved is

E,=axmH|2]. . . . . . . (42)

The value of z is given in Fig. 103 for a pressure of one atmo-
sphere.

9000 —

> =
g 8
S S

50001~
B SN NG O

5 4000 "

/n Kelvin degrees.

3000t—1-

Temperature

N
S
=3
=3

1000

[4
0 01 02 03 04, 05 06 07,6 08 09 10
X=Degree of Dissociation of Hydrogen.

Fia. 103. DeGREE oF DissooIATION oF HYDROGEN INTO ATOMS
AT ONE ATMOSPHERE PRESSURE

Let N = number of hydrogen molecules. X
w noE " ,, atoms formed by dissociation,
then & = nJN.

(Plotted from Langmuir's values)

The summation of the values E, to E, inclusive, will represent
the total energy absorbed from the arc, and must therefore be
equal in magnitude to the energy of the arc.

Hence, the energy balance is given by the equation

B, + B+ ... £ B =3V, Va2 +2It. . (43)

The right hand side of the equation is the expression for arc
energy as given by equation (27). This value can, however,
be obtained from an oscillogram which shows the current and
voltage, or total energy input into the circuit. In order to
give some idea of the relative values of the various energy
losses, the following is a very approximate proportion in which
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the different values of E, to E; may be expected to be found :
E, = 17'5 per cent; E, = 115 per cent; E; = 4-3 per cent;
E, =10 per cent; E; = 157 per cent; E;= 34 per cent;
E, = 9-7 per cent; E; = 6-3 per cent.

Gas Volume and Pressure. The volume of gas produced per
kW.-sec. of arc energy has been the subject of investigation
by many eminent workers. Bruce gives 70 cub. cm. per kW.-
sec. of arc energy; Muller gives 100 cub. cm. per kW.-sec.
Zelessky, 60 cub. cm. per kW.-sec. and Bauer, 46:5 cub. em.
per kW.-sec. The figure of 60 cub. cm. per kW.-sec. may be
accepted as being the nearest to the correct value for n.t.p.;
i.e.25°C. and 760 mm. The amount of gas liberated will depend
on circumstances. The closer the oil wall is kept to the arc sur-
face by any condition or device, the more gas will be produced
per kW.-sec. It is possible at very high current values that
this value of 60 cub. cm. will be increased, but there is no
experimental data available on the point. For low currents,
say of the order of 300 or 400 A., the value will be approxi-
mately 35 cub. cm. per kW.-sec.

The uncertainty that attaches to the correct determination
of the volume of gases evolved for a given arc energy makes it
futile to go to any great mathematical accuracy in the calcula-
tion of the forces which result from this evolution of gas. When
an arc control device is fitted, the confined space of the arc
chamber limits the expansion of the gas bubble, and higher gas
pressures and greater gas volumes per kW.-sec. ensue. On the
other hand the first impact from these greater forces consequent
on the higher pressures is exerted upon the walls of the control
device, and not on the tank.

In an open type breaker then, the gas evolution may be from
35 to 70 cub. cm. per kW.-sec. whilst in an enclosed arc chamber
of such devices as explosion pots, etc., where the internal
pressure may reach over 300 lb. per sq. in., the gas produced
may be over 150 cub. cm. per kW.-sec. measured at n.t.p. .
From the latter values, the resulting stresses on the arc chamber
may be calculated, and from the former, those on the tank.

Head of Oil. In the case of the open breaker, there is the
head of oil to be considered. This can be determined with quite
sufficient accuracy by the following method. The breaker will
have a maximum kVA breaking capacity, and from this there
will be a corresponding maximum arc energy. This arc energy
will produce a given volume of gas which may be estimated
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from what has been given above. The time factor in the pro-
duction of this volume of gas will be the same as the time factor
in the arc energy expression, which suppose is equal to ¢. The
work done by the volume of gas during expansion in time ¢
will be equal to the mean pressure times the volumetric expan-
sion. The latter will be equal to the actual volume at end of
time ¢, since, at time ¢ = 0, the volume is nil. The expansion
will be adiabatic rather than isothermal. The gas bubble will
have a natural tendency to rise, but the lower surface of the

Internal Pressure
Pl persq.inch

|

Fic. 104. Gas BUBBLE AND INTERNAL PRESSURE P PER
UNIT AREA

bubble will be forced downwards by the moving contact when
this latter opens downwards, as it mostly does. This movement
of the lower surface of the bubble is not a mechanical effect,
but is due to the approaching arc continually volatilizing the
oil surface as it comes into contact with it. The position of
the lower oil surface of the bubble in effect retreats before the
drawing out of the arc. These two opposing movements, to
rise and to be drawn down, help this expansion of the bubble,
and maintain its centre almost stationary in relation to the
fixed contact.

Now consider some instant at which the bubble is of a given
diameter D and internal pressure P, and refer to Fig. 104, which
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shows a graphical method whereby it is possible to obtain an
approximate determination of the forces acting on, and move-
ment of the oil above, the gas bubble. All forces acting below
the plane A-B are ignored as regards their effect on the upper
portion of the oil. Except for the small fluid compressibility
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F1a. 105. GraPHICAL METHOD OF DETERMINING NATURE
or Q1L SURFACE DISTURBANCE
Chimney effect not apparent.

these force effects are negligible. Of the oil above A-B consider
that volume that rests on a square base of side c-c, and let
¢-¢ be unity so that the base area is unity. The pressure on this
base will be P 1b., since P is the chosen value for the internal
pressure per unit area. The volume of oil being acted on by the
force of P 1b. will be the volume of the frustum of an inverted
pyramid on square base of side c-c and height k. (See Figs.
104, 105 and 106.) Let V equal this volume. The force P thus
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acts on volume V along line OY. Draw line O'P to represent
the magnitude of this force divided by volume V, to some
suitable scale. Then O’ P will represent the force per unit volume
and will be a true vector for the force concerned. Let the
remainder of the bubble hemisphere be divided into similar
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F1a. 106. O1L SURFACE DISTURBANCE WITH PRONOUNCED
CHiMNEY EFFECT

units of area such as those given by sides c-d, d-e, etc., in the
figure. The same force P will act on each of these, but the
mass or volume will be different, and so also will be the direc-
tion of the force vector. Therefore, to obtain the force per
unit volume, the force P will be divided by values V;, V,, etc.
Having obtained the force per unit volume for each inverted
pyramid of oil, resolve this force from its direction along the axis
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of the pyramid into its component vertical to the surface of the
oil. If this is done for each one of the oil columns chosen, a
series of vertical vectors will be obtained, and these will repre-
sent to scale the relative upward forces acting on the oil from
the pressure P in the bubble beneath. From the shape of the
envelope of these vectors, the extent of the chimney effect will
be obvious. In Fig. 105 there is no chimney effect and the
head of oil may therefore be considered adequate, that is
provided the pressure P is that which results from breaking the
maximum kVA. for which the breaker is rated. Fig. 106 gives
an example in which the head of oil is not sufficient and chimney
effect is pronounced.

