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ABSTRACT. 

This the sis studies the breakdown characteristics of an as­

karel ( Monsanto 7030 ). A set of breakdown experiments is reported, 

using pure Nickel sphere electrodes of 5 mm. diameter with a 200 gap. 

Following careful experimental procedures, a number of series 

of observations have resulted. 

These results were statistically analysed to find the for.m 

of the probability distribution which governs the breakdown event. The 

extreme value distributions were used. Their properties have first been 

studied and a numerical method has been developed to find the relevant 

parameters of both the Wei bull distribution and the Gumbel l distribu­

tion from the measured data. 

The analysis of the observations proves that extreme value 

techniques may be regarded as being valid to analyse breakdown data. 

The statistical analysis of the results suggests that two 

different mechanisms are at work and indications were sought towards 

a physical explanation of these two mechanisms. 
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l INTRODUCTION 

This study deals wi th the brea.kdown behaviour of liquid 

dielectrics. The subject is not new, in fact the search of the break­

down strength of a liquid, i6 as old as the use of liquids as an in­

sulation of high voltages. The fact that progress has been difficult 

and slow is due to the great difficulties to find and control the do­

minant experimental factors and is also due to a few misconceptions 

of the phenomenon of breakdown. 

Originally it was believed, implicitly or explicitly that 

an intrinsic value could be found for the breakdown strength. This 

means that brea.kdown strength is a bulk property of the liquid, and 

that it is characteristic for the liquid as a whole, as weIl as for 

every small volume, if chosen large enough to avoid the influence of 

the molecular structure. It implies that the liquid is absolutely 

uniform on the macromolecular scale and that breakdown involves a 

uniform partial failure of the liquid in the entire volume, which is 

under breakdo'WIl stress. The breakdo'WIl is then a failure of the physi­

cal structure itself and its causes should be traced down to the phy­

sical equilibrium of the liquide 

Given these assumptions it must be pOSSible to designate 

a unique value to the breakdown strength, allowing only small devia­

tions due to experimental errors, following a Gaussian probability 

distribution. This is the case for liquid properties such as visco-
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sity, acidity or resistivity. 

The Gaussian distribution of experimental errors implies 

among others two important properties. The first one says that esti­

mat ors for the mode and the mean of the distribution give the same 

value. It has been shown that this is not true and thatthe distri­

bution of breakdown values is negatively skewed ( Ref. 1.1 ). The 

second property follows from the concept of standard deviation and 

infers that refining the test sample and the experimental conditions 

will lower the standard deviation. Again this is not true and even 

the opposite has been stated ( Ref. 1.5 ). 

A different approach to the breakdown process, which is al­

so theoretically,very attractive, uses the "weakest link" concept. 

This states that a breakdown originates in a weak spot, which can be 

a foreign matter, but which also can be a deficiency of the material 

itself. Both assumptions have their own adv6cates. Kok ( Ref. 1.3 ) 

studied the influence of impurity particles and in a broad sense po­

lymers of the dielectric itself. Krasucki ( Ref. 1.4 ) studied the 

growth and the subsequent ionization of microbubbles of vapour wi th­

in the liquid under influence of an electric field. Both authors 

took a detexministic point of view in the evaluation of their obser­

vationso 

Our point of view is a probabilistic one. We assume that 

a certain namber of weak spots, either particles or vapour bubbles, 

exist within the liquid and that each of them has a certain probabi­

lity of causing a breakdown. 



Under this assumption :tt appears to be perfectly logical 

to look for a breakdown probability which is composed out of a cer-

tain number of ·partial" probabilities corresponding to the different 

possible causes of breakdown inception. 

Probability functions of this nature fall within the fami-

ly of extreme value distributions. It may be mentioned that e%treme 

value techniques have been long used in the study of fatigue of me-

tals, even to the point that an important distribution has been gi ven 

the name of W~ibull, in recognition of the Swedish engineer who wor-

ked out the extreme value theory of fatigue problems.( Ref. 1.2 ). 

In fact the same two classes of deficiencies, which have 

been mentioned earlier for liquida, can be found in solids as weIl, 

namely the existence of particles of foreign ~~erial within the test 

sample and structural deficiencies ( cavities, dislocations ). 

The aim of the present investigation, is the study of the 

breakdown behaviour of a dielectric, assuming that it follows extre-

me value statistics. The test liquid Was an experimental sample of 

askarel ( Monsanto 7030 ). 

~ 

\ 
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il WEAiŒST LINK CONCEPT 

No matter what the exact mecbanism of breakdown is, it is 

clear that there is a certàin randomness in the location of the trig­

gering event, whether it is within the bulk of the sample or in the 

electrode region. 

The system under test can thus be thought of, as being com­

posed out of a large N number of possible breakdown spots, only one 

of which will eventually start the total failure. The probability 

function for the whole system therefore must account for the influen­

ce of all weak spots. 

Secondly because breakdown changes the system drastically, 

it is a one-time event and only the probability of having the first 

event is important. The probability distribution must thus be an ex­

treme·value distribution. 

2.1 Assomptions on which the weakest link concept is based. 

2.1.1 A certain number of flaws exist, or are created 

within the material under investigation. 

2.1.2 These flaws are spread in a random way throughout 

a large part of the material. 

2.1.3 A breakdown is possible for a certain range of 

experimental values. 
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2.1.4 Each of the flaws can be a cause of breakdown. 

The next three assumptions are not necessary to build up 

a theory but give more insight into the composition of the statisti­

cal distribU.Uan. 

2.1.5 Flaws act independently of one another. This as-· 

sumption introduces a very small error when the 

distances between flaws are large, compared with 

their region of influence and when the time inter­

vals between brea.kdowns are large enough te ensure 

the return to normal of the test semple. 

2.1.6 The probability that a certain predetermined flaw 

will cause breakdown is very small. In other words 

no dominant weaknesses are available. 

2.1.7 The probability of being the cause of a breakdown 

is the same for each of the flaws. 

Assumption 7 leads 3;o:' .. Yery attractive formulae but its 

benefit is perhaps only of an academic nature. 

2.2 A first approach. 

Define R(x) as the probability of survival up to x. This 

function is called the reliability. x is the independent 

variable, Which can be time, voltage, stress. p(x) is the 

cumulative distribution function for the probability of 

brea.kdown up te x. 
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Clearly R(x) = 1 - p(x) 

The reliability R(x) cannot increase with x (corrolary on 

the axioms of probability ( Ref. 2.4 ) p.26 ) 

dR(x) = -3 (x) dx with 3 (x) ~ 0 

It is logical to assume that for equal fiaw activity, the 

chances of breakdown will be larger for larger R(x). It is 

therefore convenient to define the following relation: 

3 (x) = z(x) .- R(x) 

Define: intensity function 

z(x) is called the intensity funct~on. It is a 

measure for the activity of flaws within the 

sample., 

dR(x) = - z(x) 0 R(x) dx 

or .. dR(x) 
= - z(x) 

1 

R(x) 

and 

w(x) bas little physical meaning,therefore it is 

not mentioned explicitly in any of the important 

text books or articles. It gives the cumulative 

effect of the fiaw a.ctivity up to x. 



Plots of - w(x) versus x, have been used very fre­

quently under the name of "Laue plots" ( Ref. 2.1 ) 

The relations for R(x), p(x), and f(x) follow immediatelT : 

R(X) = exp {- w(x)} 

p(x) = 1 - exp { - w(x)} 

dP d 
f(x) =-=-- exp ~- w(x)} = z(x) • exp {- w(x)} 

<lx dx 

f(x) = z(x) • R(x) 

Note: R(x ) = 0 implies 
m8% 

This development wes quite general, but it is power-

ful in defining relations between the degree of flaw 

activity and the probability of breakdown. 

More precise info~ation is gained from a second 

analysis. 

2.3 A second approach. 

Let there be a large number of flaws N(x) within the mate-

rial, all of which caon cause a breakdown. Say the probabi-

li ty that the flaw designated by the arbi trary order n~ 
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ber n, causes a brea.kdow. wi thin the interval d:x: is ~ (x) .. dx 

and tba.t the reliability up to x is R(x). 

B,y assumption 4 the probability of brea.kdown in the inter-

val ch: can he calculated to he 

N(x) 
dP(x) = R(x) - R(x)"lT (1 - sn (x) ch: ) 

n=1 

and because dp(x) = - dR(x) 

N(x) 
dR(x) = R(x) .' TI ( 1 - sn (x) d:x: ) - R(x) 

n=1 

sn(x) is small by assumption 6 and a fortiori ~(x) ch: 

Nt)X) N(x) 
Thus :' '; (1 - sn(x) d:x: ) = 1 - 2: ~(x) ch: 

n=1 n=1 

with negligible error 

N(x) 

and dR(x) = R(x) - ~ go (x) • R(x) dx - R(x) 
n=1 

or 
~) 

dR(x) = ~ ~ ~(x) .' R(x) ch: 
n=1 

A comparison with previous analysis shows 

N(x) 
z(x) = ~1' ~(x) 

If condition 7 is also met ~(x) = g(x) 

and z(x) = N(x) • g(x) 
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The last relation is conceptually vexy powerful because 

it makes a separation between the specifie properties of 

the naws ( g(x) ) and the size - or the rate of growth -

of the weak point population ( N(x) ). The factor N(x) is 

immediately linked to the size effect which is one of the 

basic properties of extreme value statistics. 

2.4 Properties of z(x). 

2.4.1 z(x) dx = 
R(x) - R(x + dx) 

( Ref. 2.4 ) p.248 

R(x) 

z(x) dx j is the ratio between the expected number 

of failures in the interval (x, x + dx) divided by 

the expected number of good components at x. 

z(x) d.x , is the probability of failure in the in­

terval (x, x + a.x) provided the system did not fail. 

before x. 

2.4.2 Define 5 , moment of failure 

f(5 ) probability density function of 5 
then z(x) dx = f( x /5 ~x ) at the point 5 = x 

Thus z(x) equals the numerical value of the condi~ 

tional densi ty function f( x /5 ~ x ) for.5 = :x. 

However as x varies, the condition {5 :y x} changes. 

Therefore z(x) is not, as has sometimes been stated, 

the conditional density function ( Ref. 2.4 ) p.110. 

'"""' \ 
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2.4.3 It is clear from the structure of the relations, 

which have been found between R and z, that z is 

very insensitive to changes in R, while at the other 

hand R is very sensitive to changes in z •. 

z gives a measure of the flaw activity within the 

sample. Thus R is very sensitive to changes in the 

flaw activity. This should explain why, small most­

ly uncontrolled or even unknown differences in ex­

perimental techniques, give widely differ:i:ng mea.n 

values of breakdown. 

2.4-4 It is quite important to realize that z(x) is not 

a probability function. As a consequence none of the 

properties of prob~.bility functions applies to this 

function. It is conceptually more correct to visualize 

z(x) as a function which represents some physical 

realities, concerning weak spots in the test sample. 

2.4.5 Yruch work has been done by statisticiens on extreme 

value p::,oblems, a1rea.J.y quite some time age. Gumbel 

wrote a very good handbook on the subject ( Ref. 2~) 

Weibull used erlreme value principles since 1939, to 

explain the fatigue stre~h of metals. He relates 

his studies on statistics in a very comprehensive 

textbook ( Ref. 1.2 ). 
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2.5 Some implications of the definition of z. 

2.5.1 Some authors have worked on a deterministic model 

of breakdown. Among them Krasucki has developed a 

model based on the breakdown inception within a 

vapour bubble ( Ref. 1.4 ). The theory gives an 

order of magnitude estimate of the breakdown value 

for very pure liquids ( n-hexane ). It also predicts 

time-lags in some experimental ranges. It assumes 

however, that vapour bubbles of a certain nûnimnm 

si2e are produced in large quantities, almost instan-

taneously when swi~ching on the high voltage source. 

The generation of microbubbles however is in itself 

a random pro cess which eau be studied by extreme ~ 

lue techniques. The non-normali ty of the breakdown 

di~.tribution proves that the random part is very im-

portant. 

2.5.2 It is relevant to consider three regions for z(x) 

which are defined in reliability theory ( Ref. 2.3) 

p. 17, (~ef.2.5) Ch.1i before attempting to find ana-

lytic approximations for the intensity function. 

A first region describes the early failures caused 

by "constrnctional defects" and is characterized by 

z(x) = exp {- g(x)} • Breakdown times during the 

conditioning period must be described by this function. 
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Brignell (Ref •. 1.5) has successful1y applied the con-

cept of "constructional defects" to the conditioning 

periode 

A second region deals with failures which are random-

1y distributed z(x) = K •. This mode1 could weIl apply 

to z(t) because there is no reason to be1ieve that 

the chances of breakdown within a certain time inter-

val will be 1arger than in any other. 

The third. :cegion describes the "exhaustion" failures. 

z(x) = exp {g(x)} 

Fai1ures in this group are caused by deterioration 

of the test objecte The formula probably app1ies to 

the breakdown probabi1ity as a function of voltage. 

