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ABSTRACT

Experimental measurements of the current conductlon 11« ‘:-ff};f§f

dimethylsiloxane £luid (DC 200) are presented. Reoroducrble ifi’ .:';:
current measurements have been made in the range of “;gh QT‘?ijf?

R
»_‘. s - L
i N

voltage leadlng up to breakdown using a slow ramp appllcation ;
- LN T S T
technlque. Electrode materlals were investigatedsin- tﬁe-ﬁ;gh N

\ e -

\-. . -

field reglme for their capability of injecting charge as a. P

functlon of applied voltage. Slllcone o;ls with the same li_\“ B

chemacal composmtlon but wrth drfferent v15cosmt1es were. used.
A plot of current versus voltage (log—log) hai“been
obtained for large electrode soacangs. Thls olot dlsplavs

a llnear portion prior to breakdown lndlcatlng that curxent -
Y
flows according to a law of the form I = KV. The slooe of

4 .
the linear plots of the logarithm of current against logarithm

of applied voltage. varied| linearly according to electrode =

spacing. The lines relat;ng slooe with electrode spacing

were found to be'displacediwhen the viscosity was altered.
This influence of viscosity is presented for four kinds of

electrode material.

Attention was also given to the influence upon prebreak-

down of oil in the presence of a magnetic field acting

transverse to the electrici field and "with strength of 200
- | .

gauss. The prebreakdown cﬁrrent has been observed'to be
: |
either increased slightlv or reduced according to the

————
1

electrode spacing; for small spacings between:3.1 mm and 10 mm
| .

the inverse value of the slope was increased, reaching a maximum

ii
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* I. INTRODUCTION

Electrlcal lnsulatlng 0115 for transformers, capac;Eé;gi,f/i

cables and swmtch gear: have long 51nce been refined from

naphthenic petroleum erude 0ill Ih' addition to being short
in supply [1] , they preEent fire Iazards [21 , whlch can not .
be ellmlnated even by the use of fire resistants such-as
askarel [3]. It is, therefore, advisable‘to use synthesized
fluids such ‘as SlllCOhES, alkylbenzenes. and oolvoleflns as
alternatlves [l] This has the DOSSlbllltv o£ abundant supplv;
excellept electrical properties_euch as high dielectrig
etrength, chémical stability, good thermal conductirity and
non-inflammability. |

It rs of importance to know therbeﬁaviour of the current
Stress characteristic in the region immediately‘below
breakdown, since the breakdown itself in tee‘liQuid dielectric
is the ultimate point of the conduction stage. It is, there-
fore, worthy to characterlze more rullv their dlelectrlc
performance in this region of electric fielgd.

Recently a preliminary research on the prebreakdown

current of silicone o0il resulted in several publications [4-6] .

It has been shown [4-10]that prebreakdown current versus

voltage characteristics for uniform fields have three parts,
being difided into low, intermediate and high field regions?
At low fields the current is ohmic, in the lntermedlate reglon
current saturates and at higher fields a non—llnear relatlon-

shlp between current angd voltage exists.
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Waﬁson [5] has shown_that t@6 shaiply-dividéd p?rtions
of the high field regime of the I—V.charécteristics of silicéné”-
0il displays, a linear relationship between the‘logarithm -
of the éurrent and of the voltage~ahd the ﬁltiméte slope was
. a function of electrode spacing. He has also shown this =
phenomenon to be consistent with a model involving Fowler-
Nordheim emission which initiates a convective charce -
transport mechanism with the fluid flowing in a vortex cell
enclosing a steady irrotational funnel flow through its core
at the cathode. The I-V characteristics of dimethyl-siloxane
fluid under ambient ﬁemperathre'and-humidity has been ;tudied
by Hackim et al ;s]. He has shown that, on a log-log' scale, .
at low-fields, the current is ohmic (slope.of 1} but the slope
decreased to 50% at intermediate Qoltages only to increéée
again at high fields. It is also observed that the above
relationship sfronglydepenés on the relative humidity. There
is still, however, a great deallthat i§ unclear, such as, the
influence of viscosityv, electrode material, and an applied
magnetic field on the prebreakdown mechanism under high-
electric fields. .

The principal objectives of the foregoing thesis are
threefold: '

1. To investigate the influence of viscosity of the
.liquigfupon the preb&eakdown current. |

- 2. To investigate the effect of electrode material

upon the prebreakdown current from the viewpoint of their

ca§bbility to inject charge under stress.



. N
3. To infestigete'the possible influence of!a magnetiq 2
A . .

field upon the ligqdid prebreakdown process.

In the first part of this work a drmethvl—srloxane fluid.

C.5.

(Dow.Corning DC 200, '5, 350, and 1,000 ) and hemsohencallv

tipped cvllnders of . copoer were chcsen for studres to lnvestl-

J

‘gate the srgnlflcance of the viscosity lnfluencrng the

nrebreakdown current which has not been orevlouslv studled.
"_.4

The same experiments were reoeated for the case of 7
alumlnrun,magne51um and zinc to study the effect of the.
electrode material upon the mechanlsm of prebreakdown current
in silicone liguid under non—uniferm fields.

Thirdlyn\rhere are two possible ways in wgich tﬁe.

influence of a magnetic field is manifested: ~

o+

‘a) 3y studving the relationship between breakdownr . -

N

!

PR

voltage and megnetic field strength with constant electrode
spacing (Secker and Hilton's method [11]).

b) By studving reiationships between the prebreakdown
current and electrode spacing wirh constant magnetic field
(Watson ‘and Girgis's method [5]). | ' |

Magnetic influence upon breakdorn has been observed in
other situations. For instance 'a magnetic perturbation in
vacuum breakdown was reported by Wetson [12] as being a
surface phenomenon in the oxide layer present on metallic
electrode surfaces, upon exposure of the metal to the atmos-
phere. It has been suggested that a weak magnetic flel%/actlng

transverse to +the electric’ fleld can influence the current-

-emltted by a protrusion through a magneto transport effect and

P
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the.- resulting current‘reduction modifies the breakdown voltage ¢

P

(1314 ...° 7 '_ .

-

Zaky and.Hawley.fepdrted [9] that the electrode material
. has an efg@ggct on the current emitted in the high field regime
6f ligquid dielectrics whichrdisplaf a similar effect upon the
.I;v characteristics as in vacuum. Thus one may expect similar
effects due to magnetic field to ofTur in liquid dielectrics - .
since'each is thought to conduct‘current primarily;by‘rield
emission. - Saveanu and Mohdescu El41 report‘a.small magnetic
field perturbation of dﬁrrent traasport, garticularly in polar

» liquids and a'deoendence of breakdown voltage of. brass spheres

on a crossed magnetic field for a flxed electrode spacing in

. “the dle;ectrlc liquid hexane has been reported by Secker and

Hilton [Il] and- Gallagher [15]. Recentlv Watson and Grrgls

-

[5] have observed that a weak magnetlc fleld has an effect

upon prebreakdoun current of copper-hemlspheres in silicone

o0il for different electrode spacing.

In addition to complementing the early treatment by Watson
> x . ' -~ .
¥ . >

and Girgis 5] of the influence of a crossed magnetic, field on -

the prebreakdown current in silicone oil the present investiga=-
. R : , .

tion deals with the--importance of the\electrodegdaterial, using.

aluminiuh, copper{ magnesium and'zinc electrodes. An
A - . . - -

‘assumoflon was, made that dlSSlmllaI results for cooper and
aluminium with_the same liquid obtained earlier [5] were
dominantly an electrode ohenomenon which was not accounted. ~

A voltage growth rate of 12.8 xvs—l was gﬁovided by a ramp

generator with which the current versus voltage characteristics

',
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could be obtained with a fixed'magnetic field strength at
five different électfode spaciﬁgs. This.investigation more-—
over has shown that the applied m&gnetic‘ﬁlux actually
influences the conditioning-process. '

i In order to place the preseﬁi work in perspecﬁive,
recent.work cbncerﬁing electricél breakdown and c¢onduction in
dielectric liquids is reviewed briefly in Chapter 2. Chapter
3 éeals with experimental arraﬁgeméhts and techniqges. The
résults'obtainqa are given in Chapter 4. The last chapter
is devoted to the discussion and conclusion of the research '

work presented in “this thesis.



"II. A RSVIEW OF CbNDUCTION AND, BREARKDOWN
: PHENOMENA IN DIELECTRIC LIBWIDS

2.1 Introductiocn

A voluminoﬁs literature has evolved conceéning break-
down and conduction ‘in dielectric ligquids. This has been
suﬁﬁarized in many books and reviews of which those written
by Lewis [16), Adamczewski [17] and Zaky and Hawley [9] are

xr
the best known. It is not the purpose here to review all the

e
factors which influence breakdown and conduction in dielectric
liguids but only to summarize the literature ﬁp—to-date which
is most relevant to the "dissertation in hand. -

Thé theory behind dielectric breakdown has alwavs been to
a grea£ extent equal parts of speculation, art and science.
Relating to the reliability and cost of eqﬁipment éesigns,
liquids and gases are known to be self-healing media, i.e?r\\\\“
the dielectric properties are recoverablg after breakdown.

Studies in the past 60 yvears have confirmed. that the
dlelectrlc strength of insulating liquids is influenced by
material properties, a host of external environmental factors,
assorted test conditions which may exist and most important
of all purity of the liquid itself. a

The breakdown mechanism is, however, governed 5y\éhe‘l
behaviour of pure liguids (which are free from containing

hY

gases) as well as impure liquids (which are contained of -

Fry

dissolved gases) [9].

in the review article by Lewis [16], the emphasis was




by ‘\_.

.

"
r
1
y

N

* - ESRY ~

]
4

mainly on work.carried out on "pure" liquids, since their
study was believed to provide a bettér_undérstafiigg of the

processes involved in condﬁcﬁion and behaviour.

2.2 Electron Emission

-

The introduction of free electrons iﬂtolliﬁgids is a
method of testing conduction in dielectric liquids. This can
be done by means of photo electrid”éfféEET'field—assisted'
thermionic emission, field-aided electron émission (cold
Cathode‘field‘emission; as used here) or by superimposing

A
a B-radiating substance on one of the electrodes.

—

It has been reported [9] that at high stresses there

o

is moré or less exponentiai form of increase in currenf
‘with increasing f£ield. “This current is known to be
eléctrogip since it must result from injection of carriers
from an—electrbde or multiplication in the material, or both.
rield emissionl(tunnell%pg) and schottky. emission are
.
the two main mechanisms of emission of electrons from the
cathode into the insulation postulated by ﬁéhy investigators
to.explain the exébnential current/voltgge relationship
[16]. Electrop and ion multiplication analogous to that in
a gés discharge may also occur at the higher stresses. The
space-charge of the injected electrons (whether moving or
trapped) within the insulator will have the effect of

-

decreasing the £field at the cathode and modifying the

current/voltage relation [57]. Where ligquids are concerned

there are at least two other possible means of charge transfer

which make the conduction in dielectric ligquids to be complex.



F;rst the tendency.of 01l to dlsplay movement when under
'stress 148, 54] suggests that charges lnjected 1nto
the liquid from an electrode attaching themselves
to oil molecules in the nelghbourhood cause thlS 011 to be
attracted to the opposite electrode where some of its charge
mag'be given up, thus prodﬁcing a convection of charge .
indeoepdent of-conductivity [57]. The second possibility
is that perticles, which at highly stresseq regions
move to and fro between the electrodes, will ferry charge
from one eiect;ode to the othet. - Electron emfssion from metals
under the infiuence-of an electric field is, however, a
surface phenomenon and depends, on electrode material, and the
method of preperetion.. The phenomenon occurring.in the liguid
itself depends on the volume o% liguid and hénce the electrooe.
spaoihg. They include such effects as dependence of
condﬁctivity‘on viscosity, éensity, temperature aod molecular
stfuctﬁre,:secondary-ionization processes in the liguid and the
influence of previous electiical bréeakdown.