To take an actual case, suppose a breaker has a capacity
of 100 000 kVA. at 33 000 volts. The maximum current in the
arc’ will be 1750 A. Suppose interruption is complete in five
half cycles, then the duration of the arc is 0-05 sec. at 50
periods. Suppose the speed of opening is 5 ft. per sec. (average),
then the length of the arc is 5 X 0-05 = 0-25 ft., which equals
51 em. Therefore the arc voltage is 51 X 50 = 255 V., and
the arc energy = } x 1750 x 255 X 0-05 = 11 150 W.-sec. =
11-15 kW.-sec. Take the figure of 45 cub. cm. per kW.-sec.
as the rate at which the gas is liberated, then the total quantity
of gas liberated in the 0-05 sec. is 45 X 11-15 = 500 cub. cm.,
which is 30-5 cub. in. But this is the volume at n.t.p. It is
necessary to calculate the volume at the temperature of the
arc. Assume the arc temperature to be 3 500° K., and the nor-
mal temperature at 288° K. Therefore from the law V[V, =
616’ the volume at the arc temperature is

30-5 x 3500
288

This volume of gas is compressed into the bubble, and if we
consider the instant when the bubble diameter is 4in., the
compressed volume of the liberated gas will be 4/37 28 = 33-4
cub. in. Therefore the internal pressure at this instant will be

370 x 147 .
331 = 163 1b. per 8q. In.

= 370 cub. in.

From this pressure the forces acting on the oil can be calculated
and plotted graphically in the manner described above. The
forces shown in Figs. 105 and 1086 are not the total forces acting
on the oil, but the forces per unit volume, and are given in
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this manner to obtain the relative values in order to determine
whether chimney effect is likely to occur. When the total
forces are to be calculated, due allowance must be made for
the opposing pressure from the compression of the air cushion.
The effect of the air cushion is not nearly so important as
it is generally made out to be. On light load-breaking, the oil
surface is little disturbed and the air cushion effect is hardly
called into action. On the heaviest loads the internal pressures
are so high that the air is quickly shot out of the vents and the
oil flung en masse against the top cover of the breaker, and in
many cases follows the air through the vent. In general if the
air volume is 8 to 10 per cent of the oil volume above the con-
tacts, it is ample. When an arc control device is fitted an even
smaller air volume will suffice.

Tank Pressure. A lot has been written by various author-
ities on the question of tank pressures, and all have based their
calculations upon the volume of gas produced, arc energy, etc.
This is all very well when it is required in connection with the
head of oil and so on, but when, as is often the case, it is required
in order to check the possibility of the tank bursting, then it is
quite another matter. The most important factor in tank
stress is that due to the restriking of the arc after zero. Sir
J. J. Thomson has shown that when a spark passes between any
two electrodes there is an extremely high pressure developed
within the spark. It is created with the rapidity of the spark
and spreads out as a pressure wave of steep front. Thus what-
ever obstacle it strikes receives an impact force of magnitude
varying inversely as the distance of the object from the centre
of the spark. There is, however, one difficulty at least in
obtaining an accurate determination of this pressure, and that
is the difficulty of estimating the sectional area of the arc. But
to introduce this viewpoint by example and thus give an idea
of the value of impact forces arising from this cause, the follow-
ing approximate calculation is made on the case chosen for the
example given above. Thus, to calculate the value of the
impact force from the striking of the arc in the first half cycle
of the short circuit, the mean current during this half cycle
is, from the previous example, 1750 amperes. The duration of
the arc for the half cycle is, at 50 periods, 0-01 sec. Therefore
the discharge is 1750 x 0-01 = 17-5 C. The length of the arc
at the end of the half cycle will be, at 5 ft. per sec. opening
speed, 5 X 0-01 = 0-05 ft. = 1-53 cm. Therefore, taking 50
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as the average for voltage per cm. of the arc, the mean voltage
across the arc will be

50 x 1:53
2

The energy of discharge is then % X 38 x 17-5 X 107 = 3:3
X 10” ergs; the value of 107 being a constant to bring the
value to C.G.S. units. Now comes the uncertainty in the
calculation. Assume the section of the arc as half a square
centimetre. Then the mean volume of the arc for the half
cycle is

=38V.

0-5 X 1-53

3 = 0-38 cub. cm.

Now the energy in a cubic centimetre of gas at n.t.p.is 15-2 X
105 ergs. Therefore the pressure from the discharge is given as

3-3 x 10°
15-2 X 10% x 0-38

which equals 14-7 X 5750 = 84 500 Ib. per sq. in.

This pressure varies inversely as the square of the distance
from the centre of the arc. Therefore, if the tank side is 10 in.
from the arc centre, the impact pressure on the tank side from
the above is

84 500 X 0-8
(10 X 2-54)¢

(0-8 is the arc diameter in cm. from the assumed sectional area
of 0-5 8q. em.). This impact load is in addition to the more
steady pressure which occurs from the gas in the arc bubble.
Thus it is observed that when the arc strikes after every current
zero there is an impact stress impressed on all objects adjacent ;
so that for the five half cycles duration of arc in the case cited
above there are five hammer blows of increasing severity given
to the tank, etc. It is probable that many cases of tank bursting
are due to this effect, and not to an explosion of the gases, as is
more often believed.

In the scientifically designed circuit-breakers the calculation
for tank stresses is an involved business, but as a general rule
it can be given that, for the impact pressures, the tank loading
may be at least four times the normal stress. Thus a tank that
will satisfactorily withstand a steady pressure of 50 lb. per sq.

= 5750 atmosphere.