The existence of wear-out fai1ures shows that extra ..... 

polation of results must be done with extreme care. 

1 
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nI LITERATUBE 

Despite the limited number of publications concerned ex­

clusively with the statistical nature of dielectric breakdown, quite 

a number of researchers have used extreme value the ory to explain 

their experiments. Therefore a close look at the literature will sub­

stantiate this viewpoint. This will be done in chronologica.l order, 

putting together pie ce by piece the elements of the present theory •. 

During the review, the probability functions in time space 

or in voltage space will not be treated seperately, because the axioms 

which substantiate the theories are the same for both probability 

f'unctions __ Emphasis will be placed on the manner in which previous 

authors came to their conclusions, more than. on the experimenta.l re­

sults themselves. For the same reasons, r~:ports of experiments on" 

both gaseous and solid dielectrics are included. To contrast with the 

behaviour of dielectrics, articles dea.ling with mechanica.l strength 

are also mentioned. At the end, of this chronological review, the 

conclusions will be summarized and some results pertinent to the cur­

rent experiments will be listed in Appendix I. 



3.1.1 M. von Laue (Ref.2.1) (1925) 

Von Laue in ms remarks on the measurements of K.Zuber~:~ 

(Ref .·3.1) ws perhaps the first to realize that breakdown is prin-

cipally a random process, wmch obeys a special class of probability 

functions. Theory ws developed to find the distribution of time-lags 

registered when measu.:ring the breakdown strength of _:-air gap. 

Re assumes that a constant D.C.voltage is applied over Në 

identical spark gaps. Arter a time t no flash-over will have occur-

red in N.V(t) of the spark gaps.- The number of sparks in the interval 

t to t + dt will therefo:re be N.dV(t). The cause of these flash-overs 

may have been the injection of an electron or anion infN.V(t) dt of 

the spark gaps. These elec~d~ charges will have a probability pet) 

of causing a spark. The basic relation results: 

N.dV(t) = -pet) .fN .- v(t) dt 

and ln v(t) = -t1!(t) dt 

or V(t) = exp {- f I;(t) dt] 

It follows that V(t) is the reliability R(t) and [>p(t) the intensity 

function z(t). 

pet) is independent of t if the probability that a certain electron 

causes a breakdown is unaffected by previous sparks. In that case we 

find the familiar :relationship z(t) = 1 p = constant. 
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The name of von· IIS:!.le is also connected wi th a special kind 

of plot wide17 used in reliability statistics, name17 the "Laue plot". 
n(t) 

This is a plot of ln - against time, wi th n the number of break­
Ir 

downs up t9: time t. and N the total number of breakdowns. As can be seen 

n(t) . ft. 
ln R= ln -;- = ln V(t) = - f}o p(t) dt. 

ln R is represented by - w in the notation used in this re-

port. Therefore Laue plots are plots of - w against the ~ 

riable. 

3.1.2 B. Epstein (Ref.3.2) (1941) and H .. Brooks. 

The authors have brought the ideas developed by Gmnbel and 

Weibull to the field of ele~ical engineering •. They W-rote a ver,r com-

prehensive artiale on the subject of extreme value statisties, 

applying these ideas to the dielectric strength of paper capacitors. 

They relate the dielectric strength to the distribution of t:&eAn.ze 

of condueting particles •. Stating that the strength of a capacitor is 

the strength of its weakest point, they direct17 relate the expected 

size of the large st particle to the breakdown probability. They also 

state that the probabllity of finding large parlicles will increase 

with the volume of the capacitor and therefore the dielectric strength 

must decrease •. 
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The authors use .À e-- Àx 
as the distribadiion of particle 

sizes in the capa.citor paper and find for the dis~bution of the 

large st values, out of' a sample size n 

( ) \ -~X( 1 -Àx )n - 1 
~ x = nAe - e 

The limit of this distribution for n--c:;:O is the double 

exponential probabili ty function, knOw. as Gumbel I. ... 

The"lifetime" of a bearing is discussed in this paper. It 

is assumed that the expected lifetime of a bearing follows a Wei~ 

distribution i.e·;.. 

L oZ 
z = (-) and 

b 

{ 

b 
R. = exp --

0<.+1 

L o<.+1} 
( - ) 

b 

The applicability of the Weibull distribution points te­

wards an aging effect (see 2.5.2). The nominal lifetime i8 defined 

as the lifetime which is reached by 9&% of the bearings. The same 

definition is given b.1 the standards of the International Standards 

Office ( ISO ). It is interesting that extreme value theory was al-

ready used in a standard for bearings, while the application of wea.k: 

lirik statistics was only being attempted for dielectric brea.k:down. 



,.1.4 R.F. Saxe and P.J. Lewis (Ref.,.4) (1954) 

The authors link: up wi th the ideas of von Laue. They sub­

stantiate his theory by assuming that electrons are injected at a 

ratel: ( electrons per second ) into the spark gap. Each of these 

electrons has a proba.bility W of causing a breakdown. The probabi-

l1ty 1s therefore related to the product W I. 

A compar1son with the for:mula. of von Laue shows that W 

corresponds to the p( t) of von Laue and I. to the r . Thus z = W L. 

W must be field dependent, Wile l is assumed to be constant. That 

means that the emission of elec"trons from cosmic radiation, as weIl 

as the cathode emission are constant with respect to time. 

Under these conditions z(t) is constant. 

3.1.5 K.R. Weber and R.S. Endicott (Ref.1.1) (1955) 

Weber and Endicott were the first to systematically use 

extreme value theo~ in their work. They used a set of four Rogowski 

profile brass electrodes. The electrodes had diameters of respectively 

16mm, 51mm, 25.4mm, and 11.8imn, the spacing in each instance being 1.9mm. 

The,applied voltage was 60 cycle a.c. continuously rising at the stan-

dard rate of 3 kV per second. 

The authors applied the Gumbel l distribution to their da.ta 

i.e. z = ea(V - Vm) (Vm is called the modal VOltage). 



They calculated "aIl by the method of moments. ]y compa.:ring 

the results which were obtâined with the 4 different elecirode sizes; 

they confirmed the size relationship, which was predicted by Gumbel 

and which is fundamental to all extreme value statistics •. The0:t7 pre­

dicts a linear increase of z wi th size and the resul ts of the experi­

ments conform very well wi th this the ory .' 

The sise effect found by Weber is an a.rea effect. He did 

not find a dependence on the electrode distance, when the spacing 

was changed from 1.9mm to 6.35mm. Logically the brea.kdown event must 

the::âore be electrode dOminated, which means that, either the emis.; 

sion of electrons, or the dielectric effects at electrode asperities, 

and eventually the hydrodynamic effects at the electrode-liquid in­

terface are responsible for the triggering event. 

The maxima out of groups of m subsequent experimental data 

exhibit a size effect of the same nature. This effect.'.is also detec­

ted •. In a recalculation of the data of group 4 (see section 5.4.5) 

a. standard deviation was found of ~54Vbetween the theoretical curve 

and the experimental data. This .té only 1.,15% of the average break;' 

down value, while the data are only listed at 1 kV intervals. The 

closeness of the fit therefore suggests that only one mechanism is 

responsible for the breakdown. 
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3.1.6 T.J. Lewis (Ref.3.5) (1956) 

Lewis states in this article that, for insulating oils, 

the definition of l ( which he defined as the :rate of electron ge­

ne:ration within the gap, in his previous ten ) must probably be 

broadened to include initiations by ionic impurity, dust particles 

and ionisation in gas bubbles. 

In paragœphs 8, 9 and 10 Lewis calculates the effect of 

the sample size on the accuracy of the experimental :results. Re cal­

culates that the discrepansies beween measured :resul ts can be ac­

cCÎl'tl.~ted for by statistical randomness, allowing errors of as much 

as 26% when the semple size is 10. 

3.1.7 K.R. Weber and R.S. Endicott (Ref.3.7) (1956) 

The authors corrobo:rate their experimental :results, :repor­

ted in earlier papers (1.1). This time they used an electrode wi th a 

diameter of 457mm. together with the previously used 4 electrodes. 

The a.rea effect proves a.ga.in that the weak link concept is valide 

The double exponential distribution is compared with the 

Weibull distribution. Both of these give acceptable :resul~ for aJ.l 

experimental values. Rowever, the Wei bull dis tri bution does not fit 

in well 'With the rnjnjma of groups size effect for one point of the 

data .. 
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The authors conclude therefore that 811 other properties 

being the same, and no theoretic81 reason being prevalent, the double 

exponenti81 distribution can be chosen as the best fitting. 

3 •. 1.83- B.W. Ward and T.J. Lewis (Ref. 3.8) (1959) 

A theor,r for the breakdown time-lag is founded on the fol­

lowing assumptions: 

a) Electrons are ejected randomly from the cathode with a 

mean rateI:per second. 

b) Each electron has a probability Wof initiatiDg a break-

down process. 

c) There is a formative time-lag tf. The formative time­

lag corresponds to the time needed for a spark to fom" 

after the initiating event has happened., The statistic81 

time-lag is the time passing before the event happens. 

3 •. 1.9 T.J. G81la.gher. and T.J. Lewis (Ref.3.10) (1964) 

In this article the statistical theor,r for time-lags is 

applied to liquid argon. However for the breakdown strength averages, 

arecalculated, assuming normal distribution .. 
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3.1.10 A.J. :Beddow and J.E. :Brignell (Ref. 3.11) (1965) 

The time-lag is composed of a statistical time-lag and a 

formative time-lag. The statistical time-lag is distributed as 

where U(ts ) is a unit step 

i'unctioIt.-

The formative time-lag is normally distributed with a 

mean to and a standard deviation <r • The combined distrïoruon is 

given by the convolution of the two densities. 

[
Xl (k2_ x) 

f( t) = ~ 1 + erf( -; - k) J e 

with k=J~ 

. and 

The distribution reduces tCI the negative exponential dis-

tribution for large x 
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3.1.11 J.E. Brignell (Ref.1.5) (1966) 

Brignell was the first to de scribe the breakdown event as 

a weak link phenomenon, both in time space and in voltage space. 

In voltage space he chooses z = e (aE - b) (Gumbel I) and 

in Ume space he uses the convolution already given in his earlier 

article (Ref. 3.11). 

In his discussion :Brignell states that the physical fact 

defining z(x) might not be unique. He considers for instance the 

for.mation of particle bridges in the sp~ gap at low stress levels. 

He made no experiments however to find the intensi ty f'tmction rela-

ted to these particle bridges •. 

Note: Brignell's function notations are inconsistent with 

the notations of most other authors. He writes p(x) for the probabi­

lity density function f(x) and R(x) for the cumulative distribution 

p(x), while ~(x) corresponds to z(x) the intensity function. He 

writes reliability ( usually written R(x) ) as 1 - R(x). 

3.1 •. 12 P. Dokopoulos (Ref.3.13) (1968) 

Dokopoulos wrote a clear report on the breakdo'WIl probabi~ 

li ty of dielectrics in general. He deals very erlensively wi th the 

size effect and gives expressions for the mean value, and the stan .. 

dard deviation of the Weibull distribution. He performed experiments 



on transformer oil ( 5mm. spacing ) and on an epoxyresin and found. 

a size effeèt which fitted the Weibull distribution in both cases. 

He only worked in voltage space. 

,.1.13 J.M. Oudin, Y. Rérolle and Ho- Thévenon (Ref.3.,14) (1968) 

The authors deal wi th the breakdown probabili ty of poly­

ethylene insulated high-voltage cables. œse article is based on the 

following three assumptions: 

1) B:r:eakdown 1s a phenomenon characterized by a random 

variable in 2 dimensions ( time to breakdown and elec­

trical stress ). 

2) B:r:eakdown has i ts origin in a very small region of the 

insulator. 

To compare two samples of different size the following re-

a b a b ( lationship is used: N1 t 1 E1 = N2 t 2 E2 N1 and N2 are size 
factors) 

Graphs of ln w against ln t, give straight lines when the 

lleibull distribution is valide Therefore these graphs were used by 

the authors to find a and b for pOlyethylene cables.Theyfound a clear 

discontinuity suggesting that two entirely different mechanisms cause 

breakdown in cables. 
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3.1.14 S. Palmer and W.A. Sharply (Ref.3.18) (1969) 

The article by Palmer and Sharply is interesting because it 

is quite unusual and disagrees very strongly with the other authors 

working in the field of breakdown experimts. Palmer and Sharply fit 

their observations to a normal distribution and find a very good . 

agreement. ( Weibull has shown that the extreme value distributions 

can be approximated by normal distributions, except for the values 

of high and low breakdown probability. (Ref. 1.2) p.225. 

Experiments are reported which show the dependence of the 

mean failure stress on the oil volume. The relationship is of the 

form: E = A - E· ln S 

S being the physical size of the sample, in this case the size is 

represented by the volume. This last relationship supports the assump­

tion that breakdown failures are extreme value distributed, in con­

tradiction with Palmer and Sharply's theory. 