Fowler and Nordheln [58] introduced an equatlop for
em1s51on current from the ametal caused by an electric field

E hav1ng the form:

I= ABZ exp (—B/E)

where A and B are functions of the work function ¢. This
equation is applicable in very high fields. The various effects
of electrode surfaces-were explained as being due to

/’different values of the work function for electrons to eScape

from a metal.



" 2.3 Factors InfluenCing the Properties of Liquids

Several factors do affect both conductiVity and breakdown

~

measurements of liguid dielectrics, namely} temperature, -

pressure, electrode material and its geometry, electrode
area and the nature of their surfaces, content of dissolved

gas, water and other impurities, and stressed volume which

are common to all liguié insulants. A brief description of

these factors is given. below.

-~

2.3.1' Dissolved Gases

A recent discovery cdoncerning the influence of
dissolved gases is that reported by Sletten [18]. In his

report the execTt rength of hexane, using direct voltage,

-1 -1

increased from 0.7 MVCm ~ for the gas free Tiguid to 1.3 MVCm
. .for -an oxvgen content corresponding to an equilibrium partial
pressure of about 130 torr; ho further increase in”strength

was observed for larger amounts of dissolved oxvgen..

3
LN

Sletten and Lewis [19] reported that nitrogen and

—

hydrogen have no effect, even when the amounts dissolved were
large. Their report indicatesathat'carbon dioxide shows some
effect on the strength. Thus the first few breakdown
= measurements corresponded-to the breakdown voltage of degassed
- hexane; however,,as the number of-breahdown increased, the
strength rose to a value corresoonding to the maximum
breakdown strength of the hexane Wlth oxvgen in solutlion. It
was concluded that the observed increase in strength’ was

entirely due to a progressivd accumulation of oxvgen released

during the breakdown. They fhave- attributed the beneficial
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effett of oxygen to its electxo~hegattve properties. )Electrons

emitted from: the cathdae‘fonm'negat;ve oxygen ions, so -that the

ér of electrons is effectively reduced. £
- GosliNg and Tropper [20] carried out-an investigation

of the effect of dissolved gases on the b:eakdown strength of

‘transformer oil under carefully controlled conditions and

found that phe’ var] e breakdown strengtn of oil

wzth g%s colrtent depended on the\ type of gas - dlssolved. Their

1nteroretatlon of the effect is based on the results of the

variation of the breakdown voltage wzth‘electrode spacmng fo

oil containing dlssolved nitrogen,{oxvgen, and air. These

results showed thag, in all thregscases, the uniform field

l‘ - -
ode spacing characteristics

of oil-gives an apparent intercept when extrapolated to zero

- spacing.

It should be noted that Sletten and Lewis [19] found

a similar zero-spacing intercept in the breakdown voltage

versus electrode spacing charactéristics of hexane when it

contained dissclved oxyvgen, and the intercept was attributed
to'the presence of this gaei

Gosling and Tropper [20] reported also that, for
each i%dividual gas, the intercept increases with increasing
gas content. The ihte:cepts with aissolved oxygen were |
always greater t@an those with disseolved nitrogen, while the

intercepts with dissolved air wére greater than those for

either oxygen er-nitrogen at the same equilibrium pressure.
' S
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::Sincé; under ideﬂﬁica% test conditions, no intercept was
6btained“with degqssed.oil; the existence-of ;he apparent
iqtercept% in oil containing dissolveg géses.@as,attribute&F )
-[20] to the formation of insulating layers on one or both
electrodes. The total breakdown voltage would ther’ be distri-
buted pa;;ly across EB;s;layer {or layers) and partly acréfs -
' the‘bhik'liQuid. Nelson ;t al [21] gtudied &heleffect of
disséived gas on the 50 HZ electric strength of transformer
oil as a §uncti6n éf temperature using uniform field. The K
results fgr_station §-oil gnd for éil circulating with an

1

average velocity of 3 mms - were compared and it has been

shown thai, as a rqéul; of circulatien for temperatures éBove‘
606C,the;2h}s a-lafgé reduction in the breakdown strength.
The reason for this.drop has been thought.to be the reduction
in the surface teﬁéion at‘higﬁ éempergturés; causing small
bubbles fo bre%k away from Ehé electrﬁde surfaces undér the
sweepiné action of the flow. The ieleaged bupbles will slowly
rise and elongéte, leading to the final breakdown of the oil.

In an attempt to reproduce Gosliné's [20] resulﬁs,
Nossier and Hawley [22] carried out*a detailed investiéation
of the effect of dissolved sniphur4ﬂéxaflﬁoride on the break-
down strength of éfansformer oil, and found thét extra?olation
of.the breakdown voltége versus electrode spacing character-

.

iﬁtics to zero spacing gave apparent intercepts on the voltage
axis. They had the same interpretatidn as Gosling [20), thereby

giving a finite breakdown voltage for zero spacings.




.space charge would lncrease the fleld there. <The hlgher { :

300 M, the electrode snacmngs used by Lewis [26] dld not

H
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Zein Eldine and Trapper [23] investigeted the effect
o> . - X : ' -
of dissolved air on thesbreakdown strength of transformer oil ot
\_. - *

"in non-uniform fields using a point to plane electrode

geometry. Their findings showed that.by saturating oil with

air, there was ‘an increase-with the point negative but a

. decrease with the point positive.. These resﬁlts have been

confirmed by breakdown measurements .in techniqgllyacleéh “

34

transformer 0il using direct voltage [24]. The results are
attr;huted'[Q] in terms of negative space charge formation,*;

due to. the Dresence of otvgen, reducrng the field at the

negatlve p01nt, whereas, w1th the pOlnt.pOSlthe, a negatrve'

strengths obtained bv Zern Eldlne and Tropber [23] with a*
negative DOlnt polar;tv are in agreement with. the results of

Kao and Hzghan [25] for alr-saturated hexane, but are ln

contrarv to the results obtalned for- alr—saturated hetane bv

Lewrs.§26]._ h P ‘ T\\ o r‘ .

The above centrediction is.thodght_ 9] to be due;
- ’ - . "
to the different electrode spacrngs -used
b
“.' G‘
whereas the flrst four workers used spacings - greater than

v these workers, - ﬂ

exceed 90 uM. . ' ‘—‘. : : Lo et
In an rnvestlgatlon concernlng the optlcal state of _ 7{

the quurd hexane under electrrc stress, Farazmand [271 noted

-
»

the.ex1stance of‘a-prebreakdown disturbance in the quuid. The - -~

disturbance was characterized to be af spherlcal fBrms and grew
with lncreasing time. These investigatlons were contlnued by

Py : ) "

F— t - ., »
‘ . -
. . - - . .
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other workers [28] to verify and extend the results stated -

"above. Chadband and Wright 28] represented the region of

disturbance (or the changed ‘density) by a spheré which.

maintains contact with the point cathode and grows progress-

‘ively larger as time goes by, and considered it to be a

region of weak plasmd formed by electrons-emitted at the

- cathode. Since the disturbance'is considered to be a region

of weak plasma the electrlc field im it is regarded as zero.

-

The plasma wzll then grow by the action of the anode field

on the ‘el®ctrons and negative lons at 1ts boundarv. If the
applled voltage is large enough the reglon grows to span
approxlmatelv foutfflfths of the electrode spac1ng and leading
to instability and breakdown. Chadband and Wright [28]

~

concluded that the rate of movement of the plasma boundary
indicates a much_ﬁiéher electron mobiiity than is measured at
lower, pre-iOnizatiog:fields. It was suggested that at high

fields electrons spend a’greater proportion of their time in*

free flight and that the electron maobility becomes field

dependent and rises rapidly. ’f\\;l

2.3.2 Electrode. Effects ' ‘ ' \\\\\,/’:>

2.3.2.1 Electrode Material and Surface Nature

In general electrode surfaces form the physical
boundaries between which the final breakdown takes place and
$0 it is not surprising to find that both the conduction
current and the breakdown strength for.a.-.given electrode

spacing is dependent on the material of the electrode.
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Studies of_wpe prebreakdown current-of

dlfferent materlals have recentlv been made by Watson and

/’/)ﬁ\\MGlrng I53]1 .. The ranklng of materials in order of.decreaSLng

prebreakdown conduction current under direct ramp voltage for.

a given spacing with conditioned electrodes is copper and
'alumiddum. ln paper this ranking, however; was not -
conclusive. .

The thrn‘oxide layer formed at the electrode

. interrace differs in electrical properties from those of the
underlving-electrode material and it'also affects the

: Dropertles of the liguid undex stress. Such a £film of ‘oxide

eds ‘formed. almost 1nstantlv on most,. if not all, technlcally

cleaned metal surfaces, and has been known [29] to grow with

gap performance time after oreparation-(the time in which
freshlv surfaced electrodes were exposed.to air before
immersion ln the dlelectrlc llculd), 1nd1cat1ng that oxide .

growth between preparatlon, which varies with different

electrode materials, and the installation of these electrodes

-might be a DOSSlble factor 51gn1flcant to breakdown voltage,
accountlng for some of the conflicting data obtalned from
past experiments. This oxide film together with the
‘adsorbed layers of éases, constitute an effectife insulating
layer which may be.important to liquid insulation as regard
neutrallzat;on of the ions arriving at the electrode surfaces
and affect the rate of electron em;ssron from the cathode. '
Therefore, by using electrodes of varlous metals which_have

been allowed to oxidize in dry air after polishing, it is



_region [31].
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possible to ‘alter the electric strength in a controlled

manner. - §? ,
) ’ ' Swah and ‘Lewis [30j found that the electric

strength of liquid argon containing small amounts of oxygen
in‘solution ihqséésed with.%ncreasing cathode~oxidation time
and decreased with inc#easingAanode-ox;dation time (Fig; 1)
The anode effect is emphasized to be due to the formation of
négative space charge layers at the surface. Tgis was later
cdnfirmed when the oxygen was removed ér microsecond-pulse
voltages were used, even with oxygen preseht, no anode effect
Was'obse;ved, since negative ions could not form in the anode
The .current relationship with stress (Fig. 2)

obtained by Cullingford et al [32] and Zein Eldine et al [33]

-~

.under similar conditions has_also confirmed the earlier

explanation [30] of ionization processes at the anode. With

"regard to the influence of electrode coatings on the breakdown

_strength of'air—saturated mineral oil, Zaky et al [34] found
that under direct voltages, the minimum breakdown for either
of the electrodes being coated was greater than wheﬁ both
electrodes were bare. This Sreakdown voltage was higﬁer tﬂan
for £he case when both the electrodes were coated. 2Zaky et al
[35] concluded that with only the cathode coated, by a thin
insulating ¥ilm, most of the applied voltage will appear

across the film and set up an intense field in the film and

at the underlying metal surface. The field emission process

causes electron emission from the cathode which increases with
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increase in the applied voltage, causing local heating. This
local heating deteriorates the effectiveness of the film and
results lnto lowerlng tﬁe breakdown strength. With an

\

1nsulat1ng rllm on\the anode it was found [35] that the ..
formatlon of negatlve 1ons will enhance the. fleld across the“
fllm.: More\recentlv, an 1nvest1gatlon of the 1n£luence of
surface oxlde £film on the apparent zero spaclng breakdo;n
voltage of mineral 011 has been conducted by Zaky et al "[36].
While cpnflrmlng the previous results of the apparent
intercepts, they indicated that although a large intercept is
associated with the presence of a highly insulating barrier
on one of the electrodes, the presence of such a barrier'aoes
not necessarily lead to such an intercept.  They interpreted
their results by taking into Zccount the space charges

present at the electrode surfaces prior to extrapcolation to
zero spacing. They cotcluded, however, that the magéitude of
.the intercept may be determined by the coabined action of the
cathode and anode, rather than by~either of these electrodes,

<« .
as well as by the presence or absence of dissolved gas.