= 83-5 lb. per sq. in.
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in, will be strong enough to withstand an impact loading of
200 1b. per sq. in.
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CHAPTER VIII
RESTRIKING VOLTAGE AND BREAKING CAPACITY

ON page 141 it is asserted that the minimum voltage necessary
to restart the arc after zero is that represented by 04 in Fig. 94.
Obviously the system must supply this voltage ; yet during the
period of arcing the system voltage is reduced to that required
for the maintenance of the arc only, which at the approach of
zero current becomes equal to OC in Fig. 94. How then is the
voltage of the system raised from OC to OA to effect the re-
striking? It is necessary to consider the circuit as a whole
before this query can be answered.

During the period of arcing the circuit consists of the arc,
the cables, machines, transformers, etc.; all of which for a
given circuit and for currents of given sequence can finally be
represented by the three parameters, resistance, inductance
and capacitance. The resistance may be considered constant
except for the arc; so also may the capacitance be considered
constant, but the inductance is by no means so. Because
inductance is a function of the magnetic circuit, change in
current value will tend to alter the values in the magnetic
circuit of machines and transformers, so that the inductance
of the circuit is no longer the same. Thus an important factor
controlling restriking voltage is the type of machine or machines
supplying the circuit. It is impossible in this work to go closely
into the characteristics of electrical rotating machinery, yet it
is necessary to touch briefly on the subject in order to direct
attention to the effect of such machinery on this question of
restriking voltage.

In all kinds of rotating machinery there are conductors
linked with magnetic fields, and the relative movements of
these fields and conductors are naturally all important. Further-
more, the effect of the relationship between field and conductor
will be different for different types of machines. Thus the
effect of short-circuit will differ according to whether the gen-
erator is a turbo-alternator, salient pole machine, waterwheel
alternator, etc. Again, for a given type of machine, there will
be variation dependent upon whether armortisseur windings
are or are not fitted. Still further, when there is a difference

172
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between direct reactance and quadrature reactance of the
machines, the effects will be governed by the position of the
rotor with reference to the stator at the instant at which
short-circuit occurs. From the above few facts alone, it will
be appreciated that the problem is very extensive. Sufficient
has already been said to indicate that before anything approach-
ing accuracy in the determination of restriking voltage and
breaking capacity can be achieved, it is desirable to know the
characteristics of the rotating machines connected to the
system.

When a circuit is closed it is well known that the time taken
for the current to reach its steady value is dependent upon the
proportions of resistance, inductance, and capacitance in the
circuit. Exactly the same applies to the voltage. If resistance
alone were present the steady value would be obtained imme-
diately, but the presence of inductance and capacitance causes
the current or voltage either first to overshoot the mark and
then settle down to the steady value in a time dependent on
the proportion of resistance inductance and capacitance, or
else to reach the steady value in an exponential manner. All
this is expressed mathematically by the standard equation

. i 1[.

In a treatise on mathematics the proof will be found that
in the above equation, if R > 4/(4L[C), the value of ¢ will vary
exponentially. This means that with certain values of R,
L and C the current will grow from zero to its steady value in
an exponential manner. The voltage will grow similarly when
the circuit is opened after short-circuit. It is also proved that
if R < 4/(4L[C), the current will assume an oscillatory char-
acter; which means that it will first overshoot the mark in the
positive sense, then rapidly diminish and overshoot it in the
negative sense, and so on ; each successive positive and negative
peak value diminishing in geometric progression until the steady
value is reached. Again, so also will the voltage vary when
a circuit of such values of R, L and C is opened after short-
circuit.

In Fig. 107 there is given a curve showing the growth of
voltage or current for the condition R > 4/(4LJC). This curve
can be represented by the equation

e=E(1— &t . (45)
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which is a logarithmic function ; in that the value of the ordin-
ate at any instant is proportional to the rate of growth of the
ordinate at that instant.

From the above equation it is not difficult to prove that
E — ¢ = K (de/dt) = Eetl*; where E is the maximum value
of the voltage, e the value at time ¢, and K a constant equal
to L/R: which is known as the time constant of the circuit.

Thus, if the time constant of the whole circuit were known,
the value of the voltage at any instant could be ascertained.
Unfortunately the time constant of a circuit varies according

AT

Voltage
N

e=E(-€)

Time
F16. 107. GRAPH SHOWING GROWTH OF VOLTAGE FOR CONDITION
41
(o}
A similar one applies for current growth,

R >

to the value of L, since K = L/R and L varies as determined
by the machine characteristics.

Consider a circuit in which resistance predominates. The
closing of this circuit would result in the current rising sharply
to a steady value, and, because reactance is negligible, the
voltage would be in step with the current and would therefore
also rise from approximately zero value. If, on the other hand,
the circuit were nearly all reactance, the voltage wave would
be in quadrature, and therefore, when the circuit was closed,
the current would attain a value 90° different in phase from
that of the voltage. Conversely, when the current in a resist-
ance circuit is interrupted at its zero value, the voltage across
the contacts will appear at a value nearly zero. But when the
current in a reactive circuit is interrupted at its zero value, the
voltage across the contacts will tend to appear at its maximum
value. For circuits of intermediate values of resistance and
reactance, intermediate values of restriking voltage will occur,
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Suppose the peak value of the current to be I, then the
restriking voltage may be expressed as

e, = I [sin (wt + ¢ — 0)]Z . . . . . (46)

where ¢ is the angle from zero at the instant of short-circuit;
6 is the angle of lag and Z is the impedance of the network on
short-circuit. The quantity Z will be of the order R + jX,
and multiplying by the operator j will change the sine terms
to cosine terms, thus indicating the extent to which the

Y

Fig. 108. GrowTH oF VOLTAGE WAVE FROM RECOVERY
VALUE DETERMINED BY REACTANCE TO VALUE DETERMINED
BY RESISTANCE

This growth is a logarithmic function of time constant (t).

restriking voltage will rise immediately as a result of the
reactance of the circuit. After attaining this immediate value,
the voltage will then rise to its maximum value as determined
by the resistance of the circuit, and the curve joining the
immediate value to the maximum value will be a logarithmic,
the time constant of which will depend upon the circuit. (See
Fig. 108.) This time constant can be obtained from
' — X+t X- 4 XX, + X X+
2R (X + X~) '

where the X’s are the positive, negative and zero phase sequence
reactances, and R is the resistance.

