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ABSTRACT

In this investigation it has been shown that corona
characteristics may be greatly improved by covering a
conductor with some insulation. An insulated conductor
has shown even better characteristics in some respects

than a bare conductor having the same overall diameter.




PREFACE

"However high we may climb_iq tne pu?sp;t of

knowledge we shell see heights above us, and the more

Awe extend our view the more consoiaus we shall be of

the immensity which lies beyond. '

This work is, therefore, not a complete guide to
the study of corona. A great deal of gtudy has been
done on the different aspaots of‘coropa, but qng_field;.
the study of the "Effectiveness of insulations in improv-
ing corcna characteristics” has had 1little investigation.
The author has undertaken the investigation of the effec-
tiveness of quyvinyl Chloride and Polyethylene insulat-
ione in improving the different corona characteristics of
wire conductors using co-axial cylinder arrangemenis.

‘ The thesis is divided into six chapters._‘ The
first of these introduces corona and ita effects and
states the problem specifiecally. The second deals with
a very short review of the laws of visuel corona and dis-

cusses briefly the existing theoriles. The third chapter
gives Schering Bridge'measdrements, while the fourth

presents a technique of Radio Influence Vbltage neasure-.
ments and the results obtained therefrom, The :@fth
chapter'exﬁlains and discusses the observed factg. In

the gixth, conclusions are drawn and a comment is made




on future studies of the subject. Some lengthy devel-
opments, tables of data,vand a secondary measurement
fechnique are ineluded in the appendices.

The author wishes to express his deep-felt grati-
tude to Professor G.W. Swift for his extensive help,
encouragement and guidance and to Professor J.P.C., MeMath

for his advice and suggestions. The help received from

Hr. JaR. Elliott in ocarrying out the experiments in the
laboratory and Mrs. Flora McKechnie in typing the thesis
is greatly appreciated, '

Special thanks is extended to the National Research
Council of Canada for its grant for the project. fThe
author is also indebted to the Gansdian Commonweslth
Seholarship Committee which sponsored the scholarship
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thesis,
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CHAPTER I

INTRODUCTION

1.1 CORONA AND TIPS BEFFECTS

TFor eleetrode configurations producing a
nomniform field, there is a certain gap length abave
which the gas near the surface or surfaces of maxi--

H

breakdown veltage for that gap length. The eléetricalf

mum stress breaks down at a voltage less than_thé spark-

discharge at atmospheric pressure from this local
breskdown is usually referred %o as coroma.

Positive corona on a con&uetor appears as _
a uniform bluish-white eovering aver the whole een&ucu;
tor surfaces negative corona on a eonduc%or appears -
az concentrated reddish tufts of glowing gas at points
along the conductor. The direct eurrent gorona on
the positive conductor has exaétly the same appearanee
" as the alternating current corona on the pcsitiveAhalf
of the voltage wave, The same hbl&s foxr the negative
conductor.l°2§

The slsctric field at the conductor surface.
depends on its radius, thé geometry with respect to
other conductore and grounded objects, and the'éurface

condition, as well as . the voltage., Since the stress
% Superscripts l,2, €tG. refer To bibliography.
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is highest at the surface, the glow first starts there.
Near the conductor surface the ionized air is eondﬁct—
ing and ﬁence the effective conductor size is somewhat
1ncreased° For the given voltage this enwslope=ineréé~
ses in thickness until the stress falls below the IRP-
turing gradiqntoz |

Corona may be undesirable due to:

1. Power ILoss - The corona on & high voltage transmission

line represents a continuous power loss, The causea of

power loss are many, Ion collisions producing excita-
tion and ionizatiun of the gas atoms and molecules and
increasing the thermal energy of the gas, radiation of
energy from the corana envelope, various atomic processes |
taking place on the conductor surface and its sﬁrraun&ings,
production of sound snd light - sll add %o the power loss.
The corona power loss on a long transmission line may'be
high (as great as the resistance lossl) and should normally
be kept as low as possible. Under normal weather con-

ditions it is ususlly not desirable %o operate a trans-

mission line above its criticel disruptive voltage.
2, Radio Interference - Radio frequency energy is genern

ated on a conductor when the gradient on its surface

exceeds the critical disruptive value for the surrcunding
alr. The radiation characteristics of the line, the

freduenqy being recelvedoas well as. the r<f energy gene»
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rated will determine the resulting radio'interfarenee.
field.?® Fhe pulse nature of the discharges from .
point corona has been studied by several investigators.
Aceording to Prichel the frequency of the pulses of
nagativé‘point corcna ineresses as fhe applied_vnltag&
is raised.)?  mrichel also made the first measurements
of the pulzes present in poeitive point oorona¢2°
Acoording to Miller and Toeb two types of pulses ave
prasent in positiveApoint.eq:una and these are knowh

as streamer and burst.pulsea.QS  The presénggjgf'the
above pulses in the éor@ng discharges is the major
cause of radio interference. With sireamer pulses

the radia»intngErence is very serious. The geonetry
of the aystsm,‘surfaee gonditions of éiachargg sources
end the line voltage determine whether positive, nega-
tive or both types of palses are present in the corons
&1scharga.17 inalysis of the fraguency spectrum of
the pulses shows that it contains appreeiable:eompans
ents of all frequencies up te¢ about 25 magaeyeles per
second. | | A

%. Insulation Daterioratiaaz’w Vericus chemical pro-
cesses take place in ths corons enwaloﬁe. Ioﬁ boxbard-
manf and the action of certain chemiecal compounds that

are formed due to corona cause a deterioration of insu-




lation materisls, Corona is accompanied by the

characteristic‘odor of ozone, The oxygen molaoule
présent in the overstressed air splits into chemically
very active nascent oxygen (0). These oxygen atoms
may combine to form the normal moleeule (0,) or ozone
(03)n Nascent oxygen (0) readily combines with meta1;
organic matter ete, The unstable ozone molecule*(ﬁs)
breaks up into 02 and O, The newly formed nascent
oxygen from 03 can readily combine with metal and
organic substances, Oxides of nitrogen are also formed
by the interaction of nitrogen and oxygen at very high
eleotric stress, In the presence of moisture nitrie ,

aclid may sometimes be formed.

1.2 THE PROBIAH

_ It was the purpose of this investigations=~

1. To measuvre by a Schering Bridge the power faétors

of a number of p.v.c. (polyvinyl chleride) ingulated and
bare conduciors and compare thé Power Pactor Characteris-
tics as a funetidn of voltage,.

2o To compare the Power Loss Characteristics as calcu-
iated from the sbove measurements. |

%o To compare the Visual Corone Characteristics (Critieal

Voltage and Gradient) of bare and p.v.6. covered conduc-
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tors as a function of their increase in radius over
that of #14 AWG wire. |

4, To compare Power Factor Characteristics of bare, '
PoVaC. and polyethylene insulated conductors, all have
ing the same conductor radtus; the insulation thick-
nesses for the lnsulated conductors being equal.

5. To measure the Radio Influence Voltages of pov¥.Co
insulated and bare conductors as a funetion of applied
voltage. |

6., To compare the Radio Noise Inception Voltage and
Gradient Characteristics of both types of conductors.
7. To compare the Radio Influence Voltazge Characteris-
tics as a function of gradient.

8, To éxplain and discuss the observed facts,




CHAPTER II

REVIEW OF THE LITERATURE

2,1 YISUAL CRITICAY, CORONA GRADIENT
The electric gradient at the surface of a con-

duetor neceésary to produce visual a.c. corona in air

" . is given for co-axial ‘oeylinders by the empirical equa-

tion;

Ea = 300%5(1 + %'}.OOQOOOOOQ..QDIQ#.Q(ZQI)

where;

| = Gradient at wire surface in XVEB/em,
= Radius 6f‘wire in om,

Irregularity Pactor

= Relative Air Density PFactor and

- ;.ggb csvecossesssssscsassassasans(2e2)

In equation (2.2), b is the baromeiric pressure in ocm. of
Hg. and t is the tamperature in Oo

+ Different experimenters give different values of

o B8 u aﬁ
1

the constanxs of equation (2.1) e.g. Peek gives:

E = 31ms\(1 *"o“?'zg‘s' );ooooocooo;;o;ooouocaos)
Jor

while others give ‘lower values for the constanta. In
- % KVP=Kilovolts Puuk

$
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formula (2,1) more or less mean values of the constants
are used.3

Invastigntiona have shown that the gradient
equation holds to & pressure of a fbw am, of Hg.l_ For

- poliahed canductors the atart ot visual corona is quite

sharp, hence the irregularity faotor'm‘ie unityo - Por
‘at?qnded ponductors it varies widely end corona first=
starts aﬁ points df‘high stress and ultimately covers
the ‘whole surfaee. Snow, sleet. grease, oil, duat

and moieture lower the corona starting gradient, corqna

on a trapsmission line 18 strongly influenced by fog
end rainfall and algso the altitude of the 1line,