The resul ts of a very large number of breakdown data obtai-

ned on transformer oil (2 mm. spacing) are reported. Extreme value 

theory fits the data very weIl. A volume dependence has not been found, 

while breakdown shows a dependence on the area of the electrodes. 
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,.1.16 J. Artbauer and J. Grisy (Ret.,.20) (1970) 

The authors do not use the double exponential probability 

distribution on theoretical gTounds. In tact the double exponential 

distribution gives a small but non-zero probability of breakdown for 

negative values of the variable. For this reason the vleibull distri­

bution was prefe~ed. The Weibull distribution also predicts better the 

volume dependence, for the experiments on polyethylenes, which are 

reported in this article. 

,.1.17 E. Occhini (Ref.,.21) (1971) 

Occhini uses the adapted Weibull distribution as presen­

ted by Oudin and co-authors and applies it to large series of tests 

on samples of high voltage cable. Experiments are in good agreement 

wi th the theor,v. 

,.1.18 H. Luy and F. Oswald (Ref.,.22) (1971) 

Measurements on polyethylene are reported. Volume depen­

dence is measured both with and ,iithout pressure applied to the test 

sample and it is stated that the volume dependence is negligible when 

pressure is applied. 



26 

3.2 Conclusions 

3.2.1 z(t) 

The time delay"before breakdown occurs, is composed of 

two distinct parts. A first part, called "statistical time-lag" is 

a random variable connected with the waiting time before the break-

down initiating event takes place •. A second part called "for.mative 

time-lag" is equaJ. to the time necessary to accomplish the breakdown, 

once the initiating event has happened. Most studies only dealt with 

the first group, which generally was assumed to have a constant in-

tensity function. 

The existence of the formative time-lag has been mentioned 

as early as 1956 by Crowe (Ref.3.6) but has been extensively studied 

b.r Brignell and his co-workers (Ref.3.11), (Ref.3.12), (Ref;1.5) and 

(Ref .·3.15). Beddow came to the following resul ts for n-hexane (Ref. 
3.15) 

z( t) = f (constant) 
s -ft 

or f(ts) = f e s for 

1 

(to average value of the formative time-lag, q- standard. deviation 

about the mean). 
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In between these two regions the real delay-time t = tf+ t s 

must be calculated. The corresponding distribution f(t) is the convo­

lution of the two previous distributions ( appendix II ). 

for 2.10-6s <t <3.10-5s the following approximation is valid: 

erf 
t - to 'l:...l!-

<fi"J - 12) ~1 

2 2 crt 
; ~O 

2 

f(t) 

Some authors working with solids assume a Weibull distri-

buted time-lag (Ref.,.14), (Ref.3.20), (Ref~3.21) 

t oZ 
z(t) = (-) 

\ 

Lewis and co-workers (Ref.3.4), (Ref.3.5), (Ref.j48), (Ref. 

3.9) have tried to find a pbysical model for the function z(t). They' 

assume z(t) = W 1. 

W is the probability that an electron in the dielectric is 

the direct cause of a breakdown. l is the number of electrons injec-

ted per second. 
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Lewis mentioned in (Ref.3.5) that the definition of l must 

probably be broadened to include impurities and vapour bubbles but he 

never applied his suggestion. 

A comparison with the general fOrIn for z (Ref";.2.3) gives 

z( t) = N( t) • g( t ) = 'of l 

It shows that Lewis made explicitly or implicitly following assump-

tions: 1) The free electrons are weak spots of the dielectric or 

are the origin of" them. 

2) The number of" weak spots is proportional to the number 

of" free electrons in the dielectric. 

3) Each free electron acts independently of the other free 

electrons. 

Strength of the the ory: 

- The relation between the intensity function and the rate of injec­

tion of electrons into the dielectric, qualitatively explains the 

influence of the electrodes on the breakdown time-lag. 

- Lewis separates in his analysis electrode- and liquid-controlled 

breakdowns, on the base of W being liquid-controlled and on the 

base of l being electrode-controlled. 

Wea.kness: 

- The the ory accounts insufficiently for the existence of particle 

and vapour-acti vi ty in the liquid. 



i 
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3.2.2 zeE) 

a(E - E ) 
Weber (Ref.1.1) chose zeE) = e m • He compared bis 

data with the three extreme value distributions suggested by Gumbel 

(Ref.2.2) p.159 and found the best agreement with Gumbel l ( double 

exponential ). In a later article (Ref.3.7) the Weibull distribution 

was used as weIl and found to fit the data as weIl as the double ex-

ponential, except in one respect.7'It ws found that Gumbel l Dètter 

fits the m.inima of groups size effect. This difference is however in-

significant. 

The Weber choice has be~n corroborated by Brignell (Ref.1.5) 

and Epstein (Ref.3.2), but sufficient proof has never really been 

given. 

The Weibull distribution has been used by most authors wor-

king wi th solids (Ref .3.13), (Ref.3.14), (Ref .·3.20), (Ref .3.21). 

Dokopoulos (Ref.3.13) also used a Weibull distribution to 

explain bis experiments on transformer oil, and corrobora;f;ed bis choi-

ce by considering the size effect in the same way as Weber did earlier. 

It must be concluded that sufficient proof has not been ;. 

given to choose one or the other of the possible extreme value distri-

butions. A physical explanation has not yet been tried for this inten-

sity function. 
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3.2.3 z( t,E) 

Only a few authors have attempted to find the two-dimensio-

nal probability distribution of breakdown and, if acceptable analytic 

functions are available in the wo previous cases, this is not true 

for z(t,E). 

Brignell worked out an unrealistic model for the impulse 

strength of dielectrics (Ref.1.5)~ 

Gzowski (Ref.3.1?) tried a formula which gave a numerical 

correction to the time-lag distribution found by Lewis. 

This latter model cannot in general be applied, because it 

is not possible to calculate f(t) or f(E) from ms formula. 

Oudin (Refo3.14) proposed a formula, not for z(t,E) but 

for w(t,E). It is a generalization of the Weibull distribution 

w(t,E) = CEb ta. At the sarne time he uses w(t) = Kta • 

If one calculates f(t) from f(E,t) one finds that f(t), as given by 

Oudin and co-authors, is in reality the conditional probability 

f( t / E ~ E ) max 

and is given by 

f( t / E ~ Emax) = Ca E~ ta - 1 eXP {- CE~ ta} 

The following relation is clear K = CEb 
max 

06 

f(t) as calculated from j::f(t,E) dE gives f(t) = 0 
o 

The formulae of Oudin and co-authors are thus not entirely 

consistent with probability theory. 



3.3 Some properties of the extrema value distribution. 

3.3.1 Exponential distribution: 

z(x) = X 
w(x) = 1~ dx = >..:x: 

o 

->..x 
R(x) = e 

- >.:x: 
f(x) = ~ e 

1 _. { 1 foo -À:x: 
x = E x = 0 .Àxe dx = À 

1 v= _. 
>-

probable 7alue of x 
1 1 1 

x(p) =- ln 
_. 

= x ln 

1 - P 1 - p 
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The standard deviation is hence equal to the mean value. 

They are both equal to the inverse of the intensity fUIiction. It.~fo3:-

Iowa immediately that a small intensity function will correspond to a 

large mean value and a large standard deviation about the mean. 



3.3.2 Weibull distribution: 

x d.. 
z(x) = S ( - ) Where S is a size dependent constant. 

d 

Sd x 0<. + 1 
w(x) = - (~) 

0(+ 1 d 

f(x) = z(x) • e -w(x) 

dW(x) = z(x) dx 

01,.+1 oZ 
say-d =k 

S 1 -
x = ( kw ) 0(+ 1 

0< 
S -

z(x) = - ( kw )0{+ 1 
dO\. 

limits x ( 0,00 ) 

w ( 0,0'0 ) 

x = 10; · .(x) • e -,,(x) dx = 10: . e-w dv 

1 --w e dw keX + 1 r (0<.+ 2) = • ~ 

32 



{ 2} [002 _W 
E x = 0 x e dw k

o(! 1 foO O<...! 1 -w.:l. = W e- \.LW 
o 

1 

cr = k 0(+ 1 

= ko(+ 1 
2 

n 0\.+3 
• 1 ( ) 

0<.+1 

[r 0(+3 1r1 2 0(+2 J (-) - ( ) 
0(+1 o{+1 

1 
'2 

1 
'2 _ [n:: ~) - r 2 (:: ~ ) J 

or cr = x .. -----------------

l
n 0(+ 2 

( ) 
0(+1 

1 

x(p) = [k ln ..1-..] ~11 = 
1 - P 

-x -LJ~ 
1 - P 
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The mean value, the standard deviation and the value with 

probability P show the same dependence on the size. 



3.3.3 Double exponentiel distribution (Gumbel l ) 

z(x) = S ea(x - x*) 

w(x) = 
S a(x - x*) -e 
a 

r(x) = z(x) • e-w(x) dW(x) = z(x) dx 

x=x*+.1 ln ~ a. S 

z(x) = aw 

limits x ( -00 , +00 ) 

w(O,oe ) 

0.0 

X - xl' = 10 ( x - x* ) e-
w 

dw 

oCl 

1 ln a ;: e -w dw = a S 
1 

+ -a 100 -w 
o ln w e dw 
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7 - -a with Y = 0.5712 ••• Euler's constant 
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00 

E [< x - x* + fa J [ln r] 2 • e -w dw 

00 

=;2 [ [(ln ~)2 + 2 ln ~ • ln w + (ln W)2J -w • e dw 

x(p) 1 '1 - 7 1 1 
+ a ln ln T::P = x + a + a ln ln 1-:F 

The standard deviation is independent of the size but pro-

portional to the inverse of a. It can again be seen that a slowly 

rising intensity function gives a large standard deviation. 

The mean value is inversily proporlional to the logaxi thm 

of the size. 
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IV EXPERIMENTAL 1-l0RK 

Many investigators have realized that automatic measure­

ments and a severe control of the experimental parameters are neces­

sar.1 to give reliable data for breakdown measurements,parti~arly 

of dielectric liquids. (Ref.1.5), (Ref.3.1), ( Ref.4.3). 

Originally many researchers assumed that the normal dis­

tribution represents the statistical spread of breakdown values. This 

assumption implies that refining the test conditions, should give a 

better defined mean value with a smaller standard deviation. 

Quite the contrary was found.IJtsearch for an explanation, 

different breakdown mecbanisms were studied. As has been seen, the 

extreme value statistics give a logical explanation for this pheno­

menon. This theor,y says that the better the purification of the oil 

and the better the preparation of the electrodes, the less flaws are 

to be expected and the larger will be the spread in breakdown values. 

It has also been mentioned earlier (section 2.4.3) that the 

reliability is very sensitive to changes in the flaw activity. There­

fore measurements must be perfo~ed with extreme care to be consis~ 

tente Realizing that the human factor often disturbs the quality of 

experimental results, through unknown and uncontrolled influences, 

several researchers have designed automatic measurements (Ref.1.1), 

(Ref.3.1), (Ref.3.5), (Ref.3.7), (Ref.4.1) 



A view of the test-cell during the experiments. 



A view oÎ the test-cell during the experiments. 
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4.1 Experimental apparatus. 

4.1.1 Test-cell. 

The test-cell had a stainless-steel body. The inside space 

was basically cylindrical wi th a diameter of 1i inch and. a length of 

~ inch, allowing a volume of Uquid of appro:dma.tely 30 ml. At both 

ends an insulating spacer of glass-loaded tef.lon was screwed on to 

the body. Four quartz windows allowed observation of the electrodes. 

All sealing rings were tenon .. The test-cell was evacuated by an Ed-

wa.rds rotary mechanical pump. The test-cell could be separated t'rom 

the vacuum system b.1 a glass separating flask. 

4.1.2 Electrodes. 

The electrodes were pure nickel spheres of approximately 

5mm. diameter, and had a ~Ch diameter stem. They were sUd into 

an electrode holder and clamped with a set screw. 

The electrodes were polished by a soft cotton buffing 

wheel until no scratches we:re visible under a :x: 100 microscope. Then 

they were polished with felt using tooth-paste as a polishing com-

pound. Thereafter the electrodes appeared perfectly shiny under the 

microscope. They were first boiled in water and later in acetone, 

before beiog put ioto the test-celle 



1 .. , 

38 

The electrode spacings used were 150!, 20Of' and 30r" 
It is well known that spheres give a good approximation to uniform 

fields, if the radius is much larger than the distance between the 

spheres. The degree of non-uniformi ty can be calculated by the for-

mula: 

Ema.x, 

E av 

with k =.! + 1 r 

x gap spacing' 

r radius of the sphere 

The following results were obtained: 

gap distance (in r ) 
Ema.x: / E av 

150 200 

1.020 1.021 

300 

1.041 

The degree of this non-uniformi ty was not negligi ble but 

should not disturb the breakdown statistics. In addition this in-

vestigation was aimed more at the nature of the statistical distri-

bution of breakdown values than at the exact value of the breakdown 

voltage. The electrode distance was adjusted by means of .an "Etalon" 

sèrewmièrDl!leter,adjustable to within 2(. 
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4.1.3 High-voltage source. 