For short-circuits near the machines, reactance will be more
predominant than resistance ; long lengths of cables intervening
will, by virtue of their capacitance, tend to reduce the reactance

(47)
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and therefore the restriking voltage. In the case of overhead
transmission lines, the relative value of L/C is generally such
that the resulting voltage wave is oscillatory and of high
frequency. Furthermore, from points of discontinuity or
open ends, partial or complete reflection occurs.

With circuit-breakers operating close to generating machinery
the question of restriking voltage is very complex. It is neces-
sary to seek the aid of symmetrical components, which is done
in the following example.

Consider a three-phase short-circuit to earth, as shown

=
(o) ()
Fic. 109. TEREE-PHASE SHORT CIRcUIT TO EARTH

(@) Diagram showing blue phase to open first.
(b) Vector diagram for above.

diagrammatically in Fig. 109. Let e,, etc., equal the phase
voltages; 1,, etc., the phase currents.

Let ¢, e, e, equal the positive, negative and zero phase
sequence components respectively. Then

%=¢+4+%=%

48
e =¢ +€ +e=0 “8

since the phases b and ¢ are short-circuited.
Now 4 =4} andi; =1
Also Z;f = Z; and Z; = Z;, where the Z’s are the impedance
components. Therefore

ey =1"2" + T Z + iZy = 0;

e =it B+ 4 i-Z- + iyZy =0 (49)

Assume the current between the terminals as unity, such that

=it Li-Lig=1 . . .
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Then from equatiors (48) and (49) it can be deduced that

o Z-7, 1
=27 % ZZy L Z 2
. zZ+Z,
VST T g, ¥ LA | (50)
. zZ+Z- :
W 2T+ L7, + B2

Now e, will also equal i*Z+ - i-Z~ + 1,Z,, and the voltage
e, is the voltage across the terminals, i.e. is the restriking
voltage. By substituting in the equation for e,, the values for
¢*, 1~ and ¢, given in equation (50), ¢, can be written
3Z+7Z-Z,

ZYZ~ + ZrZy + ZZH

And this equals the value of Z for the system, because the
current is presumed unity.

Let E equal the phase-to-neutral voltage before short-circuit,
then

e, =

(81)

1= E|Z+
Therefore,

e, (or restriking voltage) equals 1Z = EZ[Z~ . . (582)

Substituting the value of Z as given in equation (51)

The restriking voltage e,

. 3EZ+Z-Z,

T (ZYZ A ZrZy + 2422

_ 3EZ-Z,

T ZYZ +ZZy+ ZJZH
There is a special case which is generally given; that is, when
the impedance of the network is so much greater than that of
the rotating machinery that Z+ can be taken as equal to Z-;
also, that the fault is unearthed, or the neutral insulated, such

that Z, becomes infinitely great and can be ignored. In this
case equation (53) reduces to

3EZ[2Z =15E . . . . . . . (54

There is another and more simple method by which may be
solved the special case of a three-phase short-circuit on an

(83)
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un-earthed system, or vice versa. Let Fig. 109 (a) represent
the diagram of the circuit in question, and Fig. 109 (b) the
corresponding vectors. Then, if the first phase to open is the
blue phase, it is easy to see that the voltage across this break
is the phase voltage of the blue phase plus the vectorial sum
of the R and Y phase voltages. Or, if E is the phase voltage
of the system, then, from the figures, the voltage across the
first phase to clear is XN + NZ. And, as NZ is half XN, then
XN + NZ becomes equal to 1-5 XN, which is equal to 1-5 E.

When the breaker is in service near to the generating plant
so that the positive and negative sequence reactances are not
the same, the equation (53) must be used for the restriking
voltage. Here, however, lies a difficulty in how to determine
the value to assign to the negative phase sequence reactance
for the machine.

Because the short-circuit is at or near the machine terminals,
the load will be reactive and, assuming the earth impedance
is at least very high, the restriking volts will be in quadrature
with the current. Therefore, when current is interrupted at
a zero value, the voltage will be 90° leading. Now the maximum
voltage is generated in the machine windings when the arma-
ture coils are linking the quadrature field. Therefore the
reactance at this instant is the quadrature sub-transient react-
ance. Thus the equation for the restriking voltage may be
written

e= Kux/'1 . . . . . . . . (b5)

where z,”’ is the quadrature sub-transient reactance. When the
short-circuit current is at a maximum, i.e. sub-transient current,
the voltage will be zero, and, for zero voltage, the machine pole
paths are direct. Therefore the machine reactance at this
instant is the direct sub-transient reactance.
~r E

or v/ = 2" . . . . . . . (58)
where 1"’ is the sub-transient current, E the phase voltage and
x;’ the direct sub-transient reactance.

By superimposing the two equations above there is obtained
for the restriking voltage

i 2, ”
e = .KIE?; w—ad,-, . . . . . . . (87)
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Messrs. Park and Skeats in their paper on Circuit-breaker
Recovery Voltages give the above equation as

e= K,EKsK, . . . . . . . (58)
and assign to the various constants the values below—
Constant K, . . . depends on earth connection and

equals 1-0 for line-to-earth short-circuit ;

equals 1-73 for line-to-line short-circuit or for first phase
to clear of two line-to-earth short-circuit on
an impedance earthed or insulated system,

equals m—2—ofor three-phase short-circuit

equals 1-5 for three-phase insulated short circuit on an
earthed system, or for three-phase earthed
short-circuit on insulated system.

Constant K5 . . . equals ;,—, for all short-circuit

Constant K, . . . equals 1-0 for all single-phase short-circuits
and two line-to-earth short-circuit
equals S,”'[8;" for all three-phase short-circuit.
S,” and 8," equal the summation of the different values of
x," and ;" in the circuit.