LY

Hosticka [4] has recently reported on the

b

1
A
3

influence of electrq@e coatings on the breakdown strength of
dimethyl-silicone oil under impulse and 60 87 voltages. ﬁé!
used bare and insulating electrodes for a uniform field //‘
spacing and showed that, by insulating the electrodes, there -
-is_an appreciable increase in the dielectric strength of
silicone oil. He concluded that the uniform field insulating
characteristics of silicone oil are comparable to those of

transformer oils.




s

‘dissolved in a mineral '6il, under normal conditions, is

5 ) (; .
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.2.3.2:2 1Influence of Electrode Area

Studies of the dependence of the breakdown strength

of organic liquids on the electrode area, for a fixed spacing .

.has shown [33] that increasing the area of a strésSe@ surface

‘reduced the strength of liguid-insulant for both alternating

and direct voltdges. This dependence was.fufther investigated
by Weber and Endicott [37—38],u§ing 60 Hz voltages and uniform

field Rogowski profile and finally concluded that the relation-

fﬁhip,for a fixed gap, was logarithmic. The results of Nelson
et

t at [21] on the effect of eiectrode area on the breakdown
strength of air-saturated@ transformer oil,- using 50 HZ.and
impulse, showed good experimental agreement with the
logarithmic law expressed by Weber and Endicott [3f~38].

A Most investigaﬁors [, 33, 39]'explaiﬁed the
aﬁeé effect by suggesting that tﬁe larger the area the greater
the probabilitv of having high local fields'af‘asperities on
the électrode surfaces. :There are, however, some other factors
such as gas bubbles travped in pité on the electrode surfaces,
areas of low work ﬁhnctioné.on the éathode and high work

function dﬂfthexqapdey which ﬁay constitute weak links in the

-

insulation process, which were recently mentioned by Zaky and

Hawley [9].

a

2.3.3 Moisture_Contéht and Its Effect on Breakdown
Strength ]

-Traces of water and other .electrolvtic impurities

-

are naturally the most important [17]. The amount of water

S L : e

£
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reported to be extremelv small in the form of free water [9] -
or a by—prodﬁct of oxidafzon taking place in the oil [40].
However, the most important’source of wéier ip oils- is that
absorbed from a humid environment. ‘Whef/gry oil,, therefore,
} is exposed to an atmosphere which contains water vépdur,'the-
oil will absorb water from it. A linear relationship \
between%the water content of a new transformer oil énd the
rela%ive humidity of the air was found by Kaufman et al (411,
Fig. (3), and has been shown [42] to be valid for new and
nou-oxidizgd‘oils. Moreover f?r a gives relative humidity
éf air, the amount of water dissblvéd in an oil-increases

-

with its degree of oxidation. R
It has been reported tha- the presence of
water in an -insulating oil ha li;tle effect on the breakdown
strength of the oil, but if thﬁ/oil'contains solid particles,
even small amounts of‘hygroscopic impurities, -the presence o;
moisture can largely reduce its'bqgakdown strerigth , by as
much as 50%. It has also-been shown.[43] that particles and
fibers present in a drv o%l do not tend to form bridges'
across the t?§t spacing, whereas in the presence of moisture
bridge‘?gkmation invariab v’ takes place. This has been
explained [9] that high Telative permittivity of the moist.
" particles and fibers (sr of water, a 80) causes éhem to be
drawn into tﬁe high field interelectrode region where they
~—~. become polarised and form dipole chains along the field

/

o L
lines. When the concentration of impurities in the spacing

\

becomes sufficiently high, these form a bridge across the

~f

R o ot e A
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spacing and lead to a bridge breakdown.

The effect of moisture on the breakdown strength of .
‘ . ~ .

transformer oil for a large spacing with uniform and non-uniform

fields under direct. and alternating voltages has been found (44]

to be similar for both types of voltage excitation. Kaplan and

Kutchinski's [44] results for a 1.5 mm spacing showed that there,

was a sharp decrease in breakdown strength as the water content
increased to 150 ppm ang it reached to its lowest value at &
conc%ntration of about 209 ppmé For ld mm spacings and hemis-
pherical electrodes (12.5 mm radius), the drop en strength with

increasing«mq%sture content was less marked than for smaller

spacingsn

Recently a .study has been made by Hakim et al 6] on
the dielectric oropertzes of 5111cone lig 1ds.' It 1srshown
‘that the D.C. conductivity of the silicone 0il is significantly

dependent on*the amblent humldltv. The conduction current at

a fixed voltage and 5 mm spacing will decrease by more. than

N
one order of magnitudé3as a function of drving process time.
2.3.4 Effect of Impurities
— Purity of the liguids is important as no reproducible

resnlts cénobe obtained with liguids of-insufficient purity,

" and the characﬁe;}stic properties of a liquid can be covered
by phenomenon arising due to the presence of impurities, such
as traces of water, electrolytic impurities, gas and vapour
bubbles, dust and other'suspenSions, especially when the

liquids are to be studied in high electric fields. On the

application -of electric stress these impurities could be
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fempved [17}. This fact is aiso stated [9, 17] that when a
liqu%é‘is:subjected to an elect;?c stress for a long period,
the élecﬁfic conduction is reduced by as muc£ as several
orders of magnitude and the cbndué?ion current does not

return to its previous value unless impurities are introduced

again.

-

' 2.3.5 Conditioning Process

Problems encountered in conduction current measure-
ments are those concerned with'the stability and the
reproducibility of the results. 2aky and Hawley [9] regorted

that a conditioned state mav be achieved either by spark

conditioning br by stress conditioning. Ferrant's [45]

- results on spark cbnditioging led him to the conclusion that

conditioning is an electrode surface effect and.@as_confirmed
by ﬁany other investigators [21, 23, 26, 46]. He observed

that a conditioned state similar to that of spark conditioning

-3

slfghtly below the breakdown véitage_is being aﬁplied for a

cou%d be aétained by forming.a process in which a voltage
prolonged period,.w;thout breaking down the sﬁacing. From tﬂg.
tests with degasse§ o;lpand point-plane electrode geometries,
Eldine and-Tropper [23] found a conditioning effect only when
the point was positivg, iﬁdicatiné that it.was the cathode
which was resoonsible for the cénditioning effect. Zak} and

Hawley [9] interpreted the results to bé dependent on the

presencé.ofanzadequate supply of electrons from the cathode.

When the poinﬁ is negative, the very high cathode £field

. —ensures the supply of a sufficient number of eleetrons




P,

*  emission from the plane cathode is restricted. This will

24

-

so that the uitimate breakdown stress will depend onlf'on the
existance of a~suitablg field in the bulk liguid. Hence no
‘conditioning effect is expected to occur. Zaky and Hawley

a4

[s] élsg reported‘that when the point is positive electron
- depend on .surface conditions. A high conditioﬁing effect is’ ..
. . ‘
expected when large cathode “area is used.

- Observations én the behaviour of'micrdscopip
pggticles,.in stressed liguid dielectrics, have shown [20,47]
that the gap becomes clear of pé%ticle ajtivitieg after &
period of time. Gosling and Tropper [20] found that conduction
current measurements during the stress conditioning procesé
are erratic and when the gap was cleared, they'ﬁére steady and

reproducible. . N\ SR : >

-

L]

2.3.6 Magnetic Field Effect
Relatively very little work has been published on the

possible influence of an applied field upon the

conduction of breakdown process of liquid dielectrics due to,

-

the importance of other factors. Saveanu and Mondescu 141,/

_ however,'repdrt a small magnetic field perturbation of

L en

- conduction, particularly in polar liquids. A dependence of the

breakdown voltage on a crossed magnetic field in the dielectric
liquiq hexane has been.reported by Secker and Hilton [11] and
Gallagher [15]. . Secker and Hilton [11l] found that upon

"“applicafion of ramp voltage with a growth- rate of 0.625 Kvs'l
and a varying crossed magnetic field for a fixed electrode

spacing, the breakdown voltage of brass spheres in hexane

T —— L L
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enhanced for a magnetlc flux den51ty less than 0 15 Tesla

‘and it showed reductron withthigher flux densrtles. These

results are in conformlty with Gallagher s [15] results. "
Secker assumed that the magnetic field interacts w}th_charge—k
carriers in the interelectrode spacing,-therefore; nodifving
their trajectories so as to verturb the onset of breakdown.

For such rajectory modltlcatlon, he suggested that’ the
majorlty of the charged particles, present in the inter-
electrode space, must.be free electrons to explain such effects.
These ﬁésults of lnvestlgatlon, however, did not po51t1vely‘ 'W
confirm the existence of a magnetic perturbation of the -
conduction Process itself; Watson et al proceeded in thlS
investigation [5] and confirmed the existence of such an

effect in the case of prebreakdown current of copper
hemispheres in silicone ligquid which; like héxane, is non

polar. He showed that, under the action of a weak magnetic

field, for spacings between 0.6 cm and 1.0 em there is a

decrease in the prebreakdown current but it 1ncreases from

- then up to 1.4 cm. Watson compared his results with the

results obtained by Secker and suggested that these effects

originate in the fleld emission mechanism 1tself, rather than

in the intervening dielectric.

) 'i'v*\" .




III. EXPERIMENTAL SYSTEM

"

éﬁeHéﬁﬁefimental facilities an be considered as
‘grouped lnto flve parts; the high voltage circuitry, test
- vessel, current measurement c1rcu1try, current voltage

reedtder; and magnet supply circu;try. :
. s , . y;

'
3.1 High Voltage Circuitry (Thée Ramp Generator) '

Preliminary current measurements at fixed voltages and
for a‘lotg interval of time produced non-steady values and
non~reproducible results. This’ﬁgg’eupposed to be due to - -
thermal runaway occuring in the li@uidl To overcome the thermal
‘effect Secker and Hilton's [lli method of ramp agplicatien
was used with success.‘ The ramp gene-ator was constructed
from a motor&zed variac and normal high voltage D.C. supply

“as shown in Fig. (3.1).

-

»
Al . N . -« .
The motorized variac—consisting of a variable autotrans-

fo;@er, the spcifications of which are given in Apéendix I,.
was Wsed to modify the ordinary high voltage supply in order
to give an output voltage as shown in Fig. (3.2)— wes driven
-bf an induetion stepping motor as shewn in Fig. (3.3).

When power is initiated by turning on the line switch Sl’
as shown in Fig. (3.3), the "LINE ON" indicator DS, will light.

- If the servomotor is at zero position its lower limit switch :

-

. v :

1s actuated and 115  is across the "POWERSTAT AT ZERO"

indicator DS, through the contact Ky and the "POWERSTAT AT
N -

ZERO" indicator will light. By closing the "HIGH VOLTAGE ON"

26
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switch S, will energize the winding of K,, the contactor in
the main liné. CIOSing:these contacts will apply power to
the variable autotransformef and.the winding K3.' The "HIGH
ﬁOLTAGE oN" (DS3) iﬁdicator will iight, the contacts of K,
will apply power to the faise winding of the servomotor.
through the contacts of K,. The contactor X, will stay
energized thrbﬁgh the upper limit swiéch.' While the relay
K, remains energized, the output voltage linearl§ increases
with timé until it {eaches its maximum value, preset by a
manual variac, in 5 seconds. The output voltage liqearly
decreases to zero, in an interval of 5 seconds, when the
relay K, automatically is energized. The main contadtor K

4
will stay energized through its own contact which bypasses

1

the momentary high voltage on switch S,. The contact on K, '~

will drop out if the power is interrupted to the winding of . -

K, by depressing the mgmentary "HIGE VOLTAGE OFF" switch S3-
The'lineafity of the ramp voltage (both rising and loﬁering)
was checked out by a cathode rav oscillo%cope. The slope of
the ramp voltage can be changed by changing the value of the
adjustable output voltage through the manual variac, because
the time interval of the voltage rise is fixed. The éowerstat
motor drive assembly*has a zeré—start interlock, with a
control panel light indicating the zero position. |

The high voltage D.C. power supply used was from Del
E;ectronics Corporation and consisted of two separate
subassemblieg; a PS0-80~5-9 power supply tank and an RM6

control pannel. The output voltage of the model PSO-80-5-9

£ —
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high voltage D.C. generator was continuously %ariablé from
ze;; to rated Maximum DC of the output voltage, 80 Kv, when'
operated from a 115V, 60 H2Z, single phase source. The |
variations-in this voltage due to ripple and regﬁlatién ﬁ;re
within 0.5% of the output voltage for output currents from
0-5 ﬁa,.ﬁhe maximum available DC output current. It featured

.reversible output polaritv. The RM6 controihpanel'contained an

——

electrically controlled voltage and current overload protection,
'icould be set and reset overithe full range from 0-120% of fully
" rated output‘volt;ge and current with froat panel inéication.