Eqnation (2.3) holds for 2.0, corona. At the
critioal disruptive voltage the vesk of the voltage wave

establiapes a gradient on the conductor surface dictated'

by this %duation'and coréna then appears. On dae.'viSuai

gorona voltage differs slightly for con&uctors at posiw

tlve and negative voitage. This holds equally for the
positive and negative half cycles of an altennating'vol— '

tage wava._ ‘In He, 002 and N2 positive corona first
starta at higher gradients than negative corona.lv In]
He, 02 and air, at pressures greater then 1 om. of Hgy
the critical gradient for positive corona is lowar than

that for ‘negative corona., At pressurgs lowar than_l [

of He, the reverse is true, Tor a.c. the coroms voltage =




ié possibly determined by the first appearance of

the negative discharge. This is because this discharge
can reinfc:ce the causes of positive c§rung in the next
half cycle; thereby inoreasing the cordna volume con=-
siderably with a corresponding increase in visibilityql

2.2 VISUAL CRITICAL VDLTAGE

For a co»axial cylinder arrangement the relation
Between tﬁe stress at the surface of the conductor and
the voltage between the conductor and the outer cylinder
may be used with the eritical gradient from equation
(2.1) or (2.3) to obtain the eritical visualvcorona vol-
- tage. The result is:

V’e = Ecr ln(R/r) m"qoo-qoucnp-oc_-.qoqg 9.(2.9_.4)

vhere, R = Outer cylinder radius in cm,

2.3 PEEK'S THEQRY OF VISUAL CORONA®
According to Peek, discharging in a gas does not

necessarily occcur even if the electric field exceeds
the "breakdown strength® of the gas. Bepending on

the curvature of the electrode, the siress muat exceed
the breakdown strength of the gas up to a certain dis-
tanoce, .Thia distance is eailgd the "energy distance®
- or "giorage leagth®, Here the charge carriers gein

engrgy to continue the discharge, ?he energy distance




determines the thickness of the film of ionization
surrounding the elestrode. Its presence permits the

deva1opment of sufficient ionic energy. The energy
distance 1s 0.3/ for the symmetr;eai field of a eon~
&u@tbr inside a ccwaiial eylinder, Féf other fields
Similar relationa with slightly diffbrent mumerical
values for the constants hold. Peek considers the con-
dusting lonized gas surrounding the wire as an increase
in the wire size, the whole being the "aquivalen% COP=
cnal conductor”,

2.4 EXPTANATION OF CORONA PROM TOWNSEED'S THEORY®

In his theory Zownsend compares corons with
sparking, He makes these assumpiions - (1) that
oumlative ionization ooours from the corcna forming

conductor to the place where the elsetric field be-

comes equal to the minimgm breakdown strength of the
gags and (2) that a epark discharge takes place ﬁe~ _
tween the conductor surface and the surface so defined.
If, now, the experimental spark lews are applied to
the quantities so determined, equetions practically
identical with Peek's equations are obtained. (This
development is oontinued in appendix II).
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Peek's and Townsend's;theories are not quite
suffiocient to explain all thé observed facts of corona,
In particular they cannot safisfaetorily expia;n the
ditférence in the voltage required to produce oorona
abuut pogitive and negative conductors. Nowadays the
meshanism of coronsa formation is generally_g;plginad
from "avalanche” icnization teking into account the
effeoct of space charges fbrmed therein.

High energy cosmio, ultrawiolet and x-rays,

natural radicactivity and oﬁher ionizing radiations

always produae}t:ge electtnns in the a#magphqreg These
electrons are 019391y related to ths fotma?ion of cor-
ona. Of course, under gertain eon§it19ns,4elgctguns
may also come from the elgetreés.;tsglf, qugiér,
when a voltage between two electrodes is applied‘thg
electrons are drifted toward the positive electrode,.
With a sufficlently high voltage the accelerated elec-
trons gain energy %o cause ionization by collision and
produce space charges. Por positive and negative |
electrode potentials the production of space charges
and their motion, as well as the other processes take
ing place on and near the eleotrode surtaﬁs diffesr
widely. 80; it is quite reasonable to have a difference

in their corcns characteristies.
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For the co-axial éylinﬁer arrangement, the
action of the space dhérges_fprmsd with alternating
current as described by J.D. Cobine,’ is shown in’

figure (é,l) Fsr scmewhal jdealized cgnditiona, Ig

: thié figure sharply defined boundaries are shown for

théVSpaée charges, though actually they would have
diffuse boundsries, ﬁe\eonsidera corong has slready
occurred end explains tha cycie as followss

At an instant (A), when the applied voltag@
is zero, o residnal negative space charge exists bew
tween tha eylin&ers due to the previous half eyele of
nsgativa_corona.__ At this inatant, lines of ferce
Start fram pcsifive bound eharges on both wire and
cylinder and terminate at the nega@ive spaee eharge.
There is, iherefore, 2 field at both aurfaeea even

%haugg thg vcl#agavbetween the surfgo@s is saroo Ae

tthe voltage iﬁereasee, additional positive bound echarges

appesr at the conductor surface, the positive bound

charges on the cylinéex dséxeaee and the_épaea charge
moves inwerd, Ionization by ecllision and the initia-

tlon of positive corona ooccur at an instant (B),when

the field at the conductor surface is sufficlently high.

(if tha voltage is greatly in excess of the critieal
corona voltage, the residual space charge may pre&ue@

e field at the conduotor surface which is sufficient to




FIGURE 2,1 = A,C., CORMNA SPACE CHARGEgwwt> IHDICATES
HOTIQN OF SPACE CIARGE
(CO-AXIAL CYLINDER ARRANGEHENT)




cause breakdown at the instant of zero apolied voltage).

As positive corona starts, the positive ions are driven

outward and they neutralize the negative ion space charge.

The positive ilon space charge is most dense near the
conductor surface during the latter part of positive
corona (C). At the instant (D), lines of forece begin
frdm the positive ion space charge and end on negative
bound surface charges on the conductor snd cylinder,

At some time (E), the field due to the combined action
of space snd surface charges reaches a value sufficiéntly
high for ionization to.occur at the conductor, Nega-
tive corcnma then begins, and the residual positive ion
space charge is neutralized. The point (®), at the
negative half cycle corresponds to (C) at the positive
half,

During the period (B)-(C) the ionizing electrons
proceed toward the conductor from the surrounding region.
These electrons cause cumlative ionization and form
avalanches. As a result positive ion space charge is
produced which increases almost exponentially as the
conductor is approached, In the negative corona period
(E)=(®) the ionizing electrons are emitted from the
conductor surface by positive ion bombardment and field
emission. These electrons are accelerated outward

producing ionization by collisien. In this period
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(E)a(?), the resulfiné:positive ion space chargs in-
6reases'near1y eprﬁeéfiali& with disfanee frdm:the
¢ondugtor, This contimies until a point is reached at
which effective eumulative ionization ‘ceases. During
the corana paricds %he motion -of the eharges under the
;nflmanee of the applied voltage prc&uees a'opmpqnen$ 
éf edfrent that sdpéfimposes on the normal capacitanoce
oharging current, .

~ There shcnld be a disaimilarity in the wave
ferm af suscessive half cyeles of curmanta Such éiaé»
imilarity as 1% ocaura is due partly ta tha differenea
in the ion mobilities (positivn and negative)g Ehis
affacﬁ would be expa&ted to be less pranﬁuneed far

parallel wires than for co-sxial eylinders.




CHAPTER IIIX

' SCHERING BRIDGE MEASUREMENTS AND RESULTS

3.1 THE CYLINDRICAL TEST CELL

The cylinder proper (Fig. 3.1) consists of &
14-foot length of 10.42 inch internal diameter extru-
ded aluminum pipe. The guards at the gnﬁs consist
of 2-foot sections of the sanme pipe,_each having a
spun aluminum end bell of the same internal throat
diameter attached to it. The oylinder proper and
guards are supported in a plywood frame (nqt.shown)
on which are mounted "expanded metal” screens to
' shield the apparatus from stray_laberatory fieldao A
blower is ﬁoﬁnted at one end, for the purpose of clegr~

ing icnization products from the cylinder 1f desired,

3.2 SCHERING BRIDGE

The cireuit diagram and shielding arrangements
of the Schering Bridge are shown in Fig.3.2. If
the specimen is represented by a capacitance Gx and a

series resistance?, then under balanced conditions

Cs B
Ps R3m oeceooooocoo'oeooooceoooouoo(}cl)
Cs . |

15
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Ry .
CX =2 OS F;ooooococ-oooeeo‘ooooo-ocooooo‘e (3&2)

and the dissipation factor is
tang ch4R4DOfOQOOOOGOO0.000‘QO0.00IOQOOO (303)

NOWQ

C. = 103,55 % 10°12 fam

g = 103,55 X 10 farads
and

R4 = 2652.6 ohms

g0, at 60 ¢/s the value of C, in miorofarads gives
directly the dissipation factor.