Messrs. Park and Skeats give the following values for the
constant K, for the different type machines—

TABLE XI
QUADRATURE REACTANCE FAcCTORS

Types of Machine %o
Zg
Turbo-alternators—
(a) Laminated rotor 2-5
(b) Solid rotor 1-4
Salient-pole machines—
(a) Without amortisseur 2-3
(b) With amortisseur 11
Induction motors. 1-0

There is, however, a fourth factor which must be considered.
This is one which will deal with the question of displacement.
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It has already been pointed out that in a reactive circuit the
current and voltage are in quadrature. Therefore, if a short-
circuit ocours in such a circuit at the instant of zero voltage,
the current should be at its maximum value, whereas it obvi-
ously is at zero. To explain this, we must refer to the funda-
mental equation for an a.c. circuit

Ri + L (difdt) = Esin(wt +¢) . . . . (69)

The solution of this equation contains two terms, one which
is an exponential, and the other a sinusoidal.
Thus,

i=1I,8in(¢— O)®IL + I, sin(wt +d—0) . . (60)

The evanescence and unidirection of the exponential term give
it the feature of a d.c. current of transient nature. It is there-
fore called the d.c. component. The sinusoidal term is called
the a.c. component. Now the algebraic sum of these two com-
ponents at any instant must equal the value of the fundamental
or actual current.

If $ = 0, then ¢ — 6 = 0; which is the condition obtaining
when a circuit is closed in a reactive circuit at the instant of
maximum voltage. But when ¢ — 0 = 0, the transient term
or exponential disappears, and therefore the current starts
from zero and follows the sinusoidal term, or the a.c. component
becomes the actual current and there is no displacement.

But when ¢ — 6 = 90°, which is the condition obtaining
when the circuit is closed at voltage zero of a reactive circuit,
the initial value of the d.c. transient is equal numerically to
the peak value of the actual steady current, as will be seen
by studying the exponential term in the equation above for 3.
And because the actual current is the sum of the two com-
ponents, and also because at instant ¢ = 0 the current equals
zero, the a.c. component for this condition must be equal
numerically although opposite in sign to the d.c. component.
That is, the a.c. component starts at negative maximum.
A quarter-cycle later the a.c. component is zero, and therefore
the actual current is equal to the value of the d.c. component
at this instant. Another quarter-cycle later the a.c. com-
ponent is at positive maximum and the actual current is now
equal to the sum of the d.c. component, which in this time has
diminished but little from its maximum value, plus the peak
value of the a.c. component, i.e. it is equal to practically twice
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the normal peak value, or it is totally displaced. As time
progresses, the following peak values of the actual current
become less, in proportion to the diminution of the d.c. com-
ponent, until, when the latter has disappeared, the actual
current coincides with the a.c. component and becomes the
sustained value and symmetrical. (See Fig. 110.)

During the above process, the voltage of the system will be
in quadrature with the a.c. component, and when the latter is
zero, the former will be maximum. Now the arc will be extin-
guished only when the-actual current is zero, and the zero of
the a.c. component will not occur at the same time as the zero

D.C.Component

l l 2 f :A’esu/t'ant or Actual Curve

_a[yl" \Y/ v v

C Component

Fia. 110. Anarvysis or THE A.C. FuncrioN Ri + Ld—1

= SIN (wt + ¢)

Numerically oa = o(~ a) and od = ob + oc for any line zz.

of the actual current until the d.c. component has disappeared.
Therefore, when the arc is interrupted at a given zero of the
actual current, the value to which the restriking voltage will
attain will depend upon the value at that instant of the current
in the a.c. component. For instance, suppose interruption
occurs when the a.c. current component is at a value I,, sin 4,
then the voltage will be 90° ahead of this, and therefore the
restriking voltage at that instant will be K, sin (6 4 90°).

Now at this instant of interruption the a.c. component of
current will be equal and opposite to the d.c. component;

therefore, if the number of cycles between short-circuit and
interruption be known, the value of the d.c. component can
be calculated from the equation

Yage = IG_tIT . . . . . . . . (61)

where I is the initial value of d.c. component; T the circuit
time constant and ¢ the time of duration of the short-circuit.
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This value of 4 so found is also the value of the a.c. component
at this instant, as explained. Therefore it can be expressed

i=1I,sin(ot+¢—0) . . . . . . (62

0 is the angle between voltage and current in the a.c. component
which, in a reactive circuit, is 90°. Again, because the current

at time ¢ = 0 is zero, the angle ¢ vanishes and thus the equation
reduces to

i = I, sin (0t — 90°) . ) . . . . (63)
The voltage is, as explained, 90° ahead, and is therefore equal to
e, = E,, sin wt

The value of E,, in the above equation is obtained from equa-
tion (56), page 178, therefore sin w¢, which may be put equal to
K g4, is the fourth factor to allow for displacement.

The final equation for restriking voltage therefore becomes

e, = K,K,K K.E., L (e

To summarize, we may note that if the short-circuit occurs
near the generating plant, the equation for restriking voltage
is that given by equation (64) above ; the value of the constants
involved in this equation for different types of machines being
obtained from Table XI.

Equation (53) given on page 177 may be used if the value of
Z- is known for thie machines.

Regarding the effect of neutral impedance, it can be noted
that when the neutral impedance is a resistance, the restriking
voltage will tend to start from near the zero value, and will
increase in value as a logarithmic; whereas if the neutral is
earthed through a reactor, the restriking voltage will rise
instantaneously upon interruption to a given value.

The above indicates that the reactive load is more difficult
to interrupt than is the resistive load.

High Frequency Effects on Restriking Voltage. There has
been dealt with on page 173 the result of the condition when
R > 4/(4LJC) in the equation

. di  1f.
R@+Lgt+6f'tdt=E.

There is still the condition to be considered when R < 4/(4L[C).
As already stated, this gives an oscillatory character to the
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surge, which is in effect the high-frequency surge oscillation
to be considered.

Every circuit has inductance, capacitance and resistance
present in some degree. When it has them in the proportion
which gives R < 4/(4L/C), then an interruption of that circuit
will give rise to a voltage oscillation of frequency

P ) I

and of amplitude 2K, where £ is the amplitude of the normal
voltage wave. Furthermore, this high-frequency oscillation
will be superimposed on the voltage wave at the system fre-
quency. The high-frequency surge will travel along the circuit
and, in the case of open-ended transmission lines, will be
reflected completely, whilst at points of discontinuity, it will
be partly reflected. These reflections may, by crossing, in-
crease the value of the surge voltage to an extremely high
value.

In general, the resistance value in a short-circuit is small
compared with that of reactance, in which case it can be ignored.
The equation for the high-frequency oscillation then reduces to

f=12m/(LC) . . . . . . . (68

This is, of course, for a lumped impedance, but for a distri-
buted impedance, such as is represented by a transmission
line, the equation becomes

f = 1/4y/(LC) N ()

The better to exemplify the above to the calculation of
restriking voltage, the following example is given—

ExampLE. Consider the test for breaking capacity on an
e.h.v. oil circuit-breaker. Let the circuit be as shown in
Fig. 111 and let the apparatus be of characteristics as follows—

Generator

48 000 kVA. 11 000 V., star connected, solidly earthed
neutral.