The high voltage output of the unit was automatically de-
energigld wLen the output voltage.or current exceeded these .
settings., For the reason of safetv the unit had zero-start
interlock wpich withheld AC input £from the high voltage
transformer unless high voltage‘output'control had béen
returned to zero. An automatic shorting solenoid also dis-
chargéd the energy stored in the output capacitor, through a

2 MQ bleeder resistor, immediately on shutdown. The control

is mounted dn a standard rack type panel 17.5 in. high. The
.high voltaée supply is mounted in a metal frame support and
imiersed in a tank filled with a high grade iibulating oil.

A good external ground.was connected to the case of the

power supplyv. ‘Thé high voltage bushing of the test vessel

was connected to the high-voltage DC generator with a shielding
polvethylene cutput' cable supplied by the manufacturef.

The output veoltage of the generator (the gap voltage)

was measured with a resistive voltage divider coupled to a
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digital voltmeter. The divider ratio was calibrated with an -
electrostatic voltmeter accurate to. '+ 0.5% of the épplied
voltage, at voltages pelow 50 Kv, and with a 15 cm séhére U/j.
diameter and 1.8 cm to 2.8 cm spécing;(in the voltaée range

from 50 Kv to 80 Kv. The calibration\gssured an.accuracy in

the measurement of the applied wvoltage ofndtﬁin__Z% {(Kuffel,
19?0) for the range of voltage . applied throughouzzlhe

experimental work.

3.2 The Test Chamber

A sectional view of the test chaﬁber usgd in ﬁhg
exéeiimental work is illﬁstrated in Fig. (3.4). The :
internal diameter, heigpt, and the *thickness of the cylindfﬁcal
plexiglass wall of the test vessel was 5.7 cm, 8.9 cm,and —_—
0.5 cm respectively. These d;mensions were large relative :
to the electrode spacings used, and therefore it was not
expected that the vessel wéuld have any extraneous effect on
the prebreakdown between the electrodes. The base plate of
the vesseL_was also of plexiglass matéfial. | L
The electrodes were attached to two 1.25 cm diameter
connecting rods. The upper rod passed through a 75 Xv
Corona-free bushing and the negative electrode protruded from
the base plate. Electrodes were supporteé in the liguid in
. such a way fhat their spacing could be controlled from
outside the container. The lower rod can be displaced
vertically using a threading arrangement. A micrometer gauge
at the bottom of the base plate'indicated the vertical _

displacement with a precision of 0.01 mm. The cvndrical
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electrodes having hemispherical tips were 1.6 cm long and of
./’1.25 cm diameter for all ﬁhe experiméhts. The electrodeé
_ //\‘- which screwed onto the électrode shafts in each group were

CL// of Al, Cu, Mg and Zn material. | ; '

‘Before éach test series, the surface of the electrodes
was,,polish;d mechanically with 600, 800 and 1,000 grade
silicon carbide powder. When the?surface was free of visible
scratches, it was cleaned with a clean mop and finallf washed
with acetone in an ultra sonic vibrator to remove the
contamination'of the surface by polishing materials. To
reﬁove any remaining amounts of the acetone and to soak.

Rthe surface oxide layer on the electrode so that to avoid
having a composite dielectric, the electredes were finally
irmersed in a boiling s#licone oil. ‘
| The dielectric test liqﬁid was vacuum filtered through a
2.0-2.5 micron size filer to remove fine solid particles.

The electrode spacing was adjusted by first carefullyr
raising the lower electrode until contact between the two
electrodes was attained, as indicated by an ohmmeter. The
elecyfode spacing was then set by rotating the lower connecting
rod for the required number ¢f revolutions, to raise the

lower electrode. Errors in the gap setting introduced by

the tolerance limitations of the thread were negligible.

3.3 Current Measurement Circuitry

The die%ectric prebreakdown current measurenents have

been made using ramp voltage up to 64 Xv, a digital electro-

meter, Xeithlev tvpe model 616, <inserted in series with the
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Eéét gap. The Model 616 Digital Electrometer was an

automatic ranging multi—purpoée DC measuring tool featuring
sensitivity to 10 uv per digit. It provides 0.2% voltage
accuracy for a wide range of measurements all with the
convenience of automatic polarity and aecimal-points. The |
‘Model 616 was essentiaily a digital multimeter, optimized for
measurements from high source impedance, which prdvides wide

range capability when measuring current, resistance, and

charge in addition to voltage. The Model 616 was Keithley's

Py

most accurate, versatile digital electrometer which provided

all the needed preciéion and wide range required in a
' : -
.laboratory. -

14

With an input resistance greater~-than A x 107" ohms and

offset current lower than 5'x 10-;5 A at the spput, the Model
616 accurately measures volfage over a wide range of source

resistance with negligible error. As a current detector, the

electrometer was capable of measuring DC currents of magnitude

ranging from 10_15

A to 2mA maximum. The prebreakdown current
of the dielectrf% liguid was measured by passing it from the
cathode through a high stabi}ity resistor (24 x 1069) and
protection circuit connected to the electrometer circuit.

Currents down to 10 2

A could be measured. If any solid
particles were observed to collect on the electrodes the
liguid ﬁas replaced with a visibly clear sample. The.presenée
of a particle during an experiment is usually detected by

large g}uctuations in the current.

Current measurements can be made by one of two methods:
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1) Normal Mode When the FAST/NORMAL switch is set to

NORMAL, the Model 616 operates as’ a' shunt-type pico~ammeter
in which a resistor is connected directly acros$ the input
terminals. The Model 616 measures the voltage drop across
the shunt resistors where VIN = IIN‘X Rs. This method of

measurement is typical of most multi-meter current measuring

N
W

techﬁiques. ' : \
2) Fast Mode (Useable for currents from 10 °A and
sﬁaller). in this mode (which was used in the experiments)
the Model 616 measures very small currents with fast
response. When the FAST/NOR&AL switch is set to FAST, the
Model 616 operates as a feedback-type pico-ammeter in whlch
the current flows through the feedback resistor of the voltage
amplifier. The Model 616 1nd1cates the voltage developed
across the range ;esistgr where Vo = IIN X RF' This
method of measurement.provides fast response since the
sloying effect of the iﬂpﬁf capacitance from lengthyv cable
is diminished. (The ebeci%ications of the electrometer,
Model 616,‘are given in'Apﬁendix .
A divider 10/1 aeross the Model 616 output receptacle
was used as shown. in Fig. (3.5). For the purpose of protecting
the electrometer, used in the pfebreakdown current measurement
of the ligquid samples, from excessive current resuléing from
a breakdown of the test spacing, a papef gap which fires
at 500 v.C.C., a gas'filled surge arrester operating at 90

V.D.C. and back to back Zener diodes’ operating at 10v, all

of Wthh were tested by a curve tracer, were 1ncluded in

PN
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the circuit. Current measurements with and-without protection
circuit, under the same conditions, showed no effect of the.

protection circuit on the values of the measured currents.:

‘3;4 The x-v Recorder

The i-y recorder used was the ﬁodel 85.414 variplotter
(115 Vv.A.C., 60 HZ ¢, 115 atté) It is a self—balancing
potentlometer recorder which olots one variable D.C. voltage
as a function of_g/second variable D.C. voltage. One

v

variable is appliea to the arm éervomechanism which controls
the arm movement along the x-axis (;bscissa); the other
variable is applied to the pen servomechanism which controls
thé pen movement along the v-axis (ordinaté). The combiﬁgtibn
.-of the two motions generates a plot of x versus v. The data
is plotted as a ésntlnuous inked line on standard 11" x 17"
graph paper (10" x 15" plotting area) held on the vinyl
covere@ plotting surface bv a vacuum syétem. Separate
parallax and stepped scale controls for the ﬁéﬁ"arm servo
‘syéfems permit the presentation of the x and Yy 0-0 point at
anv desired location on the plotting surface, and the
eipan51on of the input signal for maximum deflection of the
. pen and arm respectlvely. | -

The pen and arm servo input units accept plug-in
;ensitivitgfnetworks which provide for the acceptance of a
greater range of input datz—signals than would otherwise
bk possible. A high sensitiﬁity set namelylo.ol volts per

inch was used for the pen and arm servo systems in the

experiments. One of the two inputs to the recorder was
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obtained from the gap voltage via a resistive potential
dividerxr (BG-MR and 802). The other input was from the 1
volt analog oudtput of the electrometer. The static accuracy

-

of pen andvarm is 0.075%.

3.5 The Magnet Supply Circuit

As: shown in Fig. (3.%),the magnétic_ciréuit ¢onsists of
an AC supply, fed through an isolation transformer'(llsv,g/'
500 VA, 50/60 HZ), varying from 0 to 140 V, by a vér;able
autotdbmsformer (I.V. 120, out V. 0-140, A 4.5, 0.63 KVA,
50/60 HZ, lé), rectified into Dé, through a bridgg rectifier,
a bC ammete:,_ana two pérallel coils (328, 188 mH) connected
in series with the other éomponents. The magnetic éoils are
wound oq_iroﬂicores to concentéate ané increase the magngtic
field. The DC current can vary from zero to 4.5 ampers as

the variable autotransformer changes. The corresponding

transverse DC magnetic field between the pole pieces varies

-

in the range of Outo 900 gaﬁss (1,800 gauss for series
cumulative combination). DC polarity is preserved so as not
to loée direction information when tracing aﬁd plottingrf;elds.
When coils were in parallel cumulative combination, the
magnetic flux density .was measured at various distances within
the effective area between the éoles (4" spacing), the North
pole being the reference.' Eacﬁ curve of Fig. (3.7) represents
an average o% six observations taken at the selected points

as mentioned earlier. ' In the active region betweeﬁ the
e}ectrodes an approximately uniform transverse magnetic

£ Tiix depsity'up to 900 gauss (1,800 gauss in series coil
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~combination) could be maintained and can be measured by
a Gaussmete;‘instiument.
The‘Gaussmeter used to measure magnetic field Qas
the Model 1890 Radio Frequency-Lab Inc. (l15/230 volts, 50/60
cps., outpu£ 18 volts DC at 18 mA). It waf a precision
magnetic flux measuring tool for making direct meaSuremenEs
of gap flux density in normal or axial fields from 0.1 to-
over 20,000 gauss. A basic 1,000 gauss'ﬁB 9272 permanent
reference magnet with i.O.TS% accuracy, was provi@ed'fo;
calibrating a HB 15950 (0.039" thick x 3/64" x 1" long) fléf
proble to full sclae in transverse field measurements. The
accuracy of the Gaussmeter was + 1% pius accuracy of the

reference magnet.