3,3 DESCRIPTION OF EXPERIMENTS

The test conductor sample was Strung and centered

'in the test cell and energized from the first stage unit

of the laboratory high veoltage supply. As the voltage
was raised in steps, the power factors (64 in microfarads)
and values of Ry were recorded from the bridge balance,
The corrésponding peak voltages were taken by direet read-
ing of the vacuum tube volimeter, utilizing the Standard
Capacitor of the bridge circuit as a part of a capacitor

divider,

Below the gritical disruptive vultage the applied
voltage was raised in very small steps and the bridge was

balanced at each step. This was continued until the




fTirst kiek in the pointer was observed.
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The bridge

could not be balénqedvproperly'up to some voltage after

the first kick, Above this voltage the power factor

increased very rapidly. Readings were continued until

the Critical Visual Corona Onset Voltage was observed,

For some samples readings were also taken above this

voltage.

3.4 SAMPLES TuSTED

Group Az 81x samples of P,V.C., covered wires,

Samples Cond.Radius TIns,Thickness Overall Rad,

{em)
0.0815
0.0815

0.,0815
- 0,0815
0.0815

LA B RN R N

0.0618%

Py
0.0380
0.0584

- 0.0786
0,1182
0.1320
0.1650

Group R Five samples of bare conductors.

Samples No. A.W.G.

i 14
12
3 10

Cond, Rad.

(om)
0.0815
" 0.1028%
0.1294

~ (om
0.1195
0.1399
0.1601
0.1997
0.2135
0.2465

Inerease in
Rad, from
0.0815

(em)

0,0000
d,021o
0.0479
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Sawples No. A.Y.G. Cond. Red. Inerease in

Rad, from
0.0815 -
(em) (em)
4 8 0.1632 0.0817
5 6 0.2057 10.1242
Group Cs Three samples of #22 A.W.G. wires, _
Samples @QEQ Cond, Dia. Overall Dis,
(mii) (miIT}
1 Bare 25,35 25.35
P.V.Ce 25» 35 43, 35
Covered ,
% Polyethy- 25,35 4%: %5
lene
Coversd

3.5 TBST RESULTS

- 1. Power Pactor Characteristicse
The Power ﬁaetor Characteristics of the p.v.c.
covered conductors (Group A) are shown on page 25 and
thogse of the bare conductors (Croup B) are shown on

page 26. The data are given in %ab&lar}form in

apvendix A4.1(1) and A4.1(2) respectively,

The %we sets of curves show a fundamental diffo-
TONCSG, In the first set for each conductor the powar
factor remains more or less constant up to a certain
eritical voltage and then rises very aquickly. This is
due to the low less proaef%i@s of the insulation. Aftey

the critical woltage the rise is mainly because of the
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Driven Shielding —J_" Toad C&ﬁmw e

Bsasuring Elsctrods Centered & Streined
Of The Bridge and
Conmsoted to H.V.
A.C, Source

FIGURE 3.1 . THE TEST CELL




FIGURE 3,2 - SCIERING BRIDGE
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ionization of the air near the conductor surface,
The set shows gradual increase in ionization with vole-

tage. “hen cumulative ionization starts the power

factor rises sharply.

The Power Factor Characteristies of the #22 A,
W.G. wires are shown on page 27. Both the insulated
conductors have shown better characteristics thqn the
~ bare ones. Between the insulated conductors the Poly-
ethylene coﬁered one has shown'better results. (Explan-

ation of this is given in Chapter V).

2. Power Loss Characteristies:

(a) Bare Conductors - With the bare conductor
inside the co-axial cylinder the equivalent circuit
7 ie s I

Outer

i

|

Cylindex |3 '
|

I

v

Pigare 3:%:= Bquivalent Circuit and Vector
Diagram (Bare Conductor inside
Co-axial Cylinder).

| S,

and the associated vector diagram are shown in figure 3%.3.

The quantities P and CX would change with voltage, but

they are measurable. From the vector diagram,
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Power Ioss = VI Cosé

I% VwC; & Cose = Sin? = +tan$
Ps= vamcx ‘l‘:an'é = ﬁg;};ﬁ.w cx tan watt38c.0(3e4)

OX is in microfarads.

(b) With the insulated conductor inside the con-
centric cylinder, the equivalent circuits are shown in

figure 3.4, As for the bare con&ﬁctors, the power loss,

2
v P=£x¥;Lw cxg tanS Wattstgo,ooooo'oaoaooo(394‘)

- Cylinder

Figure %.4:~ Equivalent Circuits
{Insulated Conductor Inside
Co=-axial Cylinder).
| In equation (3.4) all the quantities in the R.H.
side are known. TFor samples 3 and 4 of Group A and 1

and 4§ of Group B, the power losses are calculated from
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this equation, The results are shown in appendix
A4.1(4). The calculations are valid up to the point
where we can write Cos@ = Sins = tand i.e. nearly
up to visual corona voltage. The power losses are also
plotted against XKVP as shown on page 28, From the
graphs it is found that for #14 wire significant loss
starts at about 19 KVP; but if this wire is insulated
with p.v.c. of thickness 000736 cme, the loss starts at
about 35 KVP, The power loss characteristic of this
insulated conductor is even better than that of #8 bare
wire having a greater overall diameter,

3. Visual Corona Onset Voltage and Gradient
Characteristics:

The onset voltages for bare and insulated con-
ductors are calculated from«
Vc = Ecriln (R/ri) KVPeo....o.e....a...o.o.(2o4)

and

[ln ri(r. + 1n R/ry | EVPeoscoo(3.5)

Vg = Ecri
res#ectively, where,
. r; = Total Radius
.r = Cond, Radius
K = Rel. Permittivity of P.V.C.
= 5.7
# This is an extension of equation NooAS.l shown in

appendix 3 and justification of use is given in
Chapter IV,
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and
0.308 R

By = 3109 (1 + e ) KVP/CHauenerenenes(203)

(wifh m=1) | _

The caleulated and measured results are compared_
in graph 3.5 on page 29. The ratio of,Vb (megsured)_to
Vo (calculated)is defined as m. Tt is interesting to
note that for the bare conductors m varied from 0.93 to
0,958 with an average of approximately 0.95 agd for the
insulated conductors it varied from 0.94 to 0.957 with
the same average.

The calculations show that for both types of wires
the critical gradients folloﬁ equation (2.3), which is
plotted on page 30 (with m = 1,%= 1) as a function of

overall radius.
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CHAPTER IV

RADIO INPIUENCE VOLTAGE MEASUREMENTS

4.2 RADIO HOISE METER

“Radio noise" is radio frequency energy radia-
ted from electrical equipment usually at frequencies
covering the commercial broédcast bando _It.beqomea
andible noise when detected at a radio receiver. The
degree tc whlch this noise'is.objectionableAdgpgnds
on the bandwidth of the reeeivervand the response
charsoteristica of the human ear. _ _

In a Radic Noise Meter an attempt is mede to
meagure “nuisance value" taking the above faetors dnte
acoount and giying a quanxi%ative result. The Radio
Noise Meter is, therefore,_a_superheterodyne receiver
(without automatic volume control) with a meter which
zmeasures the pesk, quasl - peak, rms, or average value
of the intermediateefrequenay atage output. The
quasi-peak output is determined by the charge and dis-

charge constants of the detector circult,which are
selected %o eorrespanﬁ to nuisance value,

In the measurements here, & Ferris meter

(Radlio Noise and Field Strength Meter, Model 32ah,

31
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Serial No. 86) was used, using the "quasi-peak" sett-
ing. In using the meter fraqﬁent'calibration with

a standard source is necessary for consistent results.

4.2 EQUIPMENT

Radio interference from corona on insulated
and bare conduetors was . studied under the sane csonc&en«s

trio cylinder arrangement as was used for power factor

measurements. - The circuit is rep:esented.in figure .
4.1. The figure shows that high voltagg_was_applied
between_the'cqnduetor_and eylinder, the_cgnﬁuctqt being
at the high pqtenﬁial. In tbis method corona current
rathgr than.‘RIV° i3 measured. Reversing the cylinder
and conduetor with res?eet to‘applied‘%oltage might
maké tne pulse measurement problem easier. However,
that was not feasible and the method used was sufficient
for comparison purpdseso> |

The *RN*® meter was used as a r-f tuned voltmeter
at 1 me, (dummy antenns measurements) and in all the

steps the manufacturer®s advice was followed, The high-

pags Lilter circeult was used td eliminate the &0-c¢yele

component of the current wave., The double-channel
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-ogcilloscope showed_the 1 mc., pulse components and the
voltage wave shapes, In accordance with the Canadian
and U.S. standards, the l-ms charge time constant was

used in all the measurements.