Quadrature sub-transient reactance 11 per cent.
Direct sub-transient reactance 10 per cent.
Synchronous reactance 13 per cent.
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Transformer
45 000 kVA.
Ratio 11 000/27 000 V.
Leakage reactance 8 per cent.
Capacitance to ground 0-007 uF.
Normal Full-load Current = 1030 A.

" 3< ]
[é_ﬁ 33

000627 A 0-0036h

i—-- I_]_ooomo"?l

N 0:00987 A
r n .—l

0-007x 10°6F

F1e. 111. Circurr CONNECTIONS AND EQUIVALENT CIRCUITS
FOR A THREE-PHASE UNEARTHED SHORT CIRCUIT ON A
SorLipLy EARTHED SYSTEM

The various reactance values referred to h.t. become—

z," = 1-665

z, = 1515

z, (for generator) = 1-97

z, (for transfr.) = 1-243
Therefore

S,," = 1:665 4 1-243 = 2-908
8," = 1-516 + 1-243 = 2-76
and

S, 2908 ,
87" 376 = 1-055 equals K, of equation (64)



RESTRIKING VOLTAGE 185

Also,

., 15600 ,

= s = 5650 A.; where 15600 is phase-to-
neutral voltage.

And,

16600 o o0A

YT 19T 1243 '
Therefore,

b 5000887 — K, of equation (64

T s 650 = = K, of equation (64).

The short-circuit becomes a three-phase unearthed short on
a solidly earthed system. Therefore, from page 179 the value
of K, = 1-5.

The value of the fourth factor K, may be obtained thus—
Suppose the short-circuit to endure for 3-8 half-cycles and that
the current wave is totally displaced. The value K, is, from
page 182, sin wt and ¢ = 0-01 x 3-8 = 0-038 sec.

Therefore wt = 119 = 682°, and sin 682° = 079 = K.

The value of the restriking voltage therefore becomes from
equation (64)

e, = 1:5 X 0-887 X 1:055 X 0:79 X 15600 X /2
= 24400V.

If the resistance of the circuit is such that R < 4/(4LJC),
this restriking voltage wave is oscillatory. This means that
the pressure will oscillate between zero and twice the value
given above. The frequency of this oscillation will be obtained
thus. From the transformer reactance of 8 per cent the leak-
age inductance is found to be 0-0036 H., and the generator
inductance 0-00627 H. The transformer capacitance is given
as 0:007 x 10-% F., and the generator is solidly earthed. Neglect
the capacitance to earth of the leads between the h.t. trans-
former windings and the oil circuit-breaker. Then, the fre-
quency of oscillation is

1
f= 2m4/[(0-00627 + 0-0036) (0-007 x 10-9)]
= 18 900 cycles per sec.
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From which the rate of rise of restriking voltage is

24 400 X 4:5 X 18 900 x 10-¢
= 2040 V. per usec.

The factor 4-5 is the tangent for an undamped wave, or the
steepness of a line drawn from the zero point and tangential
to the voltage curve. In practice there will be some resistance
damping present, and the value 4-5 will be modified according

A
Tangent to (8)
’.‘;‘f’ t‘;’ft'
indicatin,
rate of m%- mle DO _L gk
age rise T T _I
)
= @)

“N
' \./ ‘
Fia. 112, Errect oF DoOoUBLE FREQUENCY CIRCUIT

(a) = Equivalent circuit. (b) = First natural frequency.
(¢) = Second natural frequency. (d) = Resultant frequency.

to the extent of this. As an average value the figure 4-35 may
be taken as representative.

In the above example it has been assumed, for the sake of
simplicity, that the circuit contains but one natural frequency,
whereas in practice it is more probable that it will have two
or more such frequencies. In fact, for the case given, there
would be a capacitance between the machine windings and
earth, and this would make the equivalent circuit in accordance
with Fig. 112, a. Such a circuit would have a double
frequency, and the oscillations of these two frequencies would
superimpose on each other to give a resultant frequency. Thus
suppose in Fig. 112 the curve b represents one of the natural
frequencies of the circuit, and the curve ¢ represents the other,
then the resultant frequency curve would be that given by
the curve d. In this case the rate of rise of restriking voltage
is represented by the steepness of the tangent OA.
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The whole problem of multiple frequency circuits is rather
complex, and the reader is referred to the bibliography at the
end of the chapter for particulars of articles that deal more
fully with the question.

Breaking Capacity. The breaking capacity of a circuit-
breaker is clearly its capacity to interrupt a given load. The
power to do this reaches its maximum at the instant of arc
interruption, since at this instant the current is still at a high
r.m.s. value, and the voltage rises to a value much higher than
that during the continuance of the arcing.

The interruption of the load commences when the circuit-
breaker contacts part, and is complete when the arc ceases to
restrike after zero. During this period of arcing, the current
decreases from an initially high value to some lower value
dependent upon the conditions of the short-circuit. The voltage
at the instant of contact separation is practically zero, but
commences to increase in value following the creation of the
arc. It continues to increase in a fairly regular manner as the
arc lengthens, until, after the last current zero, it rises rapidly
to the restriking voltage figure. This restriking voltage may,
or may not, be greater than the peak value of the system
voltage, as will be gathered from what has gone before. What-
ever the value is, it is this value which is the critical one in
the breaking capacity of the circuit-breaker.

The breaking capacity of a circuit-breaker is obtained by
the work done in a given time. Thus, if ¢ is the time of the arc
duration, I the mean current in amperes and E the voltage,
the work represented by interruption is

EIt volt-ampere-seconds.

This work has been dealt with in ¢ sec., therefore the power
represented is EItJt or EI volt-amperes. It is unfortunate that
all countries do not agree upon how the voltage and current
shall be measured; therefore the rated breaking capacity of
an oil circuit-breaker will depend upon the country which
assigns the rating.

The British standard convention for breaking capacity is to
take as the current factor the r.m.s. value of current at the
instant of contact separation, and for the voltage factor, the
r.m.s. value of the first major half-cycle of voltage after the
arc has been extinguished.