~—
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IV. EXPERIMENTAL PROCEDURES AND RESULTS

4.1 Breakdown Voltage

All the oil used in experiments was filtered (vacuum
filtration) through a 2.0-2.5 micron'size filter, and the
electrodes were polished with 600, 800 and 1,000 gradée
silicon carbide, and fine emery cloth, followed by cleaning
with acetone (to remove the contamination of ﬁhe surface by
the polishing.materials). The breakdown voltage was determined

for elect;ode spacings of r/zf r, 3r7/2, 2r, and 5x/2 (where r

is the radius of the hemiSpherically tipped electrode and
equal to 6.2 mm) withAno applied ﬁagnetic field. Different

etectrode materials (al, Qu, Mg, and an and oils (SC'S"

350%-S-

and 1,000 c.s.) were used, i.e., four,electrode
matérials, five electrodé spacings, and three oil wviscosities,
therefore; reguiring 'sixty breakdown measurements. The‘
procedure for obtaininé the breakdown voltage was as follows:
The'gap was set at a required spacing. The electrodes
were completely immersed in the silicone dielectric liquid,
the volume of whiqh‘ﬁhroughout the experiments was approximately
constant and egual to ﬁhree—quarter of the test cell volume.
The applied voltage was ramped up and down ten times
starting with an upper limit of.S‘kv and then the maximum
level was increased in 5 kv éteps until breakdown was obtained.
Once_breakdown had occuféd, ramping was discontinueé for that
configuration. It has to be noted that only three breakdowns

\-— .

for each combination of electrode, electrode spacing, and oil

43
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var 2IMD

after each breakdown the oil was changed
\‘
j
]

type was obtalned.

and a freshly prepared electrode was used

The average breakdown values for each electrode spacing
I o

in the veesel filled with silicone oil are shown in Table l./
From Table 1 it can be seen that aluminium and magnes;um

malntaln a relatively hlgher breakdown voltage than the

copper and zinc.
4.2 v-1I Plot
lf

For each combination of electrode, spacing and oil type,
an initial conditioning procedure was followed {in a manner

gimilar to the one described by Girgis [591]) by establishing

the maximum voltage swing at 5 kv and ramping up and down
This was repeated in 5 kv steps up to-a voltage

15 times. i
level V which was 5 kv lower than the breakdown voltage
At any specific voltage, 15 consecutive
The

previously measured.
V-I plots were superimposed on the same graph paper.
configuration was then subjected to 50 further ramping cycles

at the same voltage without recording V-I data.
The above procedure was carried out four times, 1.e. four

sets of 15 superimposed data plots were made with 50 cycle

intervals in each case without record as explained in Fig

(4.1). The data recorded in these b%scks was referred to as
2, 3, ané 4 respectively.. o

(4.1) one can see that 210 complete cycles were

series 1,
3.1 mm electrode spacing

: From Fig.
performed correspoddlng to r/2

The results were recorded only as indicated in the diagram
by series 1, 2, 3, and 4. The first set of recordings ,



‘Table 4.1 Breakdown Voltage in KV as a Function

of Electrode Spacing

OIL c.s.

d mm Zn Cu al Mg
5 52 53 57 57
350 3.1 56 58 62 61
1000 58 61 63 64
5 61 64 67 66
350 6.2 * * * -
1000 * * * *
5 66 . 68 69 69
350 9.3 * * * *
1000 * * * *
[
5 12.4
350 & * * * *
1000 15.5

* - Breakdown limited at 70 KV by factors other than

0il breakdown.

45
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permitted estimation of the statistical scattering of the

I
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data gue to short term stress. conditicning. The second,igu.
the fourth sets of-15 reécrdings permitted an-estimate to be
ﬁade of.ffgﬁoducibility over longer intervals of stress
conditioning. This procedure was carried out for five
different elebtrodé'gpacings‘vary1ng'from 0.5 r to 2.5 E;in

0.5 r intervals, and another set of recorded measurements

corresponding to each of these electrode spacings was obtained.

4.3 Magnetic Field

The complete procedure described in the preceding section
was carried out for all electrodes and spacings and for one

oil tvpe (350°°%°

) in the presence of an applied transverse
magnetic flux density .of 2 x.10-2 Desla. (200 gauss) in the
éctive‘region between the electrodes.

The two préceding steps have been used to demonstrate the

role played by the electrode spacing, viscosity, surface layer

of oxide of different electrode material, as well as of a

.~

transverse magnetic field on prebreakdown current of silicone

liguid.

4.4 Additional Observations

. 0N
1. All experiments were conducted at room temperature -

and atmospheric pressure, with a relative humidity of 55% over
most of the period of the experiments.

2. Sometimes, when thg‘spacing was of the order of 0.5r,

dfter a few cycles of .ramp application, small suspended

particles started oscillating between the electrodes, in the
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rising ramp, and‘developea too early into a complete breakdown.
. T "f;
© 3. In most cases, strong electric fields produced.some

-

motion which was observed as a local rise in level of the

liguid around .the region of highest field intensitv. In the
case of leow viscosity liquid, Sc.s.' disruptive sprays of
dielectric liquid in intense fields were moreover. ccmmonly

obserugd. . -

4.5 Experimental Results T

From the x-v recorder, the prebreakdown voltage versus
current charécéeristics of the iiquid were obtained for each
set of 15 coméletg cycles.

" When the voi;age applied to a liguid sample is a ramp

function the resulting current consisgts of two components one

of which is displacement current, due to\EharginQ arid

discharging of the capacitance of the equipment, and the other

is current passing through the test volume. Charge may move

through the volume by condgction or convection but the term
"conduction" current will béhééed to describe it from now on.
A copy of the recorded V-I characteristics is presented
in Fig. (4.2) for fiffeen successive cycles, showing the
réproducibility-of the data. The loop appears because the
displacement current adds to the "eonductiqn“ component when
dv/dt is positive, curve (1), but it is subtracted from it
when the voltage ramp is reversed, curve (2). In order to

extract the "conduction” component from the data given in -

Fig. (4.2), it was onlv necessary to plot the éverage current

N
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for any particular applied voltage (dotted points in Fig{ (4.2)).

The method of separation can be illustrated from the following

-
LN

two equations:

I
H
0,
+
H .
(a7}
o
|

I,

Il = the total current when the voltage increases
I, = the total current when.the voltage decreases
I = the "conduction" current - ol

Id = the "displacement" current

By adding the equations (4.1) and (4.2) we obtain the following

equation:

Iéha.lzz (Il + 12) ea. 4.3

~

~indicating that at-any fixed voltage the "conduction" current,

I is the average value ofafhe curves (1) and (2) of the

c!
Fig. (4.2) and should be caused by the movement of free
electrons and ions.

A set of."conduction" current.characteriétics for a pair
of copper electrodes is shown in Fig. k4.3). The curves give

the relationship of the prebreakdown "conduction" current to

the applied voltage for five values of electrode spacing and

C.S.

for S silicone ligquid. It will be seen that the well

‘known general form of relationship between voltage and current

exists. 'The V-I characteristics is divided into three typical
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regions designated as the low, -intermediate, and t%g_high
field region, except ‘that the saturationiregion is lesé"
marked. Oﬁer the enti;eistress range fhe.Curvgs remgin'
distinc£ly defined for eadh.electrode spacing.. The plétted"
experimental resu;ts of Fig. (4.3), however, show that in the
high field regidn current increases strongly with increasing
vbltage; It will also be seen that increase in the electrode
spacing (3.1 mm to 15.5 mm), and hence in the voiume of the oil,
shows a Qignificant decrease in the prebreakdown. "conduction"
current, with the electrode area kept coﬁstant.

Eig..(4.4) shows the experimental results obtaiﬁed with

- f

oils of higher viscosity (filtered by vacuum filteration).

‘The general shape of the curves is similar to that of Fig.

(4.3) but shows that the current is slightly smaller éhén
that of lower viscositf:

Fig..(4.5) indicates the dependence of the "conduction™
curreét upon impurities. 1It.can be seen that the prebreakdown
current‘of siliCOne oil has-a tehdency t5 decrease when it is
purified through filters of pore size of 2.0-2.5 micron.

The relationship of the "conduction™ current to the
applied voltage obtained for pairs of different electrode’
materials (Al, Cu, Mg, and Zn) in 5¢-5- silicone o0il and 3.1 mm
elect;ode-spacing is shown in Fig. (4.6). The gemeral shape
of the curves in_F&g. (4.6) is‘similar to that of Fig. (4.3)..
The relaéionship between prebreakdown "conduction" curreht |
values aﬁé applied‘yoltage for differént electrode materials

is shown in Figs. (4.7-4.8) for 350°°%° and 1,000°°5° silicone

-
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o0il and 3.1 mm electrode spacing respectively. The rankiné

of the materials, in order of decreasing "conduction" current

v
.

under ramp voltage conditions for a given spacing and

conditioned electrodes is magnesium, aluminium,copper,and

zinc, .there being no significant difference between -

magnesium and aluminum.

For all three Qiscosities (5,350 and l,OdOc}s')_
investigated the “conduction” current decreased with ramp
application time, élthough, the time required for the current
to reéch‘its ;teady value varied from one fiécosity to
another and between samples of the same viscosityv. Similar
findings have beenAreﬁorted by other investigators [8]. Fig.
(4.9) shows such an effect for copper electrodes and a

1;000°°%" liquid sample.

Replotting the experimental "conduction” current versus

-the applied boltagekon a log-log scale,'as shown in Fig. (4.10)'

indicates a sharp division between the intermediate and high.
field region. This Plot was made for five different electrode

spacings varving from 0.5 r through to 2.5 r (with r being

the radius of the tip of the electrode and equal to 6.2 rm)

c.s..

€S- and 1,000°° 51

in 0.5 r intervals, oil viscosity (5°°5°, 350
and electrsde material (Al, Cu, Mg and Zn). The data showed
in all cases, Figs. (4,101 -4.1012), that there wére low,
intermediate,and a distinct and quite sharp division of the
high‘fie;d "conduction" regions,

It will be seen, in all cases, that log I, varies

linearly with log Vv, i.e.,log I. = n log V. Since the data



Y

5.0 [ ‘
- . -— I .
e - IT
4.0 A - IIT
o - IV
- . ' Spacing 3.1 mm

- kV

Figure 4.9: The—Current-letage Characteristics for
. Copper Electrodes and 1000C-S. Silicone
0il for Different Number of Ramp Cycles

o’

~ 59.

DR et e ] et e 8 iad



I x 108 A

R 3.1 mm
5.0 L ‘
i TEST IIX _
) - 6.2 mm
i Spacing 3.1-15.5 mm 9.3 mm
: . ' 12.4 mm
- 15.5 mm
2.0 | '
1.0 |
0.5 r
0-'2 F
;f
0-,1 " L 1 L R T T L L L Ll kV

Figure_4,10.l:

. ‘ \
The Current-Voltage Characteristics (log-log)
for Copper Electrodes and 5€-S. Silicone

0il at Room Temperature and 55% Relative .
Humidity '

60



e ———

N
3.1 mm
B TEST IIT | . 5.2 m
2.0 F ~ Spacing 3.1 - 15.5 mm 3.3 mm
15.5 mm
1.0 |
I £
< .
@ 0-5 -
o
— .
x ///
H =
0.2
0.1 n L 1 ‘- 1 b4 1 o 1 4 1 . 3 1 « 1 TS|
1 2 .5 10 20 50 XV
N\

Figure 4.10.2: The Current-Voltage Characteristics- (log-log)
for Copper Electrodes and 350C.S. Silicone
0il at Room Temperature and 55% Relative
Humidity .




I x 10 A

[ - . 3.1 mm
L TEST III
, %u 6.2 mm
L s i L1-1%5.5 mr
. pacing 3.1-1 § mm 9.3 mm
* i - . 12.4 mm
‘ 15.5 mm
1.0 E >
0.5 i
0.2 F
0'1‘ - L I 1 1 1 1 1 1 1 — A 1 L 1 g I8
1 2 5 10 20 50 kv

Figure 4.10.3:

-

The Current-Voltage Characteristics (log—lbg)
for Copper Electrodes and 1000¢-S. Silicone
0il at-Room Temperature and 55% Relative Humidity

-




I x 10 A-

TEST III .