40% SAVPIES TESTED

Group A - Samples 1 to 5 ‘
Group B = Samples 1 to % and a #8 A.W.G. bare
' conductor having diameter - 13%0 mils,

4o4 TEST RESULTS

1. Radio Influence Voltage Charaetefisticss

The measured valués of *RIV® for different con-
ductors are given in tables in appendix Ad.2. It is
usual to plot *RIV' logarithmically against vnltage,
and this has been dcna.in graph 4.1 on page 37, There
is a difference ln the nmature of the curves for the two
sets of conductors. Immediately after inception, the

curves for the insulatgd conduetors rise veryvsharply;

then a few peaks ocour. . The.rise of the curves for
the bare conductors is quite gradual,

For the bare conductors within the experimental

range, the 1 mc. interference occcurred first at the
negaﬁive peaks of theAvcltage and %hen algo at the ppsiw_
tive peaks at higher veltages. For the insulated conductors
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- the reverse process was observed.

2., Radio Noise Inception Voltage and Gradient
Charagteristics:

| The 1 me. radio noise inception voltage and
gradient eharacteristics for both types of conductors
are shown as a function of increase in radius (from
that of #14 A.W.G. bare wire) on page 38 and 39 respec-
tively. TFor the insulated conductors higher velues of
voltages gnd gradients were necessary to cause noise
inception. Moreover, in each case the g:adignts_were
found to be a function of overall radius. For both
types Qf conductors they were slightly less thap those
given by Peek’s formula for visual corona (Bg.2.3).

3. Radio Influence Gradient Characteristics:

Corona is directly related to the stress and
therefore, the data for samples 1 =nd 2 of Group A and
1 and 3 of Group B are represented on page 40, as plots
of influence voltage against stress at the wire surface.
The surves for the insulated conductors show regular
peaks. The curves for the bare conductors may be
apyroximated as straight lines showing that they follow
a law of the form,

RIV = R (E"G‘)uouoooaoocﬁocouooo«oe&oo(491)




where R is a function of radiug, B is the onset

stress in XVP/em., (which is another function of
radius), and G is the applied stress in KVP/en,

This showas that the rate of increase of influence

voltage with stress increases with the wire radius.
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CHAPTER V

EXPLANATION OF OBSERVED PACTS AND DISCUSSION

5.1 PROPERTTIES OF DIRLECTRICS _
Before proceding to give any explanatiog_o#_tye

observed facts, it 1s necessary first to discuss some

of the properties of dielectries and their behaviour
under a.c. field at power frequency. In the concentrie
oylinder arrangement let the dlelectric be air, At an
instant when the wire is at a‘posiﬁive potential with
respect to the outer cylinder, radial flux lines origina-
ting from the positive charges on the gonductor_will
terminate on an equal number of negative charges on the
cylinder. Since there is no flux line para;lel to the
axis, there would be no force parallel to it. The elec-
tric field (normal to the surface) at any point in between

Pigure 5.1l:= Flux Iine Terminating on
Opposite Charges (Co-axial
Cylinders)

41
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the cylinders may be siven by
D

E =€ .l.l.O..O.......0..‘...0.0..“.0(5.1)

where, D is the flux denzity ~nd €,1s the absolute

permittivity of air (== vacuum). D is at a2 maximunm
at the conductor surface and T wonld, therelore, be
neximum there ( €, being a constant).

Now let us rewnlace the air by an insul~ting mae

terial., Because of its physiéal gtructure this insale

ating material will contain some electric dinoles of
some kiade.  The electric field nroduced by the anvlied
voltage exerts forces on these dipoles causing then to

matate and align themselves with the electric Tield.

Figure 5,2:= Dipolé Orientations.
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New lines of flux are set up between the aligned
dipoles and terminate on additional chargesz on the

conductor and the cylinder. The electric flux density

can.-now be written ag:=

Total flux] [®ux density

| denaity in air (asvacuun

L S L e —-' )

D= %E L ?ooocceeaaooooooccooeaocooooo(Sez).

The\qaanﬁity P is known as the.Dielactric
Polarization. It is the flux density added by the
aligned dipoles, _ |

In the preceding parasraphs theigiboies were con=
sidered to be rotating when the elec%rié_ﬁield was applied.
However, in real dielectries ail of the &iﬁoies may be
induced and present only when the electric field.is épp»
lied. Accordingly, pel&rization ig of several?types;
but it is always convenient to consider the insulation
as belng full of dipoles randomly oriented (due to

thermal agitetion) under normal conditions, Dipole

orientation occurs under the action of an applied field
and this continues until they are slipned with the

elactric field,
It is now defined that

n &éEOOA’"OGQ%@OOQOOO@QQ&-O'DOBOQQO0090000(503)
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where ¢ 1is the absolute permittivity of the material.

Thersfore,

éE zéaE + POOOOO'OO‘&.U‘OG.O.QO.Q!ODC.“'@(SQ&)

Dividing through by the electric field mtensity'..E,,

€= €, + P/E Farads/meterscececcccs(505)

| The polarization and the électric field intensity

are usually pargllel, hence the absoclute permitiivity
of the mateﬁial is always greater than that of free
gpace, Also, a material containing a high density of
dipoles (especially the polar substances) will have a
high degrée of polarization and comsequently a large
dieleetric constant.

Dividing equation (5.5) through by é.s

K = ““%” =1 ¢ P/Do.oawooo.ooooo-ceo-acooo(SoS)
O ’

K'is a dimausianless,canstant and ig defined as the
relative dieleetrie censtant or relative permittivity
of the material, From .equation (5?6) it is evident
that K ig always greater than unity.

In the previeus treatment the iasnlation weg coli-
siﬁer@d %o behave ss 2 perfect dielectric having no loss.
However, there is ne such material as a perfeet dielectric,
In fact, when subjected to-alternating voltage, in addi-

~%ion to the nmormal charging current there is a conduetion
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current; so that‘ane may replacs the dieiectric by:a
perfect capacitor shunted by a resistor.

In most méterials; however; the dielectric be~
havicur differs from this simple farm'aiso; indicating
the presence of other sources of dielectric loss. A%
present a complex perml ttivity

E*" él e jell o-o.;oaoocotoon-aoaooc‘,out(soS)

and a corresponding complex dieleciric constant '
K* = _%f. z K » 3K“OGGO'OO‘§?G00&00"0"60(507)

4

are introduced to describe the properties of the mate
erial. The term X" is the loss factor. It should be
~ gero for a perfect dislectrie with no less., On the
basie of C* and K* so defined the total current at a
voltage V can be writien agie | o

I = JWECHV = (JWE' 4 WE") CyVessss(5.8)
where co ia the eépaoitan@e with & vasuum dielecitric.
The loss taﬁgant iss=

tand = K°/K*
The loss tangent will depend on the following welll
recognized ?roperties; or conditions of insunlation, if
present:

1. Normal conductivity

2. DMeleotric absorption
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3. Absorbed moisture

4. Gaseous ionization. . ‘

However, in the experiments ten® was found %o
remain more or less constant up to the RIV 1neept19n
voltage and it will be reasonable 1o take K as a con-
gstant at least up to this voltage.

5.2 CRITICAL GRADIENTS AND VOLTAGES
Having this theory of dielectrics in mind one

may now consider a conductor of radius r with an insula-
tion thickness Ty - in the co-a2xial oylindar arrange-
ment. }ﬂnder the action of the electric field (pga@tive)
the dipole alignment will be as shown in figure 5.3,

Tigure 5.3t~ Flux Iines From Insulation
Surface to Cylinder (Go-axial
Cylinders).

Applying Gauass®s Law, (the surface integral of

the flux density ovef a closed surface ia equal to the
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volume integral of the charge density contalined within
that surface i.e. the total charge contained therein>,
at the surface of sevaration of the two dielectriecs

it may be written that

§K é.o Ein3° da = Q) fé Eair° daooeoo(s 10)

From which,

S S
Eair = KEinso0000‘.00.0.0.00...’.000.6'0(5911)

That is, the dlirect effect of polarization is to increase
the field just outside the insulation X times the field
just inside, The field distribution in air is dictated
bys

v
v *&
Fair * x [W"1/r/K + In /1 KVE/ene- - (A51)

and that inside the insulation is given by:
v .
Bins * x [1n Ti/r + Kin R/7y] KVP/olte o oo (A3,2)""

In both the cases x is the distance fron the centre of

the conductor and V is the applied voltagse.