This value is known as the recovery voltage.
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Thus the breaking capacity per pole is
IxE . . . . . . . . (68)

Where I = r.m.s. current at the instant of contact separation,
ie. at the instant G — G in Fig. 113, and E = r.m.s. voltage
of the first major half-cycle after the arc is extinguishéd.

The kilovolt-amperes broken in the three-phase circuit is
the product of the above and the phase factor, i.e. 1-73, 2 or 1
for three-, two- or single-phase circuits respectively.

When the short-circuit current is displaced, the r.m.s. value
of the current to be used
in the equation for breaking
capacity must include the
d.c. component. This value
is obtained thus

I = +/[(ACY V2 +
(DO . (69)*

The making capacity is
given by the product of the
peak value of the current

Fie. 113. CUuRRENT CURVE FOR AN in the first m&‘lor half‘cy ole

ASYMMETRICAL SHORT CIRCUIT after the arcing contacts

make circuit, the rated volt-

age of the system, and the phase factor. The making current
is that represented by BM in Fig. 113.

As an example in the calculation of short-circuit breaking
capacity from data obtained from an oscillogram record of a
test, consider the following, which is based on an actual test
carried out on a 33 000 volt oil circuit-breaker and for which
the oscillogram is shown in Fig. 114. It will be noted that the
current in the yellow phase is totally displaced. This means that
the short-circuit occurred at the instant of zero voltage on the
yellow phase voltage wave. The oscillogram does not show
this phase voltage but shows only the yellow-to-blue line
voltage.

The first phase to clear in this short-circuit test was the
yellow phase, which did not remake after the point marked X
on the oscillogram. The maximum peak value of current
in this phase was 10 200 A., obtained from the scale on the
oscillogram. The ‘“breaking current” (B.S.I. designation) is

* See Fig. 113,
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the r.m.s. current at the instant of contact separation. In the
test under review the contacts first parted at the time indicated
by the line PP, see oscillogram in Fig. 114 and curve in

j l
Scale: 2080 A.[cm. \‘/ \/ x

/?
Fic. 115. CURRENT CURVE OF Y PHASE FOR OSCILLOGRAM
N Fia. 114

PP is instant of contact separation, and xr instant of arc extinction.

Fig. 115. Therefore the r.m.s. value of the current contains
a d.c. component and is thus given by the expression

= [45) 0]

which from Fig. 115 has the following numerical value

_ 4 360 2]_
I,_-/[( \/2_) + 25002 | = 3960 A.

The voltage factor is obtained from the value oa given on the
oscillogram for the first major half-cycle after the arc extinec-
tion. This, however, represents the Y-B voltage, whereas the
value required is that of the voltage across the yellow phase
arc. Upon reference to Fig. 109 (b) it will be seen that the
voltage across the arc is equivalent to the vector XZ, which,
in terms of the Y-B voltage, is equal to 4/3(Y B)/2. From the
oscillogram Fig. 114, Y B measures 15 X 25 000 or 37 500 volts ;
whence the recovery voltage factoris (4/3)/2 X 37 500 = 32 500.
Thus the breaking capacity for the three-phase breaker is

3960 X 32500 X 173 = 222 000 kVA.

In order to determine the value of the restriking voltage, it
is necessary to analyse the oscillogram still further. Thus,
(@), Fig. 116, represents the arc voltage curves for the yellow
and blue phases independently, whilst (b) gives the resultant
arc voltage curve across these two phases. It will be seen that,



RESTRIKING VOLTAGE . 191

at the instant of zero arc voltage on the yellow phase, the arc
voltage across the Y-B phases has the value oy as shown in
Fig. 116 (b).

It is presumed that the nature of the circuit is such that high
frequency oscillations will occur upon arc interruption. In
this case the voltage across the yellow and blue phase arcs
immediately before interruption of the yellow phase arc
is that represented by Oy ; whereas at the instant of extinction

Y Prase | \\ \\/ ]
A/Z.: Voltage AP AN £
urve. e’ N ~,..__,.’
Ey @ s

B Phase I \ '

Arc Voltage - U
Curve. / '\

<
Scale
11200V fem.

B-Y FPhases )
Arc Voltage k
Curve.

| 81000 Volts

F1a. 116. DIAGRAMMATIC OSCILLOGRAM OF SHORT-CIRCUIT TEST
oN Om. CIRCUIT-BREAKER

of the yellow phase arc this voltage should be equal to the
normal B-Y line less the voltage drop in the blue phase arc.
Therefore, the high frequency oscillation will start from the
point O in Fig. 116 (b) and will rise to the value O,, which is
twice the value of the normal B-Y voltage at that instant.

From the oscillogram, Fig. 114, this value of restriking volt-
age is 2 X 1:5 X 26 900, i.e. 2 X 1:5 E4, where Ey is the peak
value of the normal phase voltage; %ence restnkmg oceurs
at 81 000 volts.
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CHAPTER IX
OIL CIRCUIT-BREAKER DESIGN

\ General Features. This section deals with a number of features
~in the design of oil circuit-breakers which are in themselves
too small to warrant a separate section for each. Thus, in
Figs. 117, 118 and 119 are given the approximate overall dimen-
sions of various sizes of breakers, and these figures may be used
to determine the space to be allotted to the breaker in the
lay-out of the station apparatus. From the illustrations in
this figure it will be noticed that the conventional type circuit-
breakers are divided into three groups—

(1) Frame-mounted breakers with separate tank foreach
phase.
; %) Frame-mounted breakers with all three phases in one

(3) Floor-mounted breakers.

The first two groups include breakers for voltages up to
88 kV. At voltages higher than this, the weight of the tank
with its oil makes the breaker too heavy for frame mounting,
so that floor mounting becomes a necessity. A further reason
against mounting the higher voltage breakers on a frame is
that the height of the terminals above ground level would
tend to make an uneconomical station lay-out. Group (3)
may therefore be considered to apply to breakers above 88 kV.

The high voltage oil circuit-breaker is generally designed
for outdoor use because, for economical reasons, high voltage
installations are seldom made indoors. When an indoor circuit-
breaker is required, the outdoor circuit-breaker can be made
to suit this condition with but little alteration.