. 3.1 mm
Spacing 3.1-15.5 mm ‘ : 6.2 mm
3 . 3 9.3 rm
_[ 12.4 mm
2.0 15.5 mm
LY
1.0 L
0.5 L
Tt
0.2
0.1 L d 1 a ) S i 3 r | 3 4
1 2 5 10 20 50 kV

Figure 4.10.4: The Current-Voltace Characteristics (log-log)
: - for Alvuminum Electrodes and 5€-5- Silicone
0il at Room Temperature and 55% Relative Humidity

63




N

B . -ﬂ
- TEST III
Spacing 3.1-15.5 mm :
= . : . 3.1 mm .
L 6.2 mm
9.3 mm
2.0 T . N - 12.4 mm
| 15.5 mm
1.0 - a
= -
m =
o
~ L
P
0.5
- 7
. - y
0.2 ' -
0.1 1 ] 1 1 ] ] 1 L 1 1t _—y 1 [l L 1 ] [ |
1 2 5 10 20 50 kv

-

Figure'4.10.5: The Current-Voltage Characteristics (log-log)
for Aluminum Electrodes and 350%-5- Silicone
0il a2t Roon Temperature and 55% Pelative Humiditv

™

i it



e

I x 108 A

. S o~
- ' TEST IIIX 3.1 m
© Smacing 3.1-15..5 mm 6.2 mm
2.0 } . A 9.3 mm
12.4 mm
] 15.5 mm
1.0 F
- y
0.5 |}
0.2 [ ’
7,
O-l 1 L [ 1 1 L1 3 1 1 i !. 1 1 IR
1 2 5 10 20 50 kv
<
Figure 4.19.6: The Current-Voltage Characteristics (lég-log)
for Aluminum Electrodes and 1000€-3S- Silicone
0il at Room Temperature and 55% Relative Humidity
b

65 o



1
e —————

I x 109 a

TEST III _
‘Spacing 3.1-15.5 mm 3.1 mm
. ) 6

2. 0 ’ =
1.0 ¢
9.5
0.2
0-1

1
Figure

»

4.10.7: The Current-Voltage Characteristics (log-log)
for Magnesium Electrodes and 5¢-S- Silicone
0il at Room Temperature and 55% Relative, Humidity

F




I

L e e e e e oy

TEST III -
A - - Spacing 3.1-15.5 mm Ca T
: B 3-1 mm. -~
hl - 6-2 m
2.0 N 9.3 rm
" 2.4 mm
i .15.5 mm
1.0 5
< [
S~ 0.5 N
—-
x‘ -
Y .
H_ 27
B W/
/ -~
2.0 B
0-1 4 1 I 1 ] ! 11 .t ¢ 1 1 1 1 I 1
1 2

The Current-Voltage Characteristics (log-log)
for Magnesium Electrodes and 350¢-S- Silicone
0il at Room Temperature and 55% Relative
Eumidity :

- .

67




I x 109 A

0.2

oﬂl

LI

-t

TEST IIT
Spacing 3.1-15.5 rm

.-

Figure 4.10.9:

%

.The Current-Voltage Chafacteristicé,(log—Iog)
for Magnesium Electrodes and 1000€-S-. Silicone
0il at Room Temperature and 55% Relative Humidity

\ . -

0 .;' _/

—

68 ..

Lel



fy

. ‘ . " i} C,3.1 mm
5.0 [ . . - - ;
- ' TEST III | s ) .
_Spacing 3.1-15.5 mm. |

0.5

0.2

0.1

Figure 4.10.10:\ The Current-Voltage Cthacteristics !
(log-log) for Zinc Electrodes and .
5€.S5. Silicone 0il at Room Temperature AN

and 55% Relative Humidity

.t



0.5

I x 108‘A

0.2

0.1

L

TEST III i | 3.1 mm
Spacing 3.1 -15.5 mm

6.2 mm

9.3 nm

12.4 mm
15.5 mm

Figure 4.10.11: The Current-Voltage Charactsréstics (log-log)

for Zinc Electrodes andé 350 Silicone 0il
at Room Temperature and 55% Relative Humidity .

70

P
[



I x 108 A

0.2

0.1

Tt

TEST III _
Spacing 3.1 - 15.5 mm

: 3.1 mm
L ; 6.2 mm
‘ /- 9.3 mm

12.4 mm
15.5 mm

[

Figuf% 4.10.12: The Current-Voltage Characteristics
) ) {log=log) for Zinc Electrodes and
1000°-°° silicone 0il at Room
Temperature and 55% Relative Humidity

71

© L e e e bt —



72
reduces to a straight line in logarithmic co—drdinéteé,the
equation is' a power relationship ané can be expressed as
I = KV?, indicating that for relativély large electrode
spacing the prebréékdown “conduction"‘current varies as a
power of the applied voltage, which is of tpé same form of
equatién.as was previously found by Ostroumov [48] for smali
electrode épacings. As anlexample Fig. (4th2).shows a
I-V plot that in the high field reéime reduces to a str&ight
line in logarithmic co-ordinates.

Two selected points of 1.0 R electrode spacing give, i

‘ _ -8
V)= 39K © I =lox10 A
- - . g g
.\ V2 , SIAFV IZ 3.0 x 10 ‘ A
because the plot.is logarithmic, - ?\\‘/,
log I -
log 'V -~
hence,
log I =-10.39 + 1.51 log V

~and ) \

T = l0-10.39 V1.51

Fig. (4.10) shows also that the experimental points fall

very well onto straight lines of different slopes with
electrode spacing.

The "conduction™ current of silicone. oil . is found to be

dependent on the ambient hﬁmidity. It was seen that, at the

e

-

e e e e o ey
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same field, the "conduction" current of an immediately

vacuum flltered sanmple decreases as compared with a sample
alreadv exposed to the amblent condltlons. (A comparison of

the' I-V characteristics of these two is shown in i/g?>(4.;1).

C.5.

For low viscosity oil (5 ) series i'to 4 were/interesting

g
in that at small electrode sapc;ngs, 3.1- 6 2 mm and 50 KV
stress the reproducibility begins to fail and becomes

progressively worse as stressyconditioning proceeds. This

C.S.

was at 5 for which it is known {from the breakdown data)

that breakdown voltage was also poorly reproducible. At

c.S. C.S5.

350 and 1,000 with different electrode matérial the
feproducibility was very good. It was seen, in most cases,
‘that the V-I characteristics for series 1l-4 were not

-equally reproducible. Some of these graphs for different ' éb
eleotrode spacings and different viscosities are given in

~ .

Appenéix II.
If now the slope of the resuitaot lines of the Fig. (4.10)

is related with electrode spaoing, the plot shown in Fig.

(4.12) is obtained, from which it is seen that the inverse

velue of the siope (n_l) representing the derivative 4 (lnV)/

d-(1nI) vaéies linearly with electrode spacing- (d). Each point

of the Fig. (4.12) is the‘average vafﬁe of four sets of 15 ‘P~}\HJF-\

sﬁperimposed.V;I plots which were recorded over 210. cvcles. {

Similar results were found by other investigators [5], for |

350c7s'silicone liguid and copper electrodes, but with

different slope and the ordinate intercept. Fig. (4.12)

shows, however, that for a specified current the voltage
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" —when the nature of the liquid alone is varied.

N

~

applied to ‘the liquid is linearly.dependent”tg the distance
between electrodes. Three such cirves are presented in Fig.
{4.12) to show the influence of varying the viscosity of \\\\
the silicone dielectric:oil in different expetiments. It \\\, ‘
can easilf be'séen that, i; géteral,'oils of higher viscosity
indicate an increase in the lnverse of the slope, i.e.,

- decrease of the V-I slone ‘at hlgh fleld. This results in

extension of the field range to higher values with the wviscosity

' of the liquid_ sample. It can also be observed that the slope

-
-

of the straight liﬁes ié not influenced significantly by-
varving the viscosity but the ordinate'intercept is moved
upwards for more viscous oil. ~
The four sets of curves shown in Fig. (4.13) for dlfferent
electrode materials are superlmposed to show that for each\\
viscosity value the influence of chqnging the electrode /

- _ v . -/
material was to vary both the slope and the intercept. /
‘ “,
Although this influence seems to be SLgnlflcant it 1is not\\/ ’

so dramatic a change as can be seen from Figs. (4 12.1-4.12. 4)

- In order to search for a magﬁétic field effect upon the
prebreakdown "conduction" current the early treatment by
Watson [5] is extended to higher magnetic field (200 gauss).
The complete experimental procedure described earliér was

repeated with all the electrode materials, one type\ef/pil

c.s. ‘ !
(350 }, and a number -of electrode spacings ranging from

3.1 mm to 15.5 mm,
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The application of a'crossed magnetic éieid of 200 gauss
upen prebreakdown "conduction” current of copper‘electrodes
under the action of an electric field enabled the results
depicted in Fig. (4.14) to be.obtained. Fig. (4. 14) shows the
relationship between the slopes ren;esentlng the exnonent
d (InV) / d (InI) and electrode.spacings for four sete of
experiments recorded'ever Zld‘cfcles at the presence of a 200
gauss crossed magnetic fieid. It will be seen that in this

-

case the linear relationship .between the inverse slope and

the electrode spacing disappears, giving a randomly displaced

set-of concave down curves. - There is, however, a little_ .
1 :

doubt in the position of each curve which is due to the

_ statistical error associated with the electrode conditioning

phenomenon just as in the case of the straight line parametric

variations. ' ' -

It should be noted, however, that ff tﬁe magnetic field
were applied after the electric field had conditioned the
electrodes the slope would remain the same as lf onlv the
electric field were applled. Similar experiments were
carried out fer a number of electrode materials and the
average values of the results obﬁained over 210 cycles‘are
showﬁJih fig.l(4.15). This is a common procedure to repeat
the tesf in order to obtain a reliable average value of the
data. In Fig. (4.15) the avefage valges-of *the results are
superimposed to show that for a fixed magnetic flux density

the influence of changing the electrode material was to move

the curves slightly. In every case both anode and cathode
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\
were treated indéntically.

bl

An experlment was made with a fixed electrode spacing,

c- S') for.

a palr of copper electrodes, and one type of oxl {350
different rates of ramping. The resulte are shown in Fig.
(4:16) in which the general characteriséics are slightly’
moved upwards as the rate of ramplng 1ncreased but the slope

of the 4 (lnI) / %,(lnv) in the ultimate kigh fleld remALned

unchanged.
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V. CONCLUSIONS AND DISCUSSION B

- -
-
-

5.1 Summary .
The principal purpose of. this research was to investigate:
- N . ol .o
‘a) The influence of viscosity of the ligquié upon the

- -

J

prebreakdown current.
b) The influence of electrode material upon the prebreak-

down currentl
- \Tl : P s Py ) . )
2) The wmagnetic field effects on each of the materials of
part (b) with one tvpe of oil, 350 C.5. | .
Silicone il (Dow Corning DC 200) 5,350, and 1,000 -°S°
were used as a wbrking dielectric, the electrodes remaining
uncontaminated ‘throughout the experiments so long as. tests
"were not parried‘out to breakdown.

The application of a‘ramp voltage in the manner reported by
Secker -and: Hilton [11] and Watson and Girgis T5] was foﬁn@ to
. " L) -~
permit the acquisition of reproducible_cprrent versus-vol&age

characteristics. The current versus voltage relations, Fig.

(4.3), gave chagaéte;isticé-of-a consistent shape, i.é.L;afte; an
initial rise of the current as %fiunction oflfhe applied
* voltage, the current shows a tenéency toward §§Eura;ion and
risessﬁronglyégain.ih the high field regime.
The plot of log I versus log V has been obtained for
‘large spacings‘with~co§per,.aluminuﬁ, zing,and magnes?um
electrodes and with three types-of 0il all of which displaved
a linear'port%gp in ?hé high field regime.
| (
N\
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The slope of "the final portlon of log I versus log V was

seen to vary with the electrode snac1ngs and-its inverse value,:
-1

'n T, was foundrto increase linearly with electrodeuspacing

<&

when no magnetic field was apoliea. ‘When the results were

*extrapolated to,zero electrode soacing they failed t¢ pass

1

through the origin. Srmllar flndlngs have been- reported in
prevrous neasurements [5] for large spacings, 350c -S- smllcone

011, and cooper electrodes. These are, however, in contra-

" Qiction with the data reoorted by Ostroumov [48] for small

spacings. In a previous oublication‘{S] it was shown that

..the linearity between d(ln V)/d (1n 1) and the electrode

L]

‘SPac1ng d was con51stent with the notlon of charge injection

' results have:now been further conflrmed.

from the cathode by the Fowler—Nordhelm mechanlsm. These

-

Pl -~

The test Tesults showed that with a constant electrode
area, increese in.the eleotrode.soacing, ang henoe io-the
volume of the oil tests, would srgnlflcantlv decrease the
current flowlng. The change in the volume of the. test vessel
(at least in the range of volumes 35 cc.and 70 cc used),
however, has no measureable effect on the prebreakdown
current resultsr

Exoerlmental data with non-zero magnetic fleld actlng at

rlght angles to the rotatlonal symmetry axis of the electrodeS'

showed a non—llnear relatlonshlo between the 1nver§g slope

8
d (In V)/d (ln I) and electrode spacings.