If one now considers a bare conductor of radius Ty
(being squal to the overall radius of the insulated con-
ducfor) the field distribution is determined by:

# S Tmeans surfacea

*3 Derivationsg of these equaticns are gliven in
appendix %,
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v
X (17 R/7y)

Applying equations (A3.1) and (A3%.2) for thé»insulated

E =

OO0.0.‘06000"‘.0‘.00(5012)

conductor and (5.12) for the bare conductor the field
distributions are shown in graph 5.1. Prom these
equations and also from the above mentioned curves it'
is evident'thét even if corona or RIV ingep@@ag‘gtgrﬁa
at the same gradient for both #ypes of conductors hav-
ing the same overall diameters, the voliage to produce
that gradient for the insulated conductor would be .
higher #han that for the bare 00nductor. Experiments,
however, show that for the samples tgsted besides higher
voltage, higher gradient is required for the iggulgted
conductors to cause RIV inception (Ref: Graph 4.3).
This can possibly be explained.as follows: _
During the negative half of the voltage wave the
free‘electrons which are always present In the atmosg-
phere due %o ultra-violet, cosmic and other radiations
wili be expelled from the region of the conductor and '
will not be avallable for continued ionization in this
hiéh stress reglon. The necessary electrons; therefore,
maet come from the conducter. The positive ions which
are accelerated by the electric field towards the wire
will collide with gas atoms. However, because the mass

of the gas ion and atom are essentially the same, the
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ion loses almost half its kinetic energy in an elastiox

collision., Because at every collision it gives up half
the_ene;gy'acquired from the elect:ic field between ¢ol-
lisions, the ion energy is always quite small. As a
result, the positive ions seldom acquire sufficient
'energy‘to produce inelastic&* collisions, o
However, if the voltage is raised, the_positive
ions will be sufficiently accelerated in the intense
fiéld near the conductor. These accelergtedlpositive
~ ions will gain enough energy to cause secondary smis-
sion from the conductor surface. The electrons
emitted in this process will cause ionization by col-
lision. | | |
Electrons may also be vroduced by field @miasion.
Irregularities and projecting points are_always pregent
on a conductor surfgceo The highly concentrated elss-
trostatic fields around these irregularities and pro=-

jections nmay cause field emission.

# An elastic collision is that for which the total
kinetie energg of the two particles is the ssme after
collision as before collision.

=% Por an inelastic collision the total kinetic energy
of the system is not comserved, The difference is
the excitation or ionization energy of the bombarded
particle., That is, K.E. (before collision) = X.E. °
(after collision) + Excitation or Ionisation Energy.
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Both the processes of secondary emission and
field emission will depend on the work-function of the
surface. The higher the work-function the greater
would be the field necessary for the emissions, A
possible explanation can be advanced, then, if it is
assumed that insulating materials have higher work-
functions, It would then be expected that the insu-
lated conductors would have higher RIV incention‘grade
lents, _

The above explanation might be sufficient if
corona starts firgt at the negative half cyele. Possibly
this is the éase with the bare émn&uctors, because the
negative discharges at this half cycle can reinforce
the cauges of positive corona in the next ha1f cyc1e
increasing the volume of ionization. Por the bare
conductors the initial discharges were actuallj.observéd
at the negative peaks.

However, this does not explain the difference in
gradient requirements if corona or first burst starts at
the positive pesak, It is to be noted that for the insu-
lated conductors the pulses weie first observed at the
positive peaks (See Sec. 4.4).

In the positive half cycle, the electrons formed
in the surrounding space_by the various ionizing radlo-
tions always present, move towards the wire. As the

electrons gain energy first excitation of the gas atoms
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or molecules will take place due to electron collisions,
When the electrons gain more energy they will be able
to produce ionization by collision. In the high field
region near the canduetor; field intensified ionization
will take place. . -

The start of cumulative lonization is associated
with the first burst in the case of bare conductors. |
To initiate the first burst in the case of insulated

conductors, some other conditions must be fulfilled,_

The insulation is scting as a high resistance path in
series with the air where slight ionization might have
been started. In order to enable the loosely bound
charge carriers (inside the dielectric) to migrate anad
contribute to the cen&uctivity; the insulation resistance
mist be decreased. Because the insulation is in serigs.
with alr, the field strength is low in it (see Graph 5.1,
page 48). Hence the voltage must be raised to increase

the field., It may be required to increase the field up

to the point where ionization of the air entrapped in
between the conductor and insulation or in Small cavities

which would always be present inside the dielectrics,

gtarts. This condition is equally applicable for both
halves of the cycle. Therefore, in general, a higher
gradient may be required for the insulated conductor for
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the initiation of coronaz or radio interference,

It was also found that the RIV inception grad-
ient is a function of radius for both tyves of conduc-
tors. This indicates that not only the maximum grada;
ient, but also the distribution of gradient (which is
a function of radius) is important. If is true that
corona or RI level is determined by both maximum grad-
ient and gradient distribution in the region of discharge,
but the relationship can only be expressed in a very
general manner because of the difficuliy in determining
the exact gradlent distribution which eritically affects
the corona intensity. The p.V.C. covered conductors
showed greater RIV immediately after inception. This
is possibvly bvecause of the different gradient distri-
bution in the two cases. Y% can be shown from eauation
(A3%.1) and (5,12) that with increasing distance from
the conduector surface the gradient falls more rapidly
for the bare con&ue%ors? This of.ccurseg‘neglects the
effect of svace charges, The visual corona onset grad-
ients were found to follow the same law (Peek*s Law) in
both cases. This is possibly because once breskdown
at the surface takes place; cumiiative iopization can
proceed in the surrounding region up to O°3~J§'which is

a required condition for visual corons.
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5.3 HIGH FREQUENCY chwmxom-”"l 16

Negative half cycle:= From the previous section
it follows that under sufficiently high surface gt:gss,
electrons will be emitted from the conductor by secon-
dary emission or field emission or both, These electrons
will be accelerated outward and cause ionization by
collision, producing avalanches. But the cumilative
effect of the avalanche becomes_appreciable only_when
the electrons produced have traversed several ionizing
free paths away from the conductora This ia because

for an avalanche of n electrons, n = lce’cx

o and thus

n will depend on d;(Tovnsand's firat coefficient) and
also on‘the distance x. The electric field declines
répidly as the distance incresses from the conductor and
the electrons in)moving away leave behind them relatively
immobile positive ions whose space charge reduces the
fiseld, Therefore; egg the avalanche recedes;.the field
gausing the ionizing electrons weakens., The}overall
regult is the production of a cloud of positive ions
whose density rises nearly exponentially from the
conductor outward, and then declines more. gradually.
Retarded by this space charge, the electrons slqw down

and attach to air molscules to make slow negative ions

which eventually drift to the vpositive cylinder. As
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an accompaniment to the lonization a gonsiderable number

of atoms are excited by the electrons, with the high
flelds some molecules are simltaneously ionized and
excited. Such excited atoms emit radiations which are
capable of ionizing the gas photoelectrically.

The result of positive ion space charge ;s.an
immediate increase in the gradient at the conduoctor )
surface, This in furn causes an increase in the emis-
sion current. This increase in surface gradient con-
tinues until the positivg ion space charge moves inward
to contact the conductor, The surfaeevgradient then
drqps considgrably and ionizaticnvs#épso As thé posi-
tive_ians move toward the conductor? all their charges
are gradually neutralized and during this process the
current remains more .or less constant. With the
clsarence of the positive‘ion space charge, the gradlent
conditions are restored, So, electron avalanches ocan.
occur again,

Mobilities of pesitive and negative ions differ
widely. As s result the period of ionization iz very
short in comparison with the period of poaitive ion
neutraligation at the conductor surface. The pgxiqu
of ionizatian are marked by steep pulses in the corona

current.
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Positive half cycle>>:- Uhlig explains the
causes of pulses from the streamer discharges at the
positive half cycle as follows: .

When the conductor is positive electrons move
at high and inereasing velocity toward its surface
and disappear there, As the remaining positive ions
move away from the conductor at a relatively s;qw’spegd,
they form a streamer_chénnelo The lines of force are
concentrated on the very tip of the streamer, th“°4
causing a sharp voltage drop ahead, and_thareby prope-
gating the growth of the discharge path. The density
of the ionic cloud travelling in the chamnel tip cannot
surpass certain limits. This is because of the'repela
lent force of the ions. The streamer therefore, spreads
and disperses as it travels. This reduces_the field
stress, which results in a slowing down of.channel
‘growth, and finally a temporary standstill, This makes
the greatest field stress at a portion of the channel
a little further back, The presence of the ionic cloud
distorta the fisld at thies point, which causes the
channel to branch or continue in a slightly different
direction. The whole process,rgpeats qndlﬁhe streamer
discharge thus develops in steps. This might explain

the causes of the heavily pulased nature of the current.
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5.4 EFFECT OF SPACE CHARCES OF ONE HALF GYCIE

The above expiénation of the causes of the high
frequency fluctuétions in each cycle does not account
for the effects of the space charges of one half cyocle
on the next., J.D., Cobine' discussed this extensively
and also an approximate picture may be seen in'?mechgnismv
oflcofana from avalanche ionization” as given in Chapter
II, Briefly, the spaéa charge produced by corona in
one half cycle ineréases'thg field strength on the
conduqtof during the first part of the next half cycle.
This continues until it is neutralized by ions of Oppéa
gite sign which are produced arcund the conductor in
~the sﬁocegding-ha;f.eyelgu Thie might be considered
as thé gross Qitégt,' ”Afte? the neutralization, the

indi#i&ual proceases as described sarlisr may take place.