The main lines of the design of the high-voltage D.C. SO'll.r-

ce have been conceived by Dr. F. Spitzer. It is a development of the 

source designed by him in his research at London University (Ref.4.3). 

The major improvement was the incorporation of a choice be-

tween 11 different rates of voltage application. 

The final design and the construction of this source have 

been performed by S.F. Luk, as ms student project, in the summer of 

1970 (Ref.4.6). 

The heart of the high-voltage supply was a "Brandenburg" 

E.R.T. generator, model 803 (3 to 30 kV at 3 mA). It was nor.mally 

set at a certain minimum D.C. level (4 kV in these experiments). 

A ramp generatillg circuit was coupled to the control circuit of the 

Brandenburg generator •. lv.hen the "start" button of the ramp generator 

was pushed, a ramp was applied to the control of the R.V. generator, 

which in tur.n amplified the ramp voltage and applied it to the test-

celle When breakdown occurred a pulse was generated across a resistor 

between the cathode of the test-ceU and ground. This pulse was ap-

plied to the ramp generator and fulfilled three fanctions. 

It triggered a thyratron to divert the spark energy from 

'the test-cell, it stopped the ramp and set the voltage back to the 

original level (4 kV in our experiments), i t started a time-delay 

adjustable from 5 sec to 200 sec. After this time-delay a new ramp 

was automatically applied. The ramp generator also included a compa.-

~ ------- ---- ---1 
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rator circuit, which stopped the ramp at a preset voltage, if break-

down had not occurred. It reset the ramp generator and started the 

time-delay. A current limiting resistor of 10 MA connected the high. 

voltage supply to the anode of the test-cell •. A potentiometric divi-

der applied the anode voltage to a chart-recorder~ To calibrate the 

cbart-recorder the voltage was measured directly at the anode of the 

test-cell with a high-voltage meter. The chart-recorder readings were 

taken at several voltage levels. After controlling the linearity of 

the recorder circuit, the ratio was calculated to be 1mm Z278.2V~ 

A block diagram of the ",hole circuit is given in Fig. 1. 

1 
-_! 
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4.1.4 Askarel.-

Askarels are a class of synthetic, non-flammable liquids 

widely used for capacitor impregnation and transformer insulation. 

Chemically these liquids are poly-chloro-diphenyls. 

The degree of bydrogen-chlorine substitution is reflected 

in their pbysical properties: namely viscosity and thermal characte-

ristics. A mixture of askarels of different saturation is used with 

a slight amount of additives. These additives, called scavengers,-

neutralize the free chlorine radicals generated b.Y ionisation. 

The askarel used in these experiments was a sample of 

Monsanto 7030 (Lot KM 2636), prepared for experimental use by Monsan­

to. It contained 7~ Aroclor 1254 ( penta-chloro-diphenyl ) 

3~ Trichlorobenzene 

0.2% Phenoxy Propane Oxide. 

The table below shows the relevant characteristics of this 

liquid compared with other transformer insulation. 

Table l 

Liquid Dielectric Properties ( ASTM Specifications ) 

Kinematic Density Dielectric Dielectric 
Viscosity Strength Constant 
2/ -6 m s:x: 10 kg / m' (kV) 

Monsanto 9 - 10 1518 - 152E 35 4.2 - 4.5 (Ref.4.7) 
7030 

Transfor- 5 - 6 1563 - 152E 35 3.8 - 4.2 (Ref.4.7) 
mer 

Askarel 

Transfor- 9 - 10 852 - 88~ 47.5 - 2.2 - 2.3 (Ref.4.2) 
mer 42.5 Oil 

-­, \ 
! 
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4.2. Statistics. 

4.2.1 Choice of measurements. 

Brea.kdown is a random event both in voltage and in Ume 

space. Therefore measurements must be made so that a probability of 

brea.kdo'WIl can be attached to every point of the voltage versus Ume 

space •. :Because a series of measurements, which scans all points of 

space is hardly conceivable, a compromise has to be made~ Since tha 

ramp rates available from the H.V.supply cover an important part of 

the voltage versus time plane fairly well, we have used every ramp 

an equal number of times. 

The probability density with respect to voltage can be ob-

tained as the marginal distribution on the voltage axis, while the 

densi ty wi th respect to time is 0 btained in the same way on the time 

axis. 

It has been mentioned earlier (sec.4.1.3) that the Bra.n-

denburg generator could not supply voltages from 0 Volts up to maxi­

mmn, therefore only part of the (t, V) plane is covered and this will 

cause an error in eva.luating the data. If the probability functions 

involved were known, this error could be calculated. The two margi-

na1 density distributions will be calculated to judge the importance 

of the error. cD 

f(V) =;: f(t,V) dt 
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Time-lags are measured from 0 up to t , the distribution 
max 

can therefore be obtained. The density will only be valid, however 

for V~V •• (V. = 4 kV in this case). IIUIl IIUIl 

00 

f(t) = fa f(t,V) dV 

The integral can not be calculated because only part of its 

range is measured. The error can be judged from: 

I
v. 

f(t) = IIUIlf(t,V) dV 
o 

00 

+ J r(t,v) dV 
max 

~OOr(t,v) dV = O~,becanse the voltage rango ... 

V max not restricted upwards. 

j V. 

llUllf(t,V) dV 

o 
remains as an error. terme 

Two test runs were made on transformer oil using a 150r 

spacing. No breakdowns occurred lower than 5 kV and thus the error 

was not important. The spread in data was much larger in the measu-

rements on askarel. During the evaluation of the data, it was reali-

zed that the error term was important. Therefore the probability 

density distribution with respect to time could not be evaluated. 
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4.2.2 Test sequence. 

We know tbat the value of the breakdow voltage depends 

upon the number of breakdows previously obtained, on the same test 

sample, due to decomposition. Beyer bas shown tbat breakdown condi-

tioning exists (Ref.4.5). 

We also know that electrodes are damaged by breakdO\VIls, al-

though it is an effect which is difficult to control. To eliminate 

these influences and others which are perbaps not ~ed enough to 

be known, we took care not to perfo:t'm every set of measurements with 

exactly the same sequence of ramp rates. On the other hand to obtain 

measurements which are statistically consistent, a set of twenty-two 

random numbers was generated. The eleven different voltage slopes '< 

were assigned numbers from these 22 ( 2 numbers for one slope ). 

24 measurements were made per run, on the base of this 8e--

quence, so that a rotation resulted. The test sequence used for the 

first run was: 

and so on. 

1/ 0.5/ 3/ 1.5/0.5/ 0.315/ 0.25/ 12/ 0.25/ 1.5/ 6/ 6/ 

0.75/ 1/ 3/ 0.15/ 30/ 12/ 0.3/ 0.3/ 0.375/ 30/ 1/ 0.5/ 

given in kV / s. 

The second run began with 3 kV / s whereafter 1.5 kV / s 
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4.2.3 Influence of the sample size on the expected breakdown value. 

As already mentioned, 24 brea.kdowns were obtained on the 

same sample with the same electrodes. The number 24 was chosen as a 

compromise of two conflicting demands. Firstly the number of experi-

~ents on the same sample shoula be as large as possible, to give .,) 

enough results to make a good statistical analysis possible. Second-

ly the number of brea.kdownë must be kept small to avoid excessive 

damage on the electrodes. A few test rans showed that 24 breakdowns~,: 

left the electrodes practically uncbanged, while 40 breakdowns pit-

ted the electrode surface. 

To obtain sufficient data for statistical evaluation the 

results were evaluated together. The total number of breakdowns with 

an electrode spacing of 200~ was 456. 3 runs were performed with a 

3001 spacing, giving 72 data. 

Lewis calculated (Ref.3.5) the influence of the sample size 

on the expected accuracy of the brea.kdo'WIl probabilities. He obtained 

the following relations: 

Probability (Ii - pl <: î) ~ 0( is approximatelyequivalent to: 
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with n number of breakdo" .. ns- in N trials 

p probability for break:down 

~ 
deviation 

0< confidence level 

erf error function 

l ' the expected deviation of the measured probability, can 

thus be calculated with a confidence levelo(. The whole treatment 

is made on the assumption that the deviations from the theoretical 

value are normal. This assomption is in the strict sense only meaning-

full for small deviations. 

Choosing a confidence level 0< =0.95, the argument of the 

error function cau be calculated. 

1 
+ -2 

The value of ~to be expected is gi ven by: 

1 

lE1 ~1.96 [NP(1-P)J2_f 

In the following table the maximum deviations to be expected 

with a 95% probability for different numbers of trials, are listed for 

p = 0.5 
p = 0.95 -1 
p = 1 - N (which corresponds to the highest value measured) 



N' 24 48 

p =0.5 18 13 

P =0.95 6.7 5.1 

-1 P =1-N 6 3 

Table II 

72 96 

11 

2 

in% 

240 

6.12 

1.96 

0.62 

48 

456 

The expected deviation is largest for the mean value and 

quite considerable when the quantity of data is less than 100. At 

the high values of brea.kdown probability ( or for the highest re­

corded values of brea.kdo~n1 ) the expected deviation becomes rapid-

ly smaller. 
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4.3 Experimental Work 

4.3.1 Preparation of the test-celle 

Bach part of the test-cell was boiled separately in acetone~ 

The cell was assempled and evacuated for half an hour at 1 mm Hg. 

Then a cleaning followed with: 

Trichloroetbylene. (C E C l - C C 12 ) 

and 2-Propenal (CECO-CE
3

) 

Afterwards the cell was left empty and evacuated for at :. 

least 15 minutes. Then 3 flushes with chloroform (C li C 13 ) fol­

lowed. Finally after a thorough evacuation the test-cell was rinsed 

with some of the askarel. 

During the experiments some doubts arose concerning the 

effectiveness of the cleaning procedure. We noticed that heavy car-

bons and presumably polymerisation products were deposited on the _ 

electrodes.- Therefore other cleaning agents were used from the 12th 

run on.- Firstly a mixture of 10'{0 aniline ( C6E
5 

- N E2 ) and 

9Q% toluene ( C6E5 - C H3 ) was intro­

duced. This mixture is known to be a very good solvent of heavy hydxo-

carbons. The cell was cleaned out with toluene to remove the remai-

ning aniline as weIl as the askarel.~ly trimetbylpentane 
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properties as a solvent and its high vapour pressure. An evacuation 

period followed before new askarel was introduced. 

4.3.2 Introduction of the askarel and conditioning. 

The askarel was evacuated after its introduction into the 

test-ce1l to avoid the possible influence of air on the breakdown 

characteristics of the liquide It has been reported (Ref.3.1S) that 

breakdowns obtained in this manner, were lower in value than when 

the experiments were done under :;'à1lmospheric pressure, but the eli-

mination of external influences was pursued more than high break-

downvalues. The modest evacuation to 1mm Hg avoided boiling the 

trichlorobenzene which is the lightest component of the askare1 

samp1e. 

At the same time the askare1 was stress conditioned b,y ap-

plying 4 kV at a gap of 1000r initial1y. 

After at 1east balf an hour the gap was gradually reduced 

unti1 the final distance was reached. In this mariner the die1ectric 

was evacuated and conditioned at the same time. It ~ook about 90 mi-

nutes unti1 no accidental sparks occurred and the 1iquid showed a 

continuous lamjnar motion. The die1edric was maintained 5 cm ab ove 

the electrodes, therefore the bydrostatic pressure at the e1ectrode 

region could be estimated at 750 N/m2 or 5.6 mm Hg. ( For transfor­

mer oi1 these values are 430 N/m2 or 3.2 mm Hg.) 

~ 

_ _ ... ___ " __ ._,, __ ~",1 
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The total pressure at the electrodes can be estimated at 

7i IDlIl Hg ( 5 IDlIl Hg respectively ). 
0' 

The temperature of the dielectric was matimunn30;.2 C: and 
o 

minimum 23 0 (JO during these experiments. 

4.3.3 Experiments 

The first two experimental runs were performed on a general 

purpose transformer oïl, with the gap distance set at 150[. The sa­

me dielectric sample and the same electrodes were used for both runs. 

The twenty subsequent runs were done on askarel (Monsanto 

7080) wi th a gap spacing of 20). !gain the first two runs were per­

formed with the same electrodes and the same liquide After this set 

of 20, another 3 runs used a 300f spacing, again with askarel as a 

dielectric. The sequence of ±amp voltages was described under 4.2.2. 

The time delay between successive voltage application was 

200 s. ( Spitzer (Ref.4.3) used 220 s.) 

From the third run on, the cathode was cleaned every b break-

downs. Initially the cathode was cleaned in Chloroform, later in a 

mixture of aniline and toluene, followed by trimethylpentane, as ex-

plained in section (4.3.1). 

The cathode was then replaced and the cell was evacuated 

and conditioned for at least twenty minutes. 
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4.4 Observations 

4.4.1 Gassing 

At the beginning of the conditioning period fast-growing 

vapour bubbles appeared between the electrodes. These emanated main-

ly from the anode and always appeared in groups. The smallest which 

were seen, were as small as 0.1 mm. ]ecause this is the limit of vi-

sibility it may be suggested that the bubbles were initially much 

smaller. 