5.2 Major Conclusions

The experimental results led the author to the\?ollowing

-
. +
s
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e
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3\\ major conclusions. o
iA . ﬁ ‘ . a) The 1nf1uence of varylng the v1$c031ty of the
: | silioOne dielectric 0il was one in which the slope of the
, _ stralght lines for all .the electrode.meterials~was not .
. . | . 1nfluenced, but the ordlnate 1ntercept was shlfted uowards for

- R T

more viscous oil 14897 showzng that the" slopes of the lines are
1ndependent of v1scos;tv which are in- contradlctlon W1th the
simple-theorv ofccharge transport mechan;sm gLven by Watson
[5]. It can be, therefore, suggested that nobllltv of the

. . liquid plavs no oart and ‘the given theorv should be modlfled

[Appendix GIﬁ]

- : ; b) When the ‘curves of oart (a) for all the electrode

W

materlals were superlmnosed thex showed that for each v1sco51tv
value the infldence of changlng the solid emitting material
was to varv the slope and thus is/fn accord %ith what would

. ; s )
.~ - be expected of the FOWI&§:§?§§h€im mechanism. Although this
. . e} 4

‘influence is seen to be significant, it is not so dramatic'a
thange. as when the nature of tHe liguid alone is varied.

-c)' When a magnetlc.fleld of 200 gauss was applled at
right angles to the axisof rotational symmetry of the
electrodes the prebreakdown current -changed 51gn1f1cant1v at
‘a2 number of electrode. spac1nds ranging ﬁ:g_ 3.1 to lS 5 mm.

It was found that the derlvatlve d (1n V)/d (ln I) is non-

linear with electr.de spacings; the value of the prebreakdown

ourrent is to be eitner increased slightly or reduced according
a

to the electrode spacings. The magnetic field did, however,

Perturbe the conduction current if it was on throughout the

I
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/éinditioning. If, however, it were applled after the electrlc ~

fleld had condltloned the electrodes %he slooe would remain

‘. 'the same-as if only- the electrlc fleld'were applled. The

A REE N VR

results showed that the curves were sllghtlv shifted as the-

- ' . nature of the,electrode was changed under similar conditions.

i . . . _ .
" . The results are consistent with the idea that the strength of
the liquid is greatiy'influenced,by the nature of the cathode

-

surface oxide layver. -

;T

d) .Bﬁ{&g/é'eimila: gap-setting‘and the same treatmehps
for-liquid and electrodeé,different rates of ramping, dv/dt,
changes the level of the general characteristics but dbes not
alter the slope of tie'd ¢ln I)/ 4 (In V} in the ulhimate high

field regine. ‘ .. .
. : ~

5.3 Discussion

it is evident frem Fig. i4.3) that the general shape of

the curve showing the relationship between the steady~state
current and the applied voltege for silicone oil is similar .-
to the results obtained hy other investigatqQrs using differeht
liquid insutants [8-10].: The "conduction™ current at loﬁ_.
field, however, was gttributed mainly to the ?resenca'of

~ f' _ impurities which are inevitably pfesent in the wall of the-
test cell, the electrodes,and the liquid sample itself. This:
ma§ be supported from Eig. (4.5) which indicates that the
"conduction" current is dependent upon impurities. At high:
fields (above 100'$V cm_l) the nonlinear éortion becomes
dominant and is attributed mainly to electron emission from.

the cathode [50]. In the intermediate stress regime, the

>
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characteristics do not show a true satﬁra;ioh‘vaiue but a/

small xise in current with increasing stress. This slight

-

ﬁggcreasé is known [8] to pglgugzﬁo the spherical geometry of

. the electrode configuration used: For such electrodes the

- .

. current from the highly stressed innér volume will reach a

. immediate neutralization. The present experimental results

saturation value whilst that from ;Eé's ounding space will
still be ih the low field region and so :21 contribute to the
increase in the total current. During the saturation, under
the surface of the cathode takeskplace; evidence of positive
spdace charge formation near the cathode has been réportedrby
Btper invéstigators [8, 51]. Sincé even with-the-most careful
preparation of the electrodes a semi—insuiéting.film wiii be
formed on their surfaces, this film will hinder their

are. consistent with all #his‘préviously repofted work.

The plottéd expefimentai results of Fig. (4.1d(the iog
of the.flowing current I versus the log of the applied voltage

V) show an abscissa intercept whose average is approximately
A .
1.45Y for copper and 1.6 k? for magnesium. This part of the

voltage is known [48] to be needed to overcome the surface

resistance on the boundarv of the electrodes and ﬂg\produCe a

”

current of sufficient strength. These intercepts are,'however,

‘much higher than the one reported~3reviously'[48]. The pre-

-

breakdown current_of-silicone 0il was observed to have a

tendency to decrease when it was purified through filters of

~ pore size down to 2.0-2.5 micron. This decrease may be
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accounted tp&ouéh the presence of impurities in the unfiltered
liqufd sample. A small particle, ‘'when chargea; would oscillate
between the eledtrodeé as the voltage is ramped upAagd aOWn
and could be compareé to a‘largélheavy iog which,.when'

approaching an .electrode, causes a local increase in_the field.

P

In very high fields this may develop intq a complete breakdown.

It was observed that, in ‘'general, the p}ebreakdown cuxrrent
values decrg?se progressively during conditioning w@th/the
ramp applicption. The time required for the current to reach

X . . / ] . . “g . /——
its steady Vvdlue, however, varied between samples of low?

vigcosity,‘sc's'

,;iiquid, taken from the same batch buﬁ;it was
C.S5.

k4

This decrease may be aééociated with the process at the cathode

lowered for the liquids of higher viscosities, 350,and 1,000

where positive ions are'neut;a;ized. 'Since nearly all clean
metals rapidly acquire an invisib;e protective f£ilh yhen
exposed to a la?oragpry atmosphere, a'dielectfiq or semi-
con@ucting la&er 1S élmost inevitably present as an oxide

film on the electiéﬁe surfaces [8, 52, 53]; 'This layer f@nds
totprevent the ionic charge carriers from beingiimmeéiately-
neqtralized. The great difference betwéen current of different
electrode materials is evidence that it is depegdent upon the

electrodé surfaces-themsg%ves and probably upog the nature of
the oxide layer. This continued accumulation of'&onsfenfthe
layer enhances .the field at the electfodes, increasing
neutralizétion untii'the rate of neutralization and rate of
arrival.of ions are in dynamic equilibrium [54]. These

processes mayv reduce the conc?ntration and drift velocity of

. N A
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is an electrode surface eff
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- . -

the charge-carriers which could explain the.decrease of current
- .Y . . . -
with the time of ramp application.
It was found that upoh,application'of a magnetic field

the slope 4 (1nV) / d (In I) is non-linear with electrode

. spacing. The exponent & {In V) / 4 (ln I)‘is-observed githe;

increased of reduced slightly depending upon the electrode

\ . S

spacings. . N ; - .

Secker [11] reported a similar magnetic field effect on

the breakdown voltage of'q—hekane at a fixed electrode spacing.

He assumed that the magnetic field interacts with charge-

cag;iers in the interelectrode spacing. For such interactionL

~he ,suggested that the majority of the charged paﬁgﬁcles must

be free electrons to explain such effects.

" Watson [12] however, reported a similar pattern of

~.variation in the case of static breakdown voltage of copper

£ )

-

electrodes in-vacuum. He ha sﬁggésted that the phendﬁenon
g and magneto-transpert of

:électrons‘through the surface laver ofAOxide'is capable of

modifying the field emission and so influences the Fowler- -

Nordheim equation. This effect is signifiéantly'r #nfluenced by
‘ : f

the relative ﬁagnitude of the oxide work function and that of

the inner potential barrier at the undeilying.metallic.
. " '

juriction. _ , . ¥ ~—

- . R - .
In liquids before breakdgwn, however, a field strength

. .
above 100 Xv cm.l exisgs at }he ligquid~-cathode interface [50],

a stress at which 'field ajded electron emission can take place

from cat@ode pro;rusi 13, causing local fief%ﬁenhancement.and

- 4
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théreforeAlarge local electron emission. The'similarity

between this phenomenon and vacuum field émission suggests,

" therefore, the exlstance of a common mechanism.

- The results of 'Fig. (4.15)show that the curves are sllghtly

shifted as the nature of the electrode is changed under similar

condltlons.' There is no theory to determlne the unusué?’“""”frjdgx

Tbehav:.our of pre-breakdown current ﬁlth electrode spac1ng as
well as the alteration ‘due to change of electrode mater;al at
_f;xed applled magnetic field. Theré is close agreeméﬁtr
however, between the results obtained here and those reported
by Watsoh and Girgis [5].° o ':'-. «

“Perturbation of the prebreakdown mechanism by a magnetic

field in the lowerihg portion of .the prebreakdown current
might be explained in terms of the deflection of. the electron.
beam from emitting cathode protrusion by the iorentz‘field.

The magnetic'fieid would give the-.electrons a transverse

v
™~
]

éomponent of d;ift velocity and an assotiated'décrease in
“their dfift.velbcitf ih'the é&éctric field direction tSS].

This will suggeét that.ﬁégnetiq.field can be apgl;ed to
control the‘resistance of a ligquid, i.e. to sweep the eléctrons
from the region‘between the electrodes until it can no 10n§er_
impinge'uPOn the anode. It is howevet.pqssible that such a

. perturbation mechanism could exist ih the cathode oxide layer

- and modify the éurregt through:it .in a similar_mannerﬁ[l2]:

| There is evidence that the cufve-(a) of Fig.(4.13)which

gave greater current ghd scatter measurements than those of

b, ¢, and ‘@ might be due to-the natural surface roughness of .

"

- . 71
, _ : . -
. <
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the commgrcially'available zinc metal which could not be

gﬁ-removed even by intense polishing; due to patches having low

"work function, and geometrical irregularities, a freshly

- -

prepared cathode surface will always be non-uniform in struct-
"Nure and certain sites will.pe able to emit more freely than
| the;§ [56{.' The probabiliE?“Ef“SEEéﬁdown 5eing initiated  at
ohe of these sites is therefore high, i.e. tﬁere'ﬁight be
a correlation betwsen the nature of the cathode andlthe
bféakdown instability:

Aéffar as “the authér is aware this is éhe figét time that

the influence—of diiferént.glectrode material upon the pre-
breakdown "conduction" current has beén examined in the -
presence - of an applied magnetic field under gimiiar conditions.
It is likeiy that d;fferent electrode.materials will influence
prebreakdown “conducﬁion“ current but the solid deposits and
aaéorbed layers will.c%;bletely mask any variations in the
properties of the underlyfng‘surface. "The technigue used here,
however, allowed slight.changes of the electrode materialé to s

be effective by virtue of their possessing different types of .

surface oxide layers.

5.4 Suggestions for Further Studies

The variation of the prebreakdown current with_diffefent
. . 5
electrode material shows that the nagpre Qnd structure of the
electrode surface is importanf as far as the électron emission
is concerned. The results obtained here, however, can n&t ~

demonstrate this conclusively, because the liguid-metal

interface at the cathode and. the thickness of the surface.
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layer itseif hakes‘the surface phenomena very éomplex and
would need further studies both expéfimentally and theoreti-—

cally. Moreover, other factors such as temperature, hydro-

B it L Py

static pressure, additives, electrode area,anode material,and

‘circulation of large volume of the ligquid (and thus mor

~ representative of practical conditions in transformers) that
may affect the prebfeakdown current of liquid dielectrics

should also be studieg.

s .
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APPENDIX I

SPECIFICATIONS OFiﬁ%E VARTABLE AUTO TRANSFORMER AND
MODEL" 616 DIGITAL ELECTROMETER

: ~, | - L
1.  The variable autotransformer was with the following

' specifications:

e . .
Primary voltage 240 V, 1 Ph, 50/60 HZ
_Output voltage 0 - 280 V

Maximum A 28, maximum KVA 7.8

The driving mntor was specified .as:
Volts 1290, A 0.4, Frequency 50/60 cps

Travel time - 5 sec and 72 rpm

-

2. The condensed spec1f1catlons of the Model 616 electrome;er

’“\\\*}

as an ammeter were .as follows.