5.5 PULSES IN INSULATED CONDUCTORS

- The processes of high frequency fluctuations des-
eribed before are strietly for bare conductors., For the
insulated oonduotors; besides these processes which may
- teke place in the air oatside the insulgtion surfgee,the
origin of the pulses may be inside the insulation.
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As stated earlier there may be gas-filled voids
or holes inside the insulation. The simplest model is

t0 represent a hole by a capacitance 06 in geries with

a step-pulse generator and with cb the capacitance of the
sound insulation in series with the hole; in parallel
will b§ the capacitan&e ca of the remaining insuvlation.
When the void conducts or fires (i.e. ionizes like a

gas tube), a current pulse would be obtained due to
sudden diachérge of cc.' For a void, ionization or
deionization will take place at least 4 times in a cycles
hence there would be a minimum of 4 discharges per cycle
per indivi&&al void.8

Cs

|
|

Ay

o, =

Figure 5.4:- Representation of Ideal
Void Inside Insulation.

Noreover, there may be voids of different sizes which
would discharge at different values of the vqltage wave
giving a high number of pulses in each cycle, Whatever
may be the causes of the pulses, they will contain high

frequency components including that of 1 me.
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206 P.V.C. AND POLYETHYLENE COVERED CONDUCTORS

1. Power Pactor Characteristics: |

Up to the critical disruptive voltage the poly-
ethylene covered conductor showed a better pqwer_fgc7
tor characteristic than the PeTeCs cOVered conductor,
Neglecting the ionization effect of the air (whigh
wonld be very small before the critical voltage), these
can be explained from the structure and constituents of
the insvlationa.

Pelyvinyl Chloride9 - It is forped by the polymer-
ization of Vinyl Chloride (CH2 - CHCl), catalysed by
benzoyl peroxide or other oxides. The main constitu-
ents of p.v.c. which lis used for wire covering gre the
base polymer (polyvinyl chloride or co-polymer), the
plasticizer (tricresyl phosphate, dibutyl phthalate or
dioctyl phosphate) to give flexibility, and the stabi-
lizer to combine with any decomposition products formed

during the high temperature used for mixing and extrus-
ion, or subsequently in service. Imbricants, dyes, and

fillers may also be added. The base polymer has the

gtructure:
IR
N ¢ = © >0 -0 -0 eC=0C~C
: ol Ne1 R R
H &1 H ¢1 §# O
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In a two dimensional space,one ecan represent the mole-
cule as given in Pigure 5.5. The bifunctional mole-
cules of vinyl chloride polymerize to form long chains,

constituting linear or chain polymers.

Figure 5,5:= Two Dimensional Representation
of Polyvinyl Chloride Molecule,

Frqm the two dimensional.representation it is
evident that because of the difference in the size of
the hydrogen and chlorine atomé the hydrogen end of the
molecule is positive and the chlorine end is negative.
The pelyvinyl chloride molecule is thus polar. Tmder
the action of an a.C. fielﬂ; therefore, besides other
types of polarizations, the dipoles will jump from one
equilibrium position to another every cyele to follow

the a.c. wave., This dipole orientation from one direc-
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tion to ansther requires energy and is the main cause
of high power factor of p,V.c. insulation. In addi~
tion the wvarlous additives alan increase the loss
tangent and thévdielectric conatant which variea from
5 to 6 at 50 cps. |
Polyethylene:~ It is a chain polymer formed by
the polymerization of ethylene gas. The character of
the polymer depends on two main factors - the average
molecular weight and crystallinity. The electrieal
properties of pnlyethylene are practically independent

of the grade, being determined by the molecular strc-

tures
] H H " H
[ T
= 0 = - ? @ J o C e

Pioure 5.6t Two Dimensionsl Renresentation
of Polyethylene Molecule.
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From the aboverrepresentation it can be said that
due to the symmetrical configuration the molecule is
inherently nonpolar, This characterigticrmakes the
dielectric constant of polyethylene (2.3) smaller than
that of p.vec. Also, though other types of polariza-
tions may be present to some extent; the absencelaf_w
permanent dipoles should give lower loss tangents for
polyethylene than for PeVeCo

This, therefore, explains why better power factor _
eharacteristies ware obtained for the polyethylene cov-

ered conductor.

2. Corona Characteristica:
For the two samples having the same conductor diameter
and insulation thickness, the gradient on the insulation

surface in alr is:s

v _
s
Boir = x [1n ;1/1- + 1In R/rﬂ cssssess(From A3,1)

where K is the variable. Therefore, even if the visual
corona ongset gradient and RIV inception gradient are the
same for both types of conductors; the voltage to produce
these gradients would be different beeause o£ the diffe~

rence in the dielectric constants. For p.v.G. the value




6%

of X 1is about 6 end for polyethylene it is 2.3.
Hence for p.V.C. covered conductors lower coronsa
onset gradient may be expected and it was actually
observed, though the difference was slight,




00%03031033 AND FUTURE sTUDIES

6.1 CONCTUSIONS

The following conclusions are drawp_from the
experimental work described in this thesis.

l. By covering a conductor with some insulation
it is possible to operéte it at a voltage which 1is much
higher than its critical corona onset voltage. As regards
corona the effective conductor radius is increased.

2, The improvement is such that in fact, an insu-
lated conductor shows even better eharacterigtieg in some
: reépects_than a bare conductor having the same overall.
diameter,

3. TUnder the concentric cylinder arrangement, the
inéulated conductors show better Power Factor charactere
istics than the bare ones near the critical voltages, the
corons powar loss being less for the insulated conductors
than for the bare ones having the same overall diameteré.

4. The radio noise inception gradient for the insu-
lated conductor is higher than that for a bare conductor
having the séme‘cverall diameter.

5. TFor the samples tested the radio noise incep-

affaﬂ,gradientSTWB¥§;f°“nd o be & function of the overall radii

64
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of the conductors (both insulated and bare).

_60 The radio noise incéptian gradients for both
types of wires are slightly lower than those given by

Peek's formula for the critiecal visual corona onset

gradients.
7. Though the critical disruptive gradients do
not coincide with those obtained from Peek's formula,
fhe visual corona onset gradients for both types of wires

conform to it.

8, Even if the visual corona onset gradients are
the same for an insulated and a bare conductor having
the same overall diameter, because of the effects of insu-
lation, the former will require a higher wvoltage to pro-
duce that gradient. |

9. Though the radioc noise inception gradients are
slightly highei for the insulated con&uctors, immediately
after starting, the magnitudes of their 1 me. radio influ-
ence voltages (Quasi Peak) are congsiderably higher than

those for the bare conductors.

10, Insulated and bare conductors of the same ex-
ternal diameter show approximately equal interference when

operated well into the corona region.

11. Polyethylene covered conductors show better

Power Factor Characteristics than p.v.cCo covered conduc-=
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tors having the same 6var311 diameters and insulation
thicknesses.

12, Since the critical disruptive voltage of an
insulated wire is much higher than that of a baxe,aire,-

having the same conductor diameter, the 1nsu1ated ﬁife'
may be operated Just below its corona inception voltage
without deterioration effects and yet still be at a
bigher voltage than the inceptlon voltage of the bare
wire. I
13, The sbove findings might effectively bs used
in testing laborafories'Whe;a radio noise from high vol-
tage is important., However, 1nsu1a§ed oocnductors are
probably not feasible on transmission lines vrimarily

because of cost and weather faotors.

6.2 FUTURE STUDIES

The investigationa ragarding the "Effectiveness
of insulations in improving corona characteristics” will
not be complete unless some other work is done,' In fac%,

this work is just the first step in a bhig field. First

" ¥he corons characteristics of #14 bare wire (radiaé's

0,0815 cm) were found. Its radius was then increased by
insulation in one case and copper in the qther case, In
both cases the increments were made in several steps
(£inally up to more than twice the radius of #14 wire)d.

For every step exveriments were done and a comparative
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study was made. During the period of experimehts
the room temperature and pressure remained more or
less constant.. Moreover, all the experiments were
done at 60 c¢ps a.c. voltage.

Fature study could ipvolve variation of more of
the parameters, for example,

l. Conductor radius - sizes other than £14 bare
might prove interesting.
| 2, Insulation type - insulations other than P.V.C.
and Polyethylene might be explored.

e Fraquency - investigation at higher and 1ower
frequencies and D.C. of both polarities could be under-
taken, , o

4. Surface condition - the effect of dust on the
insulation surface could be studied.

5. Temperature and pressure - the effect of tem-

perature and pressure variations might be interesting.
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APPENDIX I

Al.1 DETERMINATION OF THE DIELECTRIC CONSTANT
OF P,V.Co

The sample of the pP.v.Co insulated wire was first
covered with "Aquadag® and then with lead foil. In a

Sehering Bridge measurement. the voltage was applied to
the conductor and the measuring electrode of the bridge

was connected to the lead foil., . The ends of the aample'

were properly guarded. Severgl measurements were made,

Since the normal practice is to measure the dielectric

constant at & stress of about 30 V per mil, the value
obtained at 1000 V was taken for use. The.ealculétians
are shown helow, ’

Tength of the sample = 32?5"

Conductor diameter = 0.064"

Overzll diameter = O°126"

Ins. thickness/wall = 0,031"

(Average stress = 1000 V/31 mil = 32.2 v/mil,)

By

%
v k _.3 .
where, Oy = 103,55 picofarad, R, = 2652.5 ohus and Rym

730 ohms, - Therefore, cx = 11,58 picofarad per inch.