Two of the principal demands that outdoor use imposes on
the circuit-breaker are that correct operation shall be certain
in all weathers, and that deterioration caused by exposure shall
be reduced to the minimum. The latter requirement can be
satisfied by a robust design and sound construction, and by the
absence of small parts that are likely to corrode quickly. Also,
if the contour of the breaker is free from crevices that would
harbour water, all joints are adequately protected, and if the
surface is treated with a good paint, the life of the breaker will

192
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Fi1c. 117. OutLINE oF FrAME MoUNTING OrIn CIRCUIT-BREAKER
HAVING SEPARATE TANKS FOR EACH PHASE
Used up to 88 kV.

DIMENSIONS
VOLTAGE
A B c D E

in. 124 148 48 176 80
33 000

mm. 3149 |-3708 1168 4470 2032

in. 138 192 58 2022 87
44 000

mm, 3 505 4876 1573 5638 2210

in, 160 210 68 240 87
66 000

mm. 4004 5334 1676 6076 2210

in. 170 227 68 257 98
88 000

mm. 4318 5765 1727 6628 2489

8—(T.5771)
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Fia. 118. OurLINE OF FRAME MOUNTING Orn CIRCUIT-BREAKER
HAVING ALL PHASES IN ONE TANkK

Used up to B8 kV.

DIMENBIONS
VOLTAGE 7 : i
: A | B ( l D B
in. 136 97 80 133 104
33 000
mm 3 454 2 464 2032 3278 2642
in. 144 103 86 139 110
44 000
mm, 3658 2717 2184 3531 2794
in. 172 108 86 139 110
66 000 .
mm, 4419 2717 2184 3531 2794
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Alternate
hand-leve,
positions
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Fra. 119, OuTLINE OF FLoor MoUNTING O1L CIRCUIT-BREAKER
HAVING SEPARATE TANKS ¥OorR EacH PHASE
Used for voltages above 88 k..

DIMENSIONS
Vorrase ‘ l l l
A ‘ B | C | D i E
| !
in. 174 250 72 286 ’7
110 000 —r——f— ——
mm. 4420 6350 1829 7264 2210
in. 196 280 100 316 112
132 000
mm. 4978 7112 2540 8026 2845
in. 240 309 108 345 114
165 000
mm. 6095 7848 2743 8763 2895
in. 277 156 131 492 117
220 000

.omm, 7036 | 11582 3327 | 12497 2782
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be not only considerably extended thereby but correct opera-
tion will also be aided.

There are temperature variations in all countries, and due
allowance must be made for the expansions and contractions
that result from such variations. An example of this may be
given by citing the effect that temperature change has upon
the terminal bushings. The coefficient of linear expansion of
brass is 0-0000189 per degree C., and for porcelain 0-00000416
per degree C. If it be assumed that the central conductor of a
particular bushing is 108 in. long at 0° C. and the length of
the top porcelain housing is 56 in. at 0° C.; then at 60° C. the
porcelain will have increased in length by 0-014 in. and the
conductor by 0-122in. Such a variation is quite sufficient to
break an oil- or compound-tight joint. It is therefore necessary
so to design bushings that such differences in expansion cannot
stress the construction.

Oil. The oil in the breaker tank will become more viscous
as the temperature drops, and for this reason a special low
freezing point oil is marketed for use in countries where the
temperature is likely to fall to very low values. The B.S.S.
No. 148—1933 gives particulars of the three standard grades
of oil recommended, and grade A.30 or B.30 is that specified to
maintain its fluid properties down to a temperature of — 30° C.
- Condensation. Condensation inside the circuit-breaker tank
is unavoidable in locations that are subject to a very humid
atmosphere. In most designs the liberal electrical clearances
used and the baffled venting arrangements provided render any
further precautions unnecessary. In certain cases, however,
engineers request that heater elements be fitted inside the oil
tank to prevent condensation. Such heaters are usually situated
just below oil level, and may be ordinary electric lamps of
sufficient capacity. The heat dissipated will be that given by
the watt value of the lamps or other heaters, but must be
sufficient to maintain the temperature within the tank at a
few degrees above that of the outside temperature. The size
of heater required will depend on the temperature difference
desired, and upon the superficial area of the outside radiating
surface. As a general guide, the following example may be
helpful.

It was desired that the top layer of oil in a circuit-breaker
tank should for a depth of 4in. be maintained at a mean
temperature of 8° C. above that of the surrounding atmosphere.
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The area of surface from which heat loss took place was
approximately 8 000 sq. cm., made up of the top surface and
tank side to the 4in. depth. The loss from the remainder of
the tank was ignored. Assuming the surface dull black and
the ambient temperature of the order of 20° C., the heat loss
for a mean temperature rise of 8° C. was approximately 0-009
watts per 8q. cm. Therefore in the example the total loss was

8 000 x 0-009 = 72 W.

Vermin. It is necessary that all vents and ventilation holes
‘shall be adequately protected against the ingress of vermin.
A metal gauze is the usual method of effecting this protection,
but the gauze should be durable and therefore made of a
non-corrosive metal.

General Construction. In frame-mounted breakers, the
general construction is that each single pole unit is mounted
on the top plate or tank cover. Thus this cover carries the
lead-in bushings, to which are attached the stationary con-
tacts, the contact lifting mechanism, moving contact and buffer
gear. Where separate tanks are used for each phase, provision
is also made in the top cover for the inter-connecting link gear
that couples the three single-pole units to the main operating
mechanism ; or, in the case of Arens rod control (see page 238),
provision is made in the top cover for coupling this rod control
with the moving contact lifting rod.

In the three separate pole circnit-breaker it is desirable
that leakage of gas shall not be possible between the three
single-pole units, and for this reason it is necessary that the
interconnecting rods between poles shall be coupled to the
contact lifting gear in a small chamber, separate and sealed
from the air chamber formed by the breaker top cover and
tank. With circuit-breakers of the Arens control type of
operation, this is unnecessary because each single-pole unit
has its own separate operating rod.

\" Pole Interconnecting Gear. The interconnecting gear between
breaker units may be in the form of rods, links or any other
arrangement to suit the idea of the designer. The essential
is that adjustment can easily be effected to ensure that all
three units close and open simultaneously. In general, a rod
or tube type of interconnecting link is used, particularly for
breakers of large size, because these represent the most eco-
nomioal sections for strength. Such links are contained in a
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housing to protect them from the weather, and this housing
may very well be standard steam pipe of a size sufficient to
accommodate the link