: | R 13
Range: .+ 10~ 16 A per digit (1D A full range)

to + 0.1 A full range in 13 decade ranges. .'!V.OOfE;oner‘“'v

ranging to 1999 on all .ranges. s o -
- ) B
Accuracy (20°C to 30°C) . 7
" Range Switch Setting - Accdracz
107t to 1077 A " +.(0.5% of reading + 0.1% of
o~ - | range)
1078 a + (2% of reading + 0.1% of
. full range)
~9 . . -11 K | \
1007 to 10 A ¥ + (5% of reading + 0.1% of
(: rangs)

106
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Noise: 2 X 1b—15<A‘peak to peak on the most sensitive-

P e e . o . -

range, - exclusive of alpha particle disturbance.

“
—

R ~15 ...
Offset Current: Less than 5 x 10 A

- Ty
“a -

" Analog Ou;puﬁ: 1 volt“atput for monitoring an analog signal.i\‘h

.

For DC inpﬁts "output is equal-to i 1 volt at up to 1 mA
é‘ correspondfhg,t6 a ﬁg&} scale ;ﬁput. In both modesftﬁe_output

polarity is opposite inppt,géiarity. -
. T B . ) ' . - i -

. -“‘ L 4 R [} * k4 -

TP use the Model 616 as pico ammeter, the front panel controls
- . - -~ . .

r

were set as fol;p&s: .
-5. < . !

—— . Range - 1o ~ ' a Y ‘

- - - » . E
%,_/gggsitivity - Auto . . : ‘ ;
£ : ' . /, /
| | FAST/NORMAL - FAST N

«yt . o |
- -

Con tions to the Model 616 were made using a shield
triaxial \cable. The zero control nedded occasional adjustment
Tf d to reduce voltage offset due ;L temperature variations. To
| zero the Model 616, the ZERO CHECK switch was set to CHECK
position and the front panei ZERO control was adjusted for
~, a2 0.00-0.00 .display.l ' , .

j 1
2

-
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PR : APPENDIX II
-

Flgures(II 1-II.15) are examples of.some of the results

obtained for dlfferent ramp appllcatlon time. In the

prermental work the main source of error was due to non-

reproducrbllltv of short term condltlons. The -voltage .
versus current characterzstlcs were obtained by taking the v
average véiue of the curves (1) and (2) of Figure (II)}. These

=
curves represent the average value of fifteen experlments.

."As can be seen from the Figure (II.4) the curves approxlmately

o '™

corncrded with ‘each other for the long term condltlonlng. TO |
have an idea of the uncertainty of the linearity of the

ultimate'sedtion of the Fig. (4.10) four sets of experiments
were carried ott.t_From series II-IV it was seen that there

is no doubt abcﬁtythe shape of the curve which was always

linear. There 1is, however, un;ertainty in the position of

each curve and this is ‘due to the statistical error

associated with the electrode eonditioning phenomenon.

. _ o , VY
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- Figure IX.1l: Voltage Versus Current Characteristics for

Hemispherical 2Zinc Electrodes using 5€-S-
Silicone 0il at Room Temperature and 55%
Huomidity. - '
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ADPPENDIX IIT

. - -
The &ell known tendency of oil to display movement when

under stress suggests that charges lnjected into the llquld
from an electrode attachlng themselves to ©0il molecules in
the nelghbourhood cause this oil to be attracted to the
opposite electrode-where_some of its charge may be given.up,
tﬁus producing a cotvectionlof charge independent of
conductivity. These movemeets have been observed bylsany
authors (e.g. Hewish and Brignell, 1972). Watson [5]

considered the motion of the liquid in the form of a vortex

L

cell encleosing a steady (pm and u const.).irrotatiotal

(this is the case when vorticity, ®, vanishes) funnel flow
through i£§ core. Negetive charge is trapped in the moving

core of liquid dielectric and the space charge is contained
laterally by the tendency of the vortexsring to resist |
stretching by the'outward:compohent of the electrostatic Maxwell

stress. Upon raising the applled voltage the Maxwell stress‘
‘from thlS space charge wilkl lncrease and extend the vortex h
with strength w whlch results in a stationary current channel
of diameter A after emission from a cathode protrusion at an
expansion rate (dx2)/(dt) which is equal to the dvnamic
viscosity of the fluid; n. .

The experimental results of current "conduction" in

silicone o0il lead us fo the following expression:

=md + ¢ -.- A3.1

s
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R

where d is the electrode spacing and.m and c are éonstaﬁts.

The behaviour eﬁpresse@ by Egn. (A3.1l) has been accounted .
- for [5] in te;ms of the Fowler-Nordheim equétion for field
emission of electréns intd the l%quid dieiectric, under ary

assumption that conduction current consists wholly of

electrons injected in this way. Changes in this current

-

occur when the voltage is raised and hence,

t

-~

] " _1 ' .
d(ln V) _ 'Efif_EE?ﬁL. 1+ 2o d| 5] A3.2
d(In I) - d(In V) 2BV o
where E is the local field strength and given by (-BV}/d, B
being the field intensification factor and B is the Fowler-
Nordheim constant and is material dependent. This eqdation

L] L]

can be written as,

d(in V) _ B : \\ o
a(in T) ™ [1_+ 2BV d] . . ... A3.3
which is of the form of Egn. (A3.1).
Fluid flows away .from the tip of the electrode upon
charge injection so that dx/dt is equal to the drift velocity

Ug = bE_ where b is the electronic mobility [5]. Thus,

2

dx2 _ dx _ _ -
-l 2}(' E = ZXUd = szES =1
hence, . L
XE_ = L ' | ‘ A3.4
s = 75 ... .

On the other hand, mobility is roughly propeortional to

the .inverse of viscosity (Sillars, 1973), then,
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but,

thus,

therefore, slope

129

... A3.5

and this is what Watson's analysis says. But the author's

experimental results indicate that viscosity moves the Tihes
(changes the ordinate intercept) while the slope remains;
constant [49] and this is in contradiction with what Watson's
simple theorv says, therefore, suggests that mobility of
the ligquid plays no part and it should be convenétion that
takes place, meaning that a chérgé @ is fixed relative to
fluid but fluid moves to create a cuirent column. |

Toi;;ké any headway in our study we take a vortex ring
which expands just as smoke rings do when “they rise, Fig. (A.3.1).
Since the flow is axially symmetric, with a suitable choice of
cylindrical polar co-ordinates r, 8, z every physiéai variable
is independent of the angie 8.

The expansion acceleration equal to the vectof Cross
product wx u is 6ppositely directed at two locations. The
electrostatic force can be written as F, = poE which is

~

equal to the inertial force with acceleration @ X u. Therefore,

Te TPE=op (@xT =pp (VW xU =-p Ux (7 x07)

- = =P, UX (curl U) - ... A3.6

-~
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Figure A.3.1: Schematic Illustration of Current and Fluid
. Flow Configuration.

(The cylindrical column illustrates current
_channel before the vortex is develoved.)
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where, -
V x U is the vorticity vector
and, - . 3E '
vE=2& @E) + == 2o ... .B3.7
te r dr - 92z £ ‘
therefore, _ _
€E (V-E) = -p U x (V x U) . ... A3.8
~ -~ m -~ -~ )

If E.. B, be the éomponents of E in vertical and axial
directions, then the electrostatic force at each location can

be written as,

P Er=prp @ xU, ...A3.‘9
similarly,

g; Ez =P, WX Ur T:; A3.10
heﬁce, -

%:E_:_ | : ... A3.11

If we consider that electrons to be emitted radially
from the centre of curvature of the tip of the cathode within

a conical section of half angle 8, (Fig. A.3.1), then,

E
§5-= tan 6 ... A3.12
A

If we suppose that the motion is along the surface of the cone
then tan 6 = constant.
The rate of change of a value V attached to some particular

particle of the fluid can Pg expressed as DV/ﬁt where,
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vV =vV(z, 8, Z,t)
but if the displacement is the same as that made by the

particle of fluid in time we must have,

DV _ dv _dv dv ‘

Dt  at FUVW =G - UB =gt (B FUE) s
= _2pr = _2uE ... A3.13

dt rr dt zZz

This is Euler's eéuation of motion.

Now suppose we move on an ecuipotential line as it
"drifts" into ‘the electrode spacing when dv/dt rises, i.e.
DV/DE =.0}‘which seems to-imply that we move with a fixed _
vorticity. Then the Euler mobile time derivative reduces to,

[}

DV _ dv -\' _

EE = EE - ZUrE = S 2UZ$Z =0 -+ A3.14
therefore, -7
-~ - ’ '\\

Now we assume that the f£luid flows away from the tip upon
charge injection so that dx/dt is equal to the drift velocity

in the axial direction U, =;KEZ where K is the mobility. Thus,

v

pmgxngxpmgx §z ... A3.1s

Substituting Ez from the Egn. (23.10) into the Egn. (A3.16)
we obtain, : S '

P

.
@ X Qz = K » wx (9 x,gr) --- A3.17
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or in scalar form,

hence,

Therefore,

So,

and

Similarly by

Now if,

where

133_

P
=K -2 g2 -
U, =K et .oy )
’m . - '
]gzl- R o= o [gr] ) A?:.ls
K== (0,/U)/ (o /0 Do =-(Bp/E) /(o /o Jo
Po
K ='-E_' tan 8 ... A3.19
m w '
P By ‘~
U =—-—2 = . e A3.20
z by @ .
substituting Eg = E, Eg in the above we .get,
o_ -
o
P E, 7
[N -
U, o ... A3.21
n_2m® Ho
2K 2p tan B 2 p tan 8
=] <

-

and i, N arve viscoSity and dynamic viscosity of the fluid

respectively, is constant then Watson's model is validated.

“Since p==cons§Ept} this is the case of incompressible

<+

flow of-a hqmogeneous £fluid and is particular applicable in

the motion of a liquid [Rutherford, 1959] then n/2K is
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constant iff ne is.constant, meaning that fvortex strength is

inversely proportional to the wiscosity of\Etf fluid. But

on the other hand, ,7“

Mo =p ocurl U= T - ... A3.22
. ] i $ )

where T is shear stress in fluid, which must be present in the

L

Maxwell sfress to be balanced at all time.

\a

and,
L 4
LI B v [5]
< 2K !
\
o \ \
. therefore, -
: n ' .
[ — Ha = i T _— = y
slope. « BV = T 5> 5 tan © 5 5 tan © - constant
. [+ - o .
... A3.23

The.invdriance of slope with n impiigs that shear stress .
T is invariént (depends 6nly‘on electroée,material). By .
having ne —1, T is constant and the invariance of the )
glope with n can be explained. ' A- o
Since we supposed movement along a path where V = consﬁant
then, ‘ |
Maxwell stress component = p°V = - gg%/2 = constan£

but T = constant implies that the shear component of Maxwell

stress is constant which is consistent with our model.

=

Now,
dv 2 - 2( ' P .-
av _ _ 2 _ 2(tan ©) o
Tt 2U_ZEZ 21(32 = = 7= Ez2 /../.)‘?H3.24

So it seems that the fixed K("vortex mobilify“) implies the

?



Yy

™~

-

- . L . L _ 135

motion of the vortex with a fixed Maxwell stress tensor.

¥ In short from the experiment slope is'invariant'with

vy
o ——

v1sc051ty n and so if-the modlfled analysis above is true,
then the flow must be assumed to proceed wlth an invariant

shear component of the Maxwell stress. o

-——
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