It Cv ig ‘the capacitance per meter with vacuum

or air as dielectric, then

68
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‘ Gv = 27T€o‘s where, R is the overall radius,
iR/

r is the conductor radius and éos 8.84 picofarad per
neter,

And

N
8
-

= 507




APPENDIX II

A2.). DETERMINATION OF VISUAL CORONA FROM
TOWNSEND®S THEORY™®

For co-axial cylinders the field at which visual

corona starts may be estimated by using Townsend’s
method. Tt is assumed that very near the conductor
the gap 1s highly ionized, The film of ionization
(cumzlative) extends up to a distance r* at which the
field strength falls below the eri%icalivalue of 30
KVP/em. for sir at atmospherie pressure. 'Though
ionization is present at lowei fields, 30 XVP/em. is
an epproximate value at which cumzlative ionization
results in breakdown. If Ey is the infensity at

the conductor surface and EO at the distance r*, then

E0 r
g Bmoo.eceowcennooee.ooooeoo.goo(Azol)
EG re

Putting By = 30 Xvr/en,
B~x
r@ gnﬂg;w

.30

Over the thin £ilm of ionization in the corona snvelope

ooooceooooacbocoooooooocoocoo(A202)

the average field may be written as

Ey + 30
E@'v = 2 oeoooowuoaeaooooooceeoo(ﬁ203)

Townsend's formula for breskdown at atmospheric pressure
and uniform field is

VS = 30&. A 1035»-0-:aao-oooeonsooooocoo(ﬂ294‘)

d = gap length = energy distance here.
‘ 70
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From equation (A2.4)
ES 8‘30 +£?=%2

QC"D.OOOO“..‘O.»O.OOCQOOO(AZO.E)

Equating Eq with average field and putting de=r'er

B & 30 lo
c = 30 +.""‘*’Z?’OOOOOOCOOOOOOOOG.CO(AZOG)
2 rt=p

Fron equations (A2,2) and (A2.6)

Ec + 30 ' 1035 '
P = E-énfnm; L 3po.tao-ouoaooo(A2uB»
30

which on simplification yields

Ec = 30*?.;; aooooo'oooowooooosocvoto.‘oo(A:gng)

Equations (A2,9).cdmpares favourably with eque-
tion (2.3) found by Peek. The distance at which the
field drops to thé critieal value of 30 KVP/em, is given
by equation (A2,9) and (42.2).

= 4 003 \/E;ccooo;ooc.ygoao:;?uga"ooo(AaoJ.O)
d = r' w I o= .003 ,/ rocooogoooooﬂoqeoou(Azoll)
"This is the distance over which the electric

gradient mst exceed the dielectrie strength of air if

corona is to be established.”




APPENDIX IIX

A3.] DETERMINATION OF GRADIENTS WITH INSULATED WIRES
UNDER CONCENTRIC CYLINDER ARRANGEMENTS

In the following concentric arrangement let
there be an insulated wire of overall radius ry and

conductor radius r,

The total capacitance ¢ between the conductor and the
cylinder may be taken as the equivalent of two series
capacitors Ca with air as dielectric and C;y with the
insulstion as dielectric. At any distance x from the
centre of the wire, the differential permittance,

1 dx
(3 = =mg
where ¢'=€ , the absolute permittivity of the insula-
tion, or {fsago s the absolute permittivity of air,

depending ocn whether one is considering the element inside

the material or in air. On integration,

3

i 1 1 1 dx
= + = TR

€T, T, e 4
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=:1n ri/r N In R/gi
27¢ 27E,
From which,
2T
Cs

In Fi/e + In B/r; /€,
2

For an applied voltage V, the flux density at x,

cv
D= 29T

And the field

) v
E = € = €’2 Tx

It, therefore, follows that

v
B = ,
air T €x [ln r, ;. 1n R
> /e =/ é,,]
r i
(x is in aipx)
Since,
= uﬁ%m» Relative perrnitﬁivi‘hy of the material
@ ,
Bair = - (A3.1)
QLT " 3SR OEOOS @
* [].n ri/r +in B A
E | Ty
Similarly,
Ej,l‘lg = v ooouoooooe(ﬁ?’oz),

x{lnfj;«z- Kln%m
r i

{(x is inside the insulation)




APPENDIX IV

A4,1 SCHERING BRIDGE TEST DATA

1, Group A - Insulated Samples

TABIE I

Conductoer Radius = 0.0815 e,

Sample 1
Ins, Thickness = 0.,0%805 em,

 Tenmp. = 21%, Press. = 73.5 om, Hg, Air Density Factor = 0. 98

VQltage R3 04 Ox | .
Kre Ohng tan®  Picofarad ‘Remarks
9.2 * 55000 0.0085 50,00 {Poo mich fluctua-
19,0 5495.,0 00,0090 50,0 - $ion in between
ggag 5480,0 0.01 50@01 28 and 29q5 KV?)
29,5  5470,1 0,02 50020
30.5 5460,0 075 50,15 ‘
%1l.5 4500.,0 06205 61,00 (Vigual)
36¢0 312060 09772 880 00 R -
REBOE YT
Sample 2

Conductor Radius = 0,0815 Ins, Thickness = 0,0584 cm.

Temp, = 21%. Press.

= 73,5 cm, Hg, Air Density Factor = 0,98

Voltage R C C

Xvp Ohds tan%S Pichfarad Remarks
9.2 5344.7 0.00024 51,60

19,0 5337.7 0,00935 51,62

29,0 533%0.,0 0,010 51.65

21,0 5328.,0 0,010 51.66 .

31.5 ' o ' (Fluetuations)
%30 5320.0 0,040 51,70

%4.5 488%.,50 00,2031 56.20 {Visual)

T4
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TABLE ITT

: - . Sampia 3 . .
Condustor Radius = 0,0815 om. Ins. Thickness - 0,0786 om,
Temp. = 249G, Press. = T4.4 em.Hg, Air Density Pactor = 0,982

Voltage Ry Gé Oy
KVP  Ohms  tan§ Picofarad Remarks

8.2  5246.0 0,0090  52.40
18,0 5238,6 0.0092 52642
28,0 5224.7 0,0096 52450
31,0 5221.,2 00,0098 52455
330 5217.2 0.0100 52,60
35,0 5210,7 0.0102 52,65

350 5 (Kick’)
3605  5200.0 0,035 52,70

37000 450000 00215 51000 (Visual}
39,0  3T700,0 0,53 74,30

TABLE IV

: Sample 4 .
Conductor Radius = 0,0815 em, Ins, Thiclmess = 0,1182 em,

Temp, = 23009 P:esso = 74 em . Hg, Air Density Pactor = 0.98

Voltage RS Cc 4 OX
KVP Ohms  tan§ Plcofarad Remarks

9.2 5000.0 0.0100 55,00
19,0 5000,0 00,0101 55.00
29,0  4998,0 00,0105 55,05

- 31.0  4996.,0 00,0113 55.08
33.0  4995.0 0,0115 55.10
33,0  4990,0 0,0115 55,12
57.0 4985,0 00,0118 $5.15

(Kick and Flue,)

39,0
40,5 4980.0 0.050 55,20
42,0 4021.8 00,2207 68,10 (Visual)

44,0  4020.0 0,3%009 68,15
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TABLE V

Sample 5 . -
Conduetoroﬂadius. = 0,0815 em. Ins. Thickmess = 0,132 on.
Temp, =23"C. FPress. = T4 ¢m. Hg, Air Density Factor = 0,98

Voltage 33 04 - OX
EVP Ohms tan% Picofarad Remerks

9.2 4942,0 0,0101 55,60
10,0  4935.0 0.0103 55.T0
29,0  4921.5 00,0107 55.80
34.0 4920.4 0,0110 55,85
39.0 4915.1 0,011l 55.87

40,0 (Kick and Fluc.)
42,0 4910.0 0,030 55.90
44,0  4080.0 0,222 67,30 (Tisual)
48,0 4000.0 0,306 69,60
TARLE VI
Sample 6

GonductoroRaéius = 0,081l5% em, Ins.Thickness = 0,165 cm,
Tempe= 23°C. Press. = T4. ¢m.Hg. Alr Density Factor = 0,98

Voltage R3 C4 CX
Kv® Chmg tan 5 Picofarad ‘Remarks
9.2 5000.0 0,0100 55,00
19,0  4950.0 0,0100 55,00
29.0 4800.,2 0.0110 5722
34,0 4800.,0 0.0114 57.2

36,0 4800.0 0,0119 57.2
39,0  4795.0 0.0119 57.2

12,0
44,0  4790.0 0,02 5723 L
45,0  4785.6 0,05 57035 |

48,5 4431.0 0.243 62,4 .  (Visual)

54.0 3831.0 0.344 T1.0 -
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2. Group B - Bare Conductors.