The difference in the appearance of gas bubbles wi th or 

without voltage application was marked so that a voltage induced 

mechanism must be assumed. 

KrasuCki discussed the formation of microbubbles on surface 

asperities and on impurity particles under electrode stress (Ref.1.~4) 

In our experiments the effect was very pronounced because 

pumping continued during the conditioning periode 

4.4.2 Effects of breakdowns on the electrodes. 

The first wo runs were performed on transformer oil, as 

mentioned in section (4.3.3). The same oil and the same electrodes 

were used for the wo sets of observations. As could be expected the 

breakdown values for the second of those sets were in general lower 
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and the spread in these vSlues ws.s smaller than for the first. The 

electrode surfaces were then rougnened while no marked damage was 

detected after the first 24 breakdowns. 

The same trends were noticed for the first wo sets in as-

karel and again the breakdown values for the second set were signi-

ficantly lower. After these two sets a heavy layer of carbon and gel 

( presumably polymerised or decomposed askarel ) coated the cathode. 

The thickness of this layer VIaS estimated at 50 r by comparison 

through a microscope with the size of the electrode. 

To avoid the coating effect, the cathode was cleaned ever.y 

6 breakdowns following the second experimental rune At the end of the 

24 breakdowns which were perfo~ed per xun, the electrode damage was~ 

ver.y limited, but different in pattern between anode and cathode. 

The cathode was centrally pitted while the anode damage was diffused. 

4.4.·3 Appearance of breakdown-sparks. 

It was noticed that wo distinctly different kinds of sparks 

were generated during breakdown. The tirst kind was very short and 

white and was immediately extinguished by the discbarge diverter. 

The second kind was associated wi th the rapid growth of a vapour :: 

bubble. This spark occu:rred within the bubble. It had a colour tur-

ning from clear blue to violet and was difficult to extinguish. 

There were ver.y li ttle indications to clarify the nature 

of the breakdown initiating event, connected with these two families 

of sparks. 
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V EVALUATION OF THE EXPERIMENTAL ])ATA. 

5.1 Use of the experimental results. 

No matter what the exact fOrIn of the intensity functions 

is, an estimate for R and w can always be calculated from the ex­

perimental results. T.herefore the first analysis gave plots of R 

versus V, the breakdown voltage, and plots of w versus V. 

5.1.1 Estimates of li 

R is a measure of the number of breakdowns which oceur in 

the interval (x,oe) x being the test variable. An estimate for 

R is easily obtained by counting the number of breakdowns for a 

value equal to or larger than x and dividing that number by the to­

tal number of tests wi thin the sarne set of experiments. 

In practice the following procedure was followed. The bre~~ 

down voltages were sequenced in descending order. An order number 

was assigned to each of these measurements. The quotient of the se­

quence number and the total number of measurements will approach the 

reliabili ty when the number of experiments tends to infini ty. ( This 

definition corresponds to the "relative-frequency" definition of pro­

bability (Ref.2.4) p.8 ). 
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In"7a real set of experiments the following adjustment will 

have to be made. The smallest value recorded may not be the smallest 

value possible and therefore we normalize by N + 1 instead of W 

( N number of observations ). This correction avoids assigning the 

reliabili ty "1 Il ta the smallest recorded value. 

5.1.2 Estimates for w and z. 

w is simply found by taking -ln R. 

Estimates for z can be found in two different ways; 

dw d ln R z = -- = --dx d:x: 

,'./ .. :~ 

1 È! or z = -- • R d:x: 

Analytically the two methods give identical results. Nu-

merically however they will be very differently influenced by the 

measurement- and estimation errors. The Langrangian method of third 

degree was used in both cases for the numerical differentiation. 

dy 

J 
A x.-l.x. 1 

l. l.-

y. 1 + Yi 
l.- 1:, X •• ./:;.x. 1 

l. l.-
d:x: i D.x. 1 l.-

where Àx. -_ x X 
l. i+1 - i 
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The results obtained by the two calculation methods were 

very dif1'eren'c when the evaluation ,.,as done point by point •. It was 

there1'ore concluded that the numerical errors involved were much too 

large and the estimate useless. There1'ore all the emphasis was 1'0-

cussed towards the' ,use 01' w. 

5 •. 1 .3 Advantages and disadvantages 01' the use 01' w. 

R is very li ttle a1'1'ected by small changes in the behaviour 

01' the test semple, while w better shows the influences. There1'ore 

plots of w yield much more information about the breakdown event -; 

tban ~o~.p!l:ots of R. However a disadvantage to the use 01' w, is the 

non-lineari ty 01' the logari thm-f'unction. As a resul t the numerical 

errors on the values 01' R will be trans1'ormed. A 95% probability in-

terval for the error on w can be calculated 1'rom the result 01' sec-

We 1'iOO: 

o ~ 

1 

{ 

1 - R 2 
f. (w)~- ln 1 + 1.96 ( -;- ) _-2-} 

2NR 

Choosing N = 24, estimates 01' E can be calculated 1'or 

di1'1'erent values of R. 

R 1 t (w) ~ - 0.9 = N 

R 
1 t (w) ~ - 0.3 = -2 

R = !:1. t (w) ~ - 0.06 
N 

which shows that the error can be as large as 0.9 1'or the high values 
01' breakdown. 

· .... _._ .. ____ . __ .. _._.~l" 
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5..2 Corves obtained • 

.An initial analysis was made on the results of rûns 1, 3,-

4, 5 and 6, giving 120 experimental observations. The results of 

this analysis have been reported in an article by F. Spitzer and 

the author. (Ref.5.2). 

As expected the curve R(V) - V, suggested a sm~oth inver-

ted S-curve to connect the experimental data. Conversely the 

w(V) - V curve showed a marked discontinuity slightly above 9 kV 

(Fig. II). Of course the same discontinuity appears in the R(V) --V 

curve (Fig. III), but originally the spread of data was too small to 

allow the recognition of any irregularity. 't-ihen later the same ana-

lysis was perfor.med on the set of 458 measurements obtained in runs 

1 to 20 (2 excluded) the discontinuity had disappeared. (Fig. IV) 

Thereafter the runs were grouped and curves were produced. 

Some showed a discontinuity, some did note Through comparison the 

following was concluded. 

1) A discontinuity in the w-V curve can appear at a break-

down value which is slightly higher than 9 kV. 

2) Some of the runs had none or very few values higher 

than 9 kV. They were associated with very noisy break­

downs with large vapour evolutions (4.4.3 second kind) 

(runs 3, 4, 5, 7). 

3) A second group had a considerable number of large break-
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down values and was associated with sharp discharges 

(4.4.3 first kind) , (rans 14, 15, 17, 18, 20) 

4) Many ruIlS could not be classified because of the sub­

jectiveness of the criteria up to this point. (rans 1, 

6, 8, 9, 10, 11, 12, 13, 18, 19) 

The curves obtained are shown on Fig. V. It cau be seen 

that curves 2) and 3) are both smooth curves. The intensi ty function 

assooiated wi th ourve 2~ is muoh higher in value tban the intensi ty 

fUnotion assooiated with ourve 3~ 

The rema;n;ng runs 4) do not fom. a smooth ourre in beween 

the wo previous ones, instead their eurve tends to eurve ~at the 

higher values and follows curve 2) at the lower values. The cbange­

over ooeurs in the region of 9kV. It cau be ooncluded that wo dis-

tinotly different meohanisms are the cause of breakdowns in askarels. 

When a comparable amount of the two families of breakdowns 

occur in the same set of experiments a discontinui ty in the w vs. V 

curve appears at a breakdown value slightly higher tban 9 kV. 

A second series of measurements has been made on the same 

kind of askarel but wi th a gap spacing of 3°0;..... A discontinui ty was 

found at about 9.7 kV (Fig. VI). The breakdown value at the discon-

tinuity was thus slightly higher but not proportional to the electro-

de distance •. 

The nature of the electrode gap dependence was not investi-

gated f'urther. 
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5.3 Curve fitting. 

It is mathematically cumbersome and numerically very dif-

fi cult to scan all possible functions of the family 

and 

f(x) = z(x) • exp ( - w(x) ). 

We will restrict ourselves to the two most publicized groups 

z(x) = K ax • e 

0<.. z(x) = 1<1 • x 

A parameter estimation will be performed in the two cases 

and an attempt will be made to choose the better fitting one. 

5.3.1 V~-likelihood estimators. 

The method of maximum-likelihood estimators vTill be used 

to estimate the parameters of the probability distributions. It has 

been widely applied in the field of statistics and is weIl documen-

ted (Ref.2.5) p.86. The method will oe briefly reviewed. 

Assume a probability function f(x,e) for the random variable 

x. A parameter to be estimated is e. The probability that the measu-

red quantity x. will be equal to the real value for x. is f(x.,e). dx .• 
~ ~ ~ ~ 

Since the measured quantities are mutually independent, their 

joint density function can be w.ritten as the product of the marginal~ 

density functions. 
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N" 
Thus L (x.1' x2' ••• , :x:rr; e ~ .. d:x:1, d:x:2, ••• , ~ =3 f(xi , e) ·d:x:i 

The joint density function L is called the likelihood function. 

The most likely value of 0 will be the one which ma:x:imizes L •. 'In 

practice we make use of the one-to-one nature of the mapping of the 

functions max L and max( ln L ). 
N N 

CalI 1 = ln L =2 ln f(x. ,e) =2 ln [Z.R.} 
i=1 l. i=1 l. l. 

The most likely value for e will be found to be the solution 
dl.. 

of the equation --- = 0 
):,9 

d 
In our case­

àe 

5.3.2 Assume z = Keax (double e~~onential distribution) 

K ax w=-e a 

The wo parameters "a" and "Kil are to be estimated. 

)1 N 
=2 

d a i=1 
[

X. - ~ x. 
l. 1. a 

ax. 
e 1. 

= ~ {-K
1 

eaa.:x:

i 

} 
i=1 

= 0 

= 0 ( l ) 

( II ) 



( I ) 

N 
or 2:. 

i=1 

N 
and L. 

i=1 

e 
ax. 

~ 

w. 
~ 

~ Lx. 
i ~ 

N K 
or = 

a a 

aN 
= 

= N." 

K 
Lx. 

~ a i 

Lx. 
i ~ 

K 

ax. K 
~ e + 2 a 

ax. 
e ~ - z. x. 

i ~ 

= 0 
K 

A first estimate for "a" wil1 be obtained when solving 

1 1 
= 

a N 
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It must be remembered however that the values we have for 

w. are themselves estimates and not measured values, therefore they 
~ 

can not be relied upon for more than a first approximation. A further 

estimate will be found by iteration. 

a.x. 
LXi e J J 

LXi 1 
= Ct 

a.x. N a. 1 Le J J 
J+ 
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Finally K= 

The intensity function can be written under a different forro 

a(x - x ) ax m 
z=e =Ke 

1 
= ln K follows immediately 

a 

5.3.3 Assume z = M x 0( ( 1<leibu11 distribuUon ) 

M <:=\.+1 w=- x 
0(+1 

Solution for ~1 and 0(: 

{. F 0<.+1 M x.c(+1 

ln Xi} = 
"d-z 1 x. - ~ ~ 

= L ln x. + 0 ( l ) 
do<. i ~ (<?(+ 1)2 (0<+1) 

)./.. 
[; 

o{+1 

1 =L 
x. 
~ 0 ( II ) = dM i 0<+1 

0{+1 
2 x~+1 ( II ) ÏIII'o w- = 

M i ~ 

and again L w. = N 
i 

~ 
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(I) ~ Lln x. 
1. 

M 0< + 1 M Dl+1 
• N - - Z x. ln x. = 0 

M 0(+ 1 i l. l. i 

N 

0< + 1 

or 

M 
= 
~+1 

0<.+1 
Z x. 
i l. 

= :2 ( w. - 1 ) 
i l. 

• ln x. 
l. 

Again a first approximation for c( is obtained from 

1 1 N 
= L ( w. - 1 ) 0 ln x. 

l. l. 
0( + 1 N i=1 

A next estimate will be found by iteration 

1 
Z ~+1 
i xi ln xi -_J--- = "5'" c;<.. + 1 

j+1+ 1 ~ xi . J 

and M = 

1. 

N.(O<+1) 

L 0(+ 1 
xl.. 

i 

A second form for z is: 

L ln x. 
i l. 

N 

0( 0( 1 
z= (~) = Mx thusb =M~ 



Note: b and x must have the same numerical value, indeed for 
m 

z = 1, we find in the l{eibull case x = b and in the double 

exponential case x=x m 

5.3.4 Comparison of the functional approximations with the measured 

values. 

As outlined before (sec:.5.1.1) an estimate for R 'can be 

found by dividing a sequence number by a number representing the 

number of observations from which the data are taken. Say "A", is 

the numerical value for this number. 

i 
R. =-A J.c 

N 
.~. 