TABLE VII

Pressg, = 7305 (47019 Hg.

. Sample 1 ' o
#14 Bare Wire. Conductor Radius = 0,0815 cm. Temp,=21"C.

Aly Density Pactor = 0,98,

Yoltage Rs c, Cy
KVP  Ohms  tan® Picofarad Remarks
9,2 5870.0 0,0084 46,7 |
14.0 58600 0.0150 46.8
19,0 5853.,0 0.,03%350 45,85
22,0 5700,0 01803 48,1
22,5 (Fluctations)
25,0 (Visual)
29,0 4500,0 0.3 51,0 ,
TABLE VIII
Sample 2

#12 Bare Wire.
Presg., = 75,8 om, Hg,

Pemp. - 20.8°C,

Air Density Pactor = 0,981

Voltage Re Cy Cx
KVP  Ohms tan s Picofarad Remarks
%2 5600.0 00,0077 48,00
14.0 5590.0 0.0120 49,10
19,0 5580,0 00,0210 49,15
21,0 5560.0 0,0190 49,2
ggég 5430.0 0,14 50,6
29.0  5000.0 0.5 55,0 (Visual)
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TABLE IX

Sample 3 ' o.
#10 Bare Wire, Radius = 0.1294 cm., Temp. = 20.8°C.
Press. = 73.% em. Hg. Air Density PFactor = 0.98.

Voltage R3 c GY
Ev? . Ohms tanﬁg Picofarad Remarks

9.2 5343.0 0.0076 51,20
14&0 534090 000090 ) 51025
19.0 53%6,0 0,0008 51,28

24,0  5300,0 0.0803% 51.60
26,0 5200.0 0,1106 52050
28,0 {'foo mach
Flueo)
3105 Visual
34,0 4000.,0 0.5 68,40
TABLE X
B Sample 4

#8 Bare Wire. Radius = 0.1632 cm. Temp. = 20,8°C,
Presg. = 73.% em.Hgo Alr Density Pactor = 0,98

Voltage R ¢ ¢

3 4 X

KPP o Ohng Tan.g Picofarad Remarks
9,2 5100.0 0.0079 = 5%.6
19,0 5100.0 0.0080 5%.6
29,0 5060.0 0.0150 54,0
3100 . ’
4.0 5000:,0 0,15 5406

37,0 407Q00 0.6 67.0 (Visual)
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TABLE XTI

Sample 5 , . ,

#6 Bare Wire, Radius = 0.20575 cm. Temp. = 20.8°C. .
Press. = 73,3 om.Hg, Air Density Factor = 0.98. L

Voltage R3 04 CX
EVP o Ohms ta.n% Picofarad Remarks

9.2 4820.0 0.0075 56,70
19,0 4810.0 0.0078 5775
29,0 4800.0 0.0290 56,90

%4.0 4800.0 0.045 56,0
36,0 4790.0 0,040 5%6.9 o
39,0 4780.0 0,060 57.0

42,0 4400.0 0,300 62.1 (Visual)

%o Group C - #22 Wires.

TABLE XII

Sanmple 1

422 Bare Wire. Diameter = 25.35 mil, Temp. = 23°C
Press. = The5 ¢Mo HEo Air Density Fector = 0,978,

Voltage R3 04 OX
KVP . Ohns tan$ Picofarad Remarks
4.5 7000.0 0,007 29,15
9.2 6995.,0 0,010 %9, 20
11,0 6980,0 0,016 39,22
12.0 6970.0 0,025 %9. 35
%ZoO 6960.0 00,0742 39,56
°0 A ‘

15,0 . 6000.0 0.5 - 45.80 (Visual)
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TABLE XTIT

o | ‘gample 2
(P.V.Co Insulated #22 Wire). Conductor Diameter = 25.%5
Bil, Overall Diameter = 43,35 mil, Temp.=23"C. Presg.=
4.5 omeHg, Air Density Pactor = 0,978,

Toltage Ry Cy Cx
KVP Ohmg tand Picofarad Remerks .

4.5 6416,0 00,0100 41.00
962 641500 090112 41010
11.0 6414.0 0,0114 41.11
13,0 6413%.0 0,0128 41,12
15.0 6412.0 00,0144 41,15
17,0 6410.0 0,020 41,17
§3°8 - 6400,0 0,035 41,25
22,0 5000,0 0.5 52,80 (Visual)

TABLE TX

, ' - Sample 3
(#22 Polyethylene Insulated), Conductor Diameter 302%35
mil, Overall Diameter = 43,35 mil, Temp, = 23°C. Press.=

74,5 cm, Hgo Alr Density Faetor = 0,978,
Voltage 33 C¢ CX
EVP __ Ohme tand  Picofarad Remarks

4.5 6600.0 0.0080  40.00
9,2 6600.0 0.010% 40,00
11.0 6595.0 0.0105 40,10
13,0 6593,0 00,0110 40,10
15.0 6585.0 00,0116 40.15
%geg 6580.0 0.012% 40,15
21.5 5000.0 0,05 5267 _
22.5 (Tisual)




4, Comparison Of Power Losses*,

TABLE XV
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Group A
(P.V.C., Insulated)

28,0
31.0
33.0
350
57,0
39,0

42,0
44.0

* For each sample

length of 1000 f£t.

power losses are calculated for a




5. Visual Critieal Corona Voltages and Gradients.

TABLE XVI
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Group A -~ Insulated Conductors

Ins s Eg Vc
Thick- Caleu~- Calcu- Vo
Radius ness/ lated., lated Meag-
em, Wall {m=l) (m=1) ured Value
Samples (r;) em, KvP/em XVP KVP of nm,
1 001195 0. 0380 5706 3300 310 50 00955
2 0.,1%99 0.0584 55.5 36,2 34.5 0.954
3 0.1601 0.0786 5%.8 39,1 37.0 0.947
4 01997 0.,1182 51.5 44,7 42,0 0,940
5 0.,2135 0:1320 50.7 46,6 44,0 0.953
6 002465 0¢1550 4903 5006 4805 0ﬂ95?
TABLE XVII
Group B -~ Bare Conductors
Incr-
ease In Ve
Radius  Radius Calcu~ Calcu-~ Vo
o, Fronm lated, lated., Meas-
(ri) 0.0815 (m=1) (m=1)  ured Value
Samples ol XvP/en, KVP, KVP, of m.
1 0.0815 0.0000 63,5 26,25 25.0 0.953%
2 0.1025 0.0210 60,0 30,10 28,5 0,950
3 0.1294 00,0479 5TeT = 34,0 31.5 0.,9%0
4 0.,1632 0.0817 53,7 38,0 37.0 0,958
5 0s2057 00,1242 51.1 43,0 42,0 0,952




Ad.2 RIV TEST DaTA

TABLE XVIIT
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Group A - Insulated Conductors -

Temperature 21°c° Pressure 74.5 &m, He.

__Sample 1 Sample 2 Sample 3% Sample 4 Sample 5
olts olts - Volts  RIV Volts RIV olte
VP _/av KvP MV xep, lLV LU RN xvp AT
-0 2,5 c 25 0 2.5 0 2.5 0 2.5
10 2.5 10 2.5 10 2.5 10 2.5 10 265
20 2.5 20 2.5 20 2.5 20 2.5 20 2.5
28 ‘205 ) 30 295 30 295 . 30 295 30 2‘5
29 10 %1.5 2.5 35 2.5 35 2.5 40 2.5
30 60 33 20 3545 10 39 2.5 42 20
32 100 24 100 36 30 40 10 43 30
35 80 = 35 120 375 80 41" 20 45 160
by 60 38 150 39 100 42 100 46,5 190
34 60 40 150 - 41 120 4% 130 51 180
Al 60 42 100 44 100 44 150 54 160
44 70 44 85 47 90 45 160
47 80 46 80 49 g0 46 170
49 100 49 80 , 47 170
: 49 160
51 130

54 100
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TABLE XIX

Group B - Bare Conductors

Sample 1 Sample 2 Sample 3 Sample 4
Voits RiIv Volts RiV Volts RIV Volts RIV
VP MY VP MY A A KVP AT
-0 2.5 0 2, - 0 2.5 0 2.5
10 2.5 10 265 10 2.5 10 2.5
20 265 20 2. 20 2.5 20 2.5
21 2.5 23 2,5 25 2.5 30 2.5
22 T 24 7 28 . 2.5 21 2.5
24 13 26 15 28,5 7 32 %
26 20 28 25 %0 20 34 To5
28 25 20 28 32 %0 %6 11
30 30 32 35 %4 35 38 18
32 35 34 42 %6 40 40 20
>4 40 36 48 %8 45 - 42 25
%6 45 38 55 40 50 44 35
%8 45 40 60 42 55 46 40
40 50 42 70 44 65 48 45
42 60 46 80 49 80 50 50
44 65

46 65
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