J.=1 

1 N 
RJ.·c = - ~ A • 1 J.= 

i 

Thus A = N eN + 1) 
N 

2 &1 R. J.= J.c 

= N eN + 1) 

2A 

The t\vO function parameters can be estimated through pre-

vious methods. Thereafter R. can be calculated and used to find A. J.c 

Ideally A must be equal to N. \fuen the set of measurements which is 

studied is complete, A must be close to N. Then the calculation of 

A gives a test on the validity of the approximations. 
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The standard deviation provides a second control. 

2 
0-= 

1 

N - 1 i=1 

N 
~ (x. _ x. )2 

~ ~c 

Xi is a measured value 

x. is càlculated knowing R. 
~c ~ 

5.3.5 ~ In section (3.3) a parame ter for the size effect was intro-

duced in the general fom of z. The relation with the parameters 

found here is simple. 

ax Gumbel I: z = K e 
a(x - X ) a(x - x*) m = e = S e 

thus 
-ax 

K = S e-ax* = e m 

"" vleibull: z = M x 

The influence of the electrode size, the electrode spacing 

and the liquid volume have not been measured. Therefore the size ef-

fect can_not be,_. calculated and the general expression will not be 

used. The expression with x and b is most attractive but has ~a m 

priori" no physical meaning. 
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5.3.6 Rate of convergence 

The iterative methods used to calcula te "ail and "0<." axe 

one-point iteration methods. They can both be chaxacterized by the 

iteration formula 

1 
- = F (k.) - C 
k. 1 J 

J+ 

Say F(k.) - C = F(k) + ~. G(k.) - C 
J J J 

ri th G( kj l :;:; if f k. for E j small enougb 

J 

k 

kj+1 = 
1 + t.. k G(k.) 

J J 

_ t. k2 G(k.) 

t-j+1 
J J 

= kj+1 -k = J'\.. 

1 + t:. k G(k.) 
.J J 

- t. k2 
G(k.) J . J 

Under the condition that G(k.) is continuous, which is true 
J 

for the functions used here, a number G Can be chosen so that 

G '.P ~(kj) for any kj used in the iteration and !E.j +1 1 ~IEj 1 . k
2 

G 



2 The iteration will converge when k G <: 1 

A calculation of a and G on the data of runs 17 to 20 gives 

a2G <: 0.83 

The data of runs 3 to 7 give 

2 a G <. 0.9 
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During the iteration the calculated approximation oscil-

lated around the final value. Therefore as a refinement, the new 

approximation was taken as the average of the caléulated estimate 

and the previous estimate. 

Applying Aitken's method after 5 approximations immediate-

ly gave a very good estimate, but convergence when taking averages 

was already so good that there was no reason to complicate the ite-

ration by the use of Aitken's method. About 10 iterations were needed 

to find 5 decimal figures. 

The new iteration formula is given by 

kj+1 = t [k + E. j + k - t j k
2 

G(k) J 
kj+1 = k + ~ [1 _k

2 
G(kj)l 
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or 
E. 

E. 1 <--=.J. 
J+ 2 

After N iterations 

2 Convergence will be fast and very stable for 0 ~ k G ~ 1 

Convergence is possible even for negative values of G provided 

- 1 <k2 G, but the speed will decrease. 

In practice the first estimate, obtained by using w, gave 

only a very rude approximation. Occasionally it could not even be 

used to start the iteration because it gave a negative value as a 

second estimate. In fact the iterations could be started by using 

a.ny reasonable positive number. 

5.4 Results. 

For every individual run, the parameters of the Weibull 

distribution as weIl as the double exponential distribution were 

calculated. At the same time A was estimated and the standard de-

viation between the measured and the calculated breakdown voltage 

was given. 
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Fairly large discrepansies appeared in the results. Statis-

tically the number of 24 values was too small to give a good agree-

me~t between different sets. Pbysically, the existence of two mecha­

nisms (see 5.2) of breakdown, with the possibility that neither of 

the two was predominant, made any good approximation impossible. 

The results are listed in Appendix III. 

The smallest standard deviation occurred in the rans 2, 9, 

3, 7, 5 and 4, for which we know fairly weIl from the experiments 

and the graphs of section (5.2) that only the first mechanism was 

active. For the same rans the difference between V and b was small m 

and the calculated A was fairly close to N, the number of breakdowns. 

Despite the discrepansies an attempt was made to find rans 

with a similar characteristic. They were plotted on a: a versus V , m 

and on a: 0( versus b plot, respectively shown in Fig. VII and VIII. 

Two zones were formed with following limiting values: 

for the first zone, in the a vs. V plane 9.63 ~V < 11.514 m m 

0.388< a <. 0.749 

in the 0( vs. b plane 9.818 < b <. 12.348 

the second zone is described by 

2.073<:0( <: 5.174 

7 .286~v <: 8.369 
m 

0.602< a < 1.167 

or 7.226<b <: 8.306 

-, 
1 



+ 
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Q) 

C\I. 



11 

There is a clear gap of 1 .26 kV in the values for b and 

Vm' while a corresponding gap does not exist for a ando<.. In addi­

tion the division into wo groups corresponding to V and b, res­m 

pects the division of(:Sec.5.2). 

Group 

a 

b 

a 

b 

So we came to the following division: 

a) Runs corresponding to the first groupe noisy breakdowns ) 

3;4,5,6,7,9,11,12,16,19. 

b) Runs corresponding to the second group ( sharp disohar­

ges) 1,8,10,13,14,15,17,18,20. 

The results are listed in Table III. 

Table III 

a(kV-1) V (kV) \ra CV) A N m a 

0.911 7.404 135 107.5 109 

0.497 10.341 330 134.5 138 

c{ b(kV) 1 ~OI.. CV) 
1 

1 

i AD( N 

5.35 7.381 68 109.2 1 
ï· 

3.26 10.804 
1 

196 136.6 138 
1 
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Group "a" gave an excellent fit with standard deviations 

which are perfectly justifiable. 

A part of the error term causing a difference between the 

calculated and the measured values is due to the reading error on 

the chart-recorder output. The standard deviation of a reading er­

ror can be calculated to be equal to the range of the error divided 

by the square root out of 12. ]y this rule a standard deviation of 

80 V must be expected when the reading accuracy of the plots is 1mm. 

Considering that this is a minimum estimate, counting only 

with one source of error, the results of group "a" are very satis­

factory. 

The standard deviations of group "b" were larger. No better 

could be expected, because group"b" clearly must have breakdo'W!lS of 

both the first and the second kind. 

As wvs. V plots show a discontinuity at 9.18 kV, the cal­

culations were repeated on the subsets of group "b", and the results 

are given in Table IV p.79.and p. 80,. of which the explanation of the 

different combinations listed, is given on page 81~ 
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Table IV 

Runs a(kV-1 ) V (kV) cr-(V) A N 
m a a 

b2 0.814 7.825 222 74·4 75 

3,5 0.974 7.435 215 41.5 42 

4,7 0.796 7.548 233 44.9 45 

7,9 0.881 7.577 157 46.4 46 

4,11 0.842 7.698 164 45.8 46 

6,7 0.656 7.735 295 45.4 46 

6,12,19 0.660 8.156 407 67.1 69 

12,16 0.656 8.337 496 45 46 

b1 0.834 11.694 296 27.8 27 

17,20 0.561 10.287 244 45.8 46 

14,20 0.471 10.270 540 45.3 46 

8,20 0.590 10.121 417 43.9 44 

8,15 0.596 9.856 341 46.4 48 

15,18 0.633 9.728 218 47 47 

7,18 0.558 9.319 325 48.9 49 
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Table IV (Continued) 

Runs b(kV) N 

b2 4.730 7.880 189 75.6 75 

3, 5 6.136 7.364 162 41.9 42 

4, T 4.436 7.588 208 45.5 45 

7, 9 5.105 7.599 149 47.2 46 

4, 11 5.083 7.677 104 46.5 46 

6, 7 3.549 1 7.784 213 45.9 46 

6, 12, 19 3.985 18.166 280 67.9 69 

12, 16 4.128 8.278 357 45.4 46 

1 
1 

b1 8.227 111.700 259 28.3 27 
1 
i 

17, 20 3.990 110.530 209 46.6 46 

14, 20 3.135 110.546 419 45.7 46 

8, 20 4.312 10.253 299 44.5 44 

8, 15 4.133 10.044 223 47.1 48 

15, 18 4.380 9.913 194 48 47 

7, 18 3.193 303 49.7 49 
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Group b
1 

has only breakdo'!o!!l values larger than 9.18 kV, 

while group b2 contains only breakdown values smaller than 9.18 kV. 

This subdivision yielded good results. The parameters for group b2 

agreed very well with the parameters from group a. The group b
1 

gave 

pOOl.' results because, implicitly it was assumed that the reliability, 

below the discontinui ty point 1vas equal to 1. This is only true as 

an approximation. 

Some calculations were made after combining the data of 

:t'Uns of which the parameters were only slightly different.The stan-

dard deviation was then smaller and the new parameters were averages 

of the previous ones. As a last control combinations were made of 

:t'Uns wi th similar a and 0(, and very different V m and b. (runs 7,; 18) 

The standard deviations were now much larger and the new parameters 

were entirely different from the previous obtained sets. 

As a contrast a combination with largely different a and 

0<., but similar V and b, again gave averages as resul ts, (:t'Uns 77 m 

~d 9, 15 and 18). Also the standard deviatio~decreased. 

Finally the calculations were repeated for all measure-

ments made with a 200 micron electrode spacing. The results were 

pOOl.'. A subdivision of these observations again largely improved the 

resul ts. The subset wi th the breakdown values which are higher than 

the discmntinuity had only a few data more than the previously stu-

died subset b
1

, the parame ter estimation therefore gave nearly the 

same results. The values smaller than the discontinuity gave (a = 0.813 

and Vm = 7.81) and ( 0(= 4.868 and b = 7.82). 
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!gain the parameters agree very weIl with the results of 

group a and group b2• The smaIlest standard deviation of aIl was 

found for group a. 

Table V 

Group a(kV-1)! V (kV) 1 u(V) 1 A N 1 

1 

m a a 

1 

20~ 0.555 9.607 523 218.8 193 

V< 9.18kV 0.813 7.815 206 187.5 192 

V~9.18kV 1.093 10.938 502 329.8 55 

<X. b(kV) ~(V) Ad.. :N 

200/· 3.850 9.606 377 219.8 193 

V< 9.18kV 4.868 7.821 143 190 192 
1 

V>-9.18kV 11.205 10.877 1 394 330.2 55 

It cân be concluded that the parameters for breakdowns 

associated with noisy discharges can be estimated by: 

(a = 0.9 kV-1, V = 7.4kV) and (0<= 5.3, b = 7.4 kV). The breakdoWIls m 

associated with sbarp discharges are characterized by: 

( a = 0.83 kV-1, V = 11.7 kV) and ( c< = 8.2, b = 11.7kV). The second. m 

of these groups is not as weIl defined as the first group. 

ï 
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The results of runs 21 to 23 (300~ spacing) were treated 

the same way, and are given in table VI. It is impossible to draw 

conclusions from the comparison of these results with the results 

of the 200 micron spacing experiments, without knowing the size-

effect parameter. 

The relevant evaluated parameters with their ratios are 

listed in Table VI, on p. 84. 

5.4.2 z vs. V 

The point by point calculation of z(x) gave no valuable 

results. (seë·.5.1.2). For comparison with the obtained results 

every: nth point was used, where n varied from 5 to 30. The results 

were still poor, but conform within wide limits with the calculations. 

( Fig. IX, p.85 and Fig •. X, p.86 ) 
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Table VI 

200/'" 300r ratio 

Discon- 9.2 kV 9.6 kV 1.05 
tinuity 

Complete Vm 9.77 kV 11.42 kV 1.17 

b 9.89 kV 12.08 kV 1.22 

a 0.49 kV-1 0.47 kV-1 0.96 

Group ex 3.22 3.38 1.05 

a Vm 4.8 5.4 1.13 

b-d. 0.32x10-3 0.22x10-3 0.69 

Above V m 
11.69 kV 11.92 kV 1.02 

b 11.70 kV 11.87 kV 1.02 

Discon- a 0.83 kV-1 1.06 kV-1 1.28 

0( 8.23 11.82 1.34 

tinuity aV m 9.72 12.7 1.3 

b-(i. 0.16x10-8.: ')O.20x10 -12 1.22x10 -4 

Lower V m 7.81 kV 8.20 kV 1.06 

b 7.82 kV 8.27 kV 1.06 
than 

a 0.81 kV-1 0.79 kV-1 0.97 
discon-

r:J.. 4.87 
tinuity 

4.83 0.99 

aV 6.35 m 6.48 1.02 

b-c( 0.45x10-4 'O. 37x1 0-4 0.825 
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5.4.3 Reliability paper. 

It is possible to design probability paper on which the 

variables plotted against a suitable transformation of the reliabi-

lity appear on a straight line. The normal probability paper is well 

known. 

Reliability paper bas been used by previous authors (Ref.1.1) 

(Ref.3.19) to show that the breakdown values fit the double exponen-

tial distribution. Here it is preferred to use more objective cri te-

ria( parameter calculation ) and only use reliability paper as an-

other representation of the data. In (se~.3.3.2) the expected value 

for the Weibull reliability was calculated: 

1 

-l R1]o(+1 V (R) = k ln U 

or ln V (R) 1 
= - ln k + 

.x+ 1 

1 

0(+ 1 
ln ln 1 

R 

Thus a plot of ln V (R) against ln ln l is a straight 
R 

line, with slope -1- ,if the distribution is being obeyed. 
0(+ 1 

In (Sec'.3.3.3) the corresponding value for the double expo-

nential distribution was obtained: 
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V (R) 1 
ln [~ln ~ = V* +-a 

V (R) -= V 
1 

ln [a ln iJ or +-m a 

and V (R) V 1 1 1 
= +- ln a +- ln ln-m a a R 

Here a plot of V (R) against ln ln ~ is a straight line 

with slope 1, if this distribution is being obeyed. a 

The reliability plots are handy in practical studies for 

a first evaluation of the results. In the present research this tool 

has not been used because fitting a straight line to a set of data 

is a:very subjective operation. 

Fig. XI, p.89 and Fig. XII, P .90 give the results of the 

two main categories of probability functions. 
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5.4.4 Eaxima-minima Cuxves. 

In the previous chapt ers we have tried to find the probabi-

lit Y distributions associated with the breakdovm of askarels. 

A conservative approach would be to plot the reliabilit;ies 

of aIl 19 runs performed on askarel at 200~ electrode spacing and 

to draw the maximum and the minimum curve. 

The data of both group a, and group b, were separately plot-

ted this way. The w vs. V diagram is gi ven in Fig. XIII, 1>.92. 
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5.4.5 Data by 1,veber and Endicott. (Ref.1.1) 

These authors have listed aIl their measured data in their 

article. ~s gave an opportunity to check the calculation method of 

this report against their results. 

Groups1 and 4 of their article have been recalculated, 

( electrode sizes 17.8 mm and 76 mm. diameter.) 

ioleber-Ïmd Endicott only calculated the Gumbel l parameters. 

The current results differ slightly from theirs. They used mean value 

and standard deviation to calculate their parameters. The standard 

deviation between the calculated values and the measured values ~~s 

computed for the data of group 4, once using the parameters found ~J 

Heber and Endicott and once using the parameters found by the current 

method. The new method yields parameters with a better fit. 

With a = 0.3558 kV-1 a standard deviation of 727 V was ob­

tained, with a = 0.302 kV-1 - as found by \veber and Endicott - the 

standard deviation was 841 V. ( The calculation using \\Teber's "a" 

is indicated by W 4 b, in Table VII, p.94. 

The expected value for the standard deviation is -1L- = 290 V. 
112 

To show the dependence on the sample size and on the individual values 

of the data, the calculations were also made on subgroups formed by 

group 1 vertical of this article: first, second and third column res-

pectively ( see p. 373 of Ref. 1.1 ). 



Table VII 

V (kV) 
m 

cr: (V) a 

'of 1.1 0.258 61.416 500 

W 1.2 0.277 60.149 656 

i-l 1.3 0.285 59.879 1273 

H 1 0.265 60.669 360 

~-! 4 0.356 48.242 727 

\{ 4 b 0.302 49.128 841 

0{ b (kV) cç (V) 

'Vl 1.1 13.093 62.257 547 

IV 1.2 13.818 60.910 6;7 

\-1 1.3 13.847 60.849 1432 

ioi 1 13.206 61.536 524 

H4 14.433 48.730 889 

A a 

68 

68 

69.6 

135.7 

137.5 

144.1 

Ac{ 

68.6 

68.6 

70.7. 

137.2 

139.4 

94 

N 

67 

67 

66 

134 

133 

133 

n 

67 

67 

66 

134 

133 

It can be seen that the parameters of the subgroups do not 

differ much from the parameters of the complete group, while the 

standard deviations for the subgroups are larger than the standard 

deviation for the complete group. 
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5.4.6 z(t) 

It has been mentioned in section 4.2.1 that the probability 

function associated with time, could not be evaluated accurately. 

However an estimate could be obtained. Assuming that time­

delays are exponentially distributed, À can be evaluated in two dif­

ferent ways. It was shown in section (3.3.1) that À is the inverse 

of the mean value as weIl as the inverse of the standard deviation. 

The parameter À was calculated for the time-delays of the 

runs of group a and group b separately. The results are given in 

Table VIII. 

1 

T 
t 

Group a 

0.257 

0.268 

Table VIII 

Group b 

0.180 

0.192 

These parameters are only given as estimates. 
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5.5 Comments. 

5.5.1 Choice of intensity function. 

It has clearly been shown that the extreme value approach 

is valuable to explain the breakdown phenomena observed in askarel. 

It is not clear however which intensity function should be 

chosen, since both Wei bull and the double exponential distributions 

fit the data with reasonable accuracy. The Weibull distribution, when 

applied to askarel very often has smaller standard deviations, as 

weIl as maximum deviations. By contrast, our calculations on "[eber: 

and Endicott's data resulted in a smaller standard deviation for the 

Gumbel l distributions. Our data from xun 2 (dirty askarel and used 

electrodes)and from xun 25( dirty oil and used electrodes) also gave 

a slightly smaller or equal standard deviation for the Gumbel l dis­

tribution. 

Although these indications are not significant, they are in 

our opinion not less significant than the arguments of ','ieber and Do­

kopoulos, who both based their choice on the minimum of groups size 

effect. 

Finally no conclusion can be drawn 1vhether to choose Gumbel l 

or Weibull. The possibility exists that each of the different mecha~ 

nisms (at least 2) involved, have different intensity functions and 

that the resultant probability density must be calculated. 
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It is also possible that the intensity function is more 

complicated than has been assumed and that the two distributions 

considered here are only good approximations, within the experimen­

tal range. 

Under the assumption that ti.,rO different, mutually inde­

pendent, classes of events can cause breakdown, the following mo­

deI can be built. 

Assuming the probability of not having a breakdown caused 

by events of the group 1 is R1' while the probability of not having 

a breakdown caused by events of the group 2 is R2• 

Then the combined reliability is R = R1 • R2 

w = w1 + w2 

and follow immediately. 

The exact separation is in general very difficult, especial­

ly when the two intensity functions have different analytic formula­

tions. 

5.5.2 Examination.of the assumption that the breakdown values are 

normally distributed. 

The mean value and the standard deviation have been cal cu­

lated for the results of groups a and b, and the results are listed 

in Table IX p.98. 
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Table IX 

V (kV) 0- (kV) mean 

1 
Group a 6.704 1.039 

Group b 7.896 1.93 

Group b2 6.883 1.16 

Again a higher standard deviation corresponds to a higher 

mean value. USing the mean value and the standard deviation, the re-

liabilities were calculated and plotted together with the measured 

values in Fig. XIV p.99. 

The graphs show that the normal distribution predicts too 

high reliabilities at high values of the applied voltage and too low 

reliabilities at low values of the applied voltage. 
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5.5.3 Prediction of reliabilities outside the measured range. 

In indus trial applications it is important to know the 

flash-over probability at voltage levels which are generally far 

below the range used for testing in laboratory conditions. 

It has already been mentioned that the predictions made 

assuming a normal distribution are too pessimistic. The double ex-

ponential and the ioTeibull distribution Tllill nmy be compared. Let us 

therefore calculate the voltage corresponding to a 0.999 reliabili-

ty for the data of group "a" as well as the data of group "b", see 

Table X, p.101. 

Artbauer (Ref.3.20) justifiably rejected the GumbeLI dis-

tribution because it allows a non-zero probability of breakdo1vn for 

negative values of V. It is clear from the example and irom theory 

that the Gumbel l distribution cannot be used to describe the statis-

tics of breakdown voltages at low levels of probability. Therefore 

the '·Jeibull distribution must be preferred for technical investiga-

tions. 

Brignell gave an approximation (Ref.1.5) for low probabi-

lity levels. In the notation of chapter ( .2.3) his reasoning goes 

as follows. Assume that only one flaw causes bre~{down ( the we~~est 

possible spot 1'lithin the material ), then 

apex) = gn(x) • dx 

or dp(x) = z(x) dx and p(x) ~(x) dx w(x) 
'X 
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The seme relation is found by expanding the function R(x) 

into a power series. 

R(x) = e -w(x) = 1 - ,,,(x) + E{x) and again 

p(x) ~ w(x) 

The predictions using this last approximation are also lis-

ted in Table X. 

Based on the current results the approximation appears to 

be very good and thus useful. 

Table X 

Gumbel l vleibull Gumbel l Weibull 

Approximation Approximation 

a -0.280 kV 2.429 kV -0.281 kV 2.429 kV 

1 

b -4.964 kV 1.716 kV -4.965 kV 1 1.716 kV 
1 

! 1 



102 

5.5.2 Definition of breakdown strength. 

Several methods have been designed to calculate the break-

down strength using a particular set of measurements. The simplest 

way is to take the mean of the breakdown values. This method is also 

proposed by the A.S.T.M. tests (Ref.5.1). It is significant that this 

test method specifies what to do when the spread between the indivi-

dual measurements is too large.tô ce acceptable. Because of the lar-

ge spread in data and the extremal nature of breakdown inception the 

mean value is a ver,y poor specification of the liquide 

As can be seen froID the analytic calculation ( section 3.3) 

the mean value is very strongly affected by the individual characte-

ristics of the dielectric. Therefore the mean value can not be used 

to compare liquids of different composition. That has been realized 

by several authors who took a reliability point of view. They pro~ 

posed to define the probability by a certain minimum level, and 

sometimes also a maximum level to give an indication for the spread 

in experimental data. 

The ISO-standards for bearings simply take the value for 

R = 0.9 as the nominal strength (Ref.3.3). 

Brignell (Ref.1.5) proposes from experience to take 

E {R = 0.999} , obtained with ~lope of 100 V/s, as a measure of the 

technically maximum attainable stress. 

Simo (Ref.3.19) suggested to calculate in addition 

E [R = 0.001} and the mean value to define the breakdown strength 
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and recommended to t~~e at least 250 measurements. 

It is very tempting to associate the definition of break­

down strength to a certain high level of reliability. This is also 

useful from an engineering point of view.because liquid dielectrics 

are mostly used in transformers and capacitors, which both have a 

very high design reliability. Therefore the maximum stress applied 

to a technically clean dielectric and thus the defined breakdown 

strength should correspond with a reliability of at least 99.5 %. 
Additional parameters are interesting because they give an 

idea of the spread. The current measurements have shown that a sim­

ple definition is not sufficient as long as the theoretical distri­

butions of breakdown strength are not known, especially as long as 

nothing more is known about the two kinds of breakdowns encountered 

in these experiments. 

Therefore the present author proposes a different kind of 

measurement of the quality of the dielectric in withstanding high 

voltages. 

The intensity function z and also w are larger for a poor 

dielectric than for a dielectric of high quality. On the other hand 

it is a simple matter to find estimates for w, even on a fairly small 

number ( say 40 ) of measurements. The present author suggests that 

the manufacturer should provide graphs of w vs. V, obtained vlith oils 

of different quality, ranging from laboratory purified to technical­

ly dirty. A test on an unknown sample will produce a new set of 

w vs. V values. Plotting these data on the standard graph will give 

a qualitative ide a of the value of the unknown dielectric. 
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VI SONE Ii'IPLICATIO!~S OF THE HE.AIŒST LINK CONCEPT ON BREAKDOHN THEORIES 

6.1 Physical base of the fla." concept. 

Thera is no theoretical reason '''hy the concept of the exis­

tence of an intrinsic breakdo.vn strength for askarel should be dis­

carded, but there are many practical reasons y;hy this should be done. 

The askarel is an industrial mixture of different liquids. Its high 

viscosity justifies the assumption that impurity particles will be 

present in the liquid even after careful purification. This is a 

first source of flaws. If it is assumed that the particles have been 

removed through extreme purification, a second source of weaknesses 

will still be present. 

Constant degassing of the liquid can be seen during the 

conditioning periode Therefore there are good reasons to believe that 

increasing the stress intensifies the formation of micro-bubbles. 

Those too are weak spots, available in large quantities. They could 

probably be eliminateà by an extreme degassing before performing the 

experiment or by pressurizing the sample during the experiment. Then 

come the individual differences between the molecules. Because of the 

chemical processes themselves, there will be individual molecules 

"lhich are larger in size than the other ones of the same batch. These 

are the smallest weaknesses. Considering the high viscosity however, 
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it is most unlikely that the required level of purification cau ever 

be attained. Therefore the fla\ ... concept is very attractive. 

Coelho has \'lritten more about the weaknesses of liquid die-

lectrics ~~d the mech~~isms associated with them (Ref.6.4). 
olte 

Assuming that flaws act independently of auother, the inten-

sity function can be written as: 

z(x) = N(x) • g(x) ( see section 2.3) 

Introducing the size effect gives: 

z(x) = n(x) • S • g(x) 

Where g(x), probability function associated with each one of the 

flaws, and n(x), number of flaws per unit of size. 

S, size of the source of flaws. ( S is an area '!-rhen the breakdown is 

fully electrode-controlled, while S is a volume when the breakdown 

is dielectric-controlled.) 

Each breakdown model will have to define an n(x) and a g(x) 

for the kind of flavls considered. 

6.2 Farticle model. 

If n(r) designates the number of particles ","itn radius r 

per unit volume, 

S the volume under stress 

g(r) the probability function associated with particles of radius r, 

then: z = ~ n(r) • S • g(r) 
r 
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Kok (Ref.1.3) assumes that breakdown is caused by the for-

mation of particle bridges within the electrode gap. These bridges 

are dispersed in the two directions parallel to the electrodes by 

the thermal energ"J kT of the particles. 

The equilibrium condition is given by: 

16 Tr~ 3 E2 
r 0 = kT 

Where: E permittivity of the particle 

é 0 permittivity of the liquid 

Eo electric field 

k Boltzmann's constant 

T temperature in K 

This condition defines the minimum radius which a particle should 

have to be still effective as a source of breakdovm 

for r <r . 
mll 

for r;7 r . 
nan 

00 

g(r) = 0 

g(r) = 1 

thus z = L n(r) • S 
r . nun 

00 

or z = sI n(r) dr 
r . 
m~n 

with r. defined by the equilibrium formula. 
m~n 

Palmer (Ref.3.18) gives a graph shovling the de:pendence of 

the particle density on the particle size. The relations~~p ca~ be 

approximated by: n(r) = k r-m 



Thus 

and 

. DO 

Z.oC:-s f k r-
m 

dr 
r. nun 

1-m r. 
Z ~ S k ~ for m > 1 

m - 1 

... 2 

~3 
o 

s c 
z~-

m - 1 

2 - (m-1) 
"j:j'3 
""'0 

which corresponds to the ~!ei bull distribution if m..-- 5 

Fil tration will change the relations in the follovTing "'lay: 

,;r max 
Z = S kr-m dr 

r . 
nun 

S k 
[r

1
..:
m 1~~J Z = r . 

1 
ma.."'C nun -m 

or 
S 

Z = -----
r 1. (m - 1)J L A - C E

3 

-m 
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The order of magnitude of r. can be calculated from the 
m~n 

equilibrium condition. 

For Eo = 4 kV / 200}A, r. 
/ nun 

"vill be 20 î 

Of course, the n(r) used here is o~~~ one of the possible functions, 

as our choice is purely empirical. 
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6.3 Bubble model. 

A second more publicized model assumes that vapour bubbles 

are formed wi thin the liquid, or at the electrode surfaces. \-lhen the 

applied electric field has a value which is higher than a critical 

level, the bubble will elongate ûntil it is unstable. 

Krasucki built a breakdown model centered on this fact, 

(Ref.1.4). He stated that a bubble, elongated in the field direction 

will eventually ionize when the breakdown strength for vapour is 

reached within the vapour bubble. ~nis ionization will initiate the 

discharge between the two electrodes. 

The critical field is given by: 

Eo = 1130 Vi (p + ; CJ ) 

1.Jhere Eo ' critical field in! 
ID 

\r surface tension in N 

ID 

r radius of the bubble in m 

t: relative permittivity of the bubble 

P hydrostatic pressure in li 
2 ID 

The model can again be IDodified in statistical terms. The 

intensity function is: z =~ n(r) • S • g(r) 

n(r) is the Dumber of bubbles .dthin the liquid with radius r. 



Frenkel (Ref.6.1) p. 178, gives an expression for this 

IllIllber. He wri tes: J'l(;) 
- kT 

d n(r) = :H e î (r) dr 

Where: N is the total number of particles per unit volume 
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"T(r) is the energy associated ,vith a vapour bubble of radius r 

k Boltzmann's constant 

T temperature in K 

t (r) a function of r, Frenkel assumes i:=:rs 

Iv(r) is composed of the surface energy of the liquid-vapour interface:;" 

the hydrostatic energy applied to the bubble and the electrostatic 

energy trying to enlarge the bubble. 

Thus H( r) = .! rtr3 p + 4 [1 \r l - 2 a to ~ 3 E2 
r 0 

3 E: +2Eo 

z 

00 

= ) n(r). S • ar 
r. 

IJlln 

g(r ~ r
min

) is again 1 because it is assumed that the existence 

of a vapour bubble of size 

have breakdo'Wn. 

r. is defined by Eo 
IJlln 

z = 

. oD 

s)' 
r. 
llllD 

dn(r) 

r? r . 
m~n 

l'I(r) 

is a sufficient condition to 

~ kT .:::. (r) dr 

This integral cannot be further evaluated. 
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6.4 Electro-hydrodynamic theory. 

The measurements on askarel which have been reported 

showed a marked discontinuity at a value of 9.18 kV. It is sug-

gested that the discontinuity is ass9ciated with the change from 

one breakdown mechanism to an other. 

The discharges at low levels could be caused by particle 

triggering and possibly aIso by vapour bubbles, while the high le-

vel discharges should only be caused by vapour bubbles. 

To explain the ineffectiveness of particles at high vol-

tage levels, the electro-hydrodynamic theory could perhaps be help-

ful. 

Ostroumov (Ref.6.2) showed that a liquid under electrosta-

tic stress acquirec movement at a speed which increases with the 

stress. At a certain level the critical speed is attained and the 

laminar .flow becomes turbulent. 1"1; is clear that particle bridging 

will be impossible in a turbulent movement. The change is associa-

ted iolith a consta."lt, defined by Felici (Ref.6.3). 

The constant is given by: 

where é is the permittivity of the liquid 

F 
is the density of the liquid 

V is the voltage across the gap 

)J is the kinematic viscosity 
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The numerical value of this factor is not measured, there­

fore it is not known if V coincides with the discontinuity in break­

down behaviour. Felici (aef.6.3) states that the factor has a nume­

rical value bett-leen 100 and 1000 for most dielectric liquids. 

The corresponding V for askarel (Honsanto 7030) is between 

6.2 kV and 62 kV and thus, the order of magnitude is right. During 

the conditioning period the liquid appeared ta have a laminar motion 

of the order of 10 cm/s. 

Spitzer, in a study on the conductivity of transformer oil 

in the pre-breakdown range, has produced plots of log current against 

log voltage shm-ring a discontinui ty , ... here the change-over occurs from 

laminar to turbulent flow (Ref.4.3). 

Rence the existence of a discontinuity in the reliability 

plots at 9.18 kV, is not inconsistent with hydrodynamic theory. 
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VII CONCLUSIONS. 

It has bee~ shown that extreme value theory is a useful 

tool to analyse the breakdown data of askarel. Two different mecha­

nisms, triggering the breakdown event were detected. as a probabilis­

tic model, both the Gumbel l ( double exponential ) and the Heibull 

distribution were tried and the relevant pararneters were calculated 

for the two breakdown mechanisms. The i:leibull distribution tends to 

give a better fit with these data. 

A short discussion of possible models of breakdown incep­

tion shows that the real distribution could be much more complicated. 
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APPEl\lDIX l 

The breakdown parameters for the Gumbel l intensity function, obtai-

ned by previous authors are listed below. 'Vlhere necessary the para-

meters have first been transformed into the notations of this report: 

z(x) = e a(V-Vm) 

or z(x) = s ea(V-V*), where the size effect has been measured. 

( Note: Vm = V*- 1u...ê. ) a 

1. Data by Brignell (Ref 1.5): 

breakdown data for n-hexane 

electrodes: Nickel spheres with 1 cm diameter 

gap spacing: 100~l 

tests performed vli th 1.2/50 pulses 

-1 results: a = 1.18 kV 

Vm= 2.12 kV 

2 • Data by ive ber and Endicott (Ref. 1.1): 

breakdown data for transformer oil 

electrodes: brass Rogowski electrodes 

gap spacing: 1.9 mm 

tests performed with a 60 cycles voltage rising at a rate 

of 3 kV/s. 
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Results: 

electrode size (cm2) 2.485 5.08 20.32 45.72 

a(kV-1) 0.257 0.32 0.308 0.302 

V*(kV ) 29.67 29.24 34.05 33.60 

tests performed with a pulse front of 65 kY/s. 

electrode size (cm2) 2.485 5.08 20.32 45.72 

a(kV-1 ) 0.119 0.097 0.083 0.09 

V*(kV ) 105.15 95.39 91.79 99.98 

3. Data by Simo (Ref.3.19): 

breakdown data for transformer oil 

uniform field electrodes 

tests performed with a ramp voltage of 2 kY/s. 

results: 

1° electrode size: 7.85 cm2 

spacing: 2 mm 

-- aluminum brass 

l II III IV V 

a(kV-1) 0.234 0.207 0.231 0.206 0.218 

Vm( kV ) _ 67.95 70.97 71.48 71.69 72.62 
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2° electrode size: 177 cm2 

spacing: 4 mm 

brass 

l II TTT TV 

a(kV-1) 0.142 0.132 0.130 0.118 

Vm (kV ) 125.35 124.02 125.63 129.19 

3° electrode size: 708 cm2 

spacing: 5 mm 

brass 

l II III IV 

a(kV-1 ) 0.085 0.079 0.080 0.092 

Vm( kV ) 146.68 147.53 147.54 140.81 

aluminum 

l II III IV 

a(kV-1) 0.116 0.123 0.107 0.107 

Vme kV ) 103.97 106.09 113.68 115.97 
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APPEl.\1J)IX II 

Calculation of the combined probability of t = tf + t s 

Given: 

f(t) = J
t

;",\. e -r s. 1.--
üV 2~ 

2 

t - to - S 

_j'U = V2 y . 

ds = - fi Cldy 

say 

f(t) =;;-
2 

1 + erf g l ( t - t 

uv. 
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APPENDIX III 

Listing of the parameters of the intensity functions used in this 

research. 

Runs: 1,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20 were per-

formed on askarel with a 200 jA gap spacing, taking fresh askarel and new 

electrodes for each rune 
/ 

Run 2 used the same askarel and the same electrodes as run 1. 

Runs 21, 22, 23 used askarel with a 30~gaP. 

In run 24 a general purpose transformer oil was investigated, the 

gap spacing being 150 AA. In run 25 the same oil and the same elec-
/ 

trodes were used as in run 24. 
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Run a( kV-1 ) V ( kV ) (J( v ) À N 
m a a 

1 0.405 11.514 697 22.9 23 

3 0.954 7.286 236 20.3 20 

4 0.822 7·589 252 23.6 23 

5 0.102 7.542 270 22.0 22 

,. 0.601 7.939 410 23.0 23 0 

7 0.744 7.485 249 23.3 23 

8 0.625 9.950 353 25.4 23 

9 1.167 7.631 150 24.9 24 

10 0.419 10.207 554 24.8 25 

11 0.871 7.788 467 23.0 23 

12 0.659 8.305 615 22.7 23 

13 0.388 10.939 755 23.8 24 

14 0.429 10.182 779 22.9 23 

15 0.578 9.721 544 24.0 24 

16 0.652 8.368 377 23.3 23 

17 0.558 10.351 322 24.5 24 

18 0·749 9.630 399 25.5 24 

19 0·733 8.196 449 1 
24.1 24 

20 0.563 10.218 579 22.3 22 

2 1.410 6.21 145 25.7 25 

21 0.500 11.829 593 24.2 24 

22 0·474 10.518 558 23.8 24 

23 0.528 11.302 413 24.7 24 

24 1.050 7.614 294 37.6 38 

25 3.555 6.156 61 24.5 23 
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1 1 

Run eX b( kV ) (JO( ( v ) Ac<. N 

1 2.714 12.348 551 23.2 23 

3 5.753 7.226 164 20.6 20 
i 

4 4.610 7.641 1 258 23.9 23 
1 

6.624 7.463 
! 22.2 22 5 1 244 
! 

6 •. 3.224 8.017 328 23.2 23 

7 4.001 7.535 224 23.7 23 

8 4.331 10.202 312 25.8 23 

9 7.540 7·605 160 25.2 24 

10 2.346 11.098 433 25.3 25 

11 5.620 7·715 294 23.3 23 

12 4.123 8.250 521 22.8 23 

13 2.073 12.801 623 24.1 24 

14 2.733 10.377 707 22.9 23 

15 4.025 9·818 355 24.4 24 

16 4.133 8.306 304 23.5 23 

17 3.737 10.837 385 25·1 24 

18 5.174 9·838 773 26.0 24 

19 4.821 8.098 338 24.2 24 

20 4.262 10.243 448 22.5 22 

2 7.632 6.16 142 26.1 25 

21 4.043 12.193 413 24.7 24 

22 3.168 10.935 559 24.1 24 

23 3.794 11.950 410 25.2 24 

24 6.890 7.554 
1 

237 37.9 38 

25 21.454 6.141 68 24.7 23 
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