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A STATISTICAL INVESTIGATION OF ELECT~C 

BP.EJI,WOWN IN' ASKAREL 

ABSTRACT 

Electrical breakdown expér'iments were cond~cted . 
in 1iqutd die1ectrics under uniform ~ield·bonditions. A 

syntheàic 
a fe-~ ~ 

liqui.d was 

dielectric (Monsanto 7030) was mainly used but 
~ 

experiments were conducted in mineraI oil. The , 
carefully prepared bY,degassing and filtration 

through glass sinteréd filters which formed an integral r • 

part of the test celi apparatus. Steadily rising d.c. 
, . -1 ' -1 

vo~tages at rates ranging from 0.3 kV sec. to 30 kV sec. 
! ~J 

,w~re applied ta FWO spherical nickel electredes of 5 mm. 
d/iameter at separations of 100 to 250 microns. The rate 

of voltage rise and the time delay between suc~essive 

volt~ge applications were automated to eliminate observer 

/ b~as. 
, ~. 

The appropriateness of the extreme value distri-

butions and the log-normal distribÛtion in describing the , . , 

observed distributions'of breakdown voltages was tested by 

,calculating the parameters of these distrjbutions from the 

observèd data by numerical methods and applying the 

Kolmogorov-Smirnov ~oodne~s-of-fit test. It was found that 

the Weibull distribution was best, the log-normal se~ond. 

The. shape parameter of the Weibull distribution incr'eased 

with increasing gap length. \ 
rd ' 

Computer produced brea~down voltage'densitY'plois 
accuratel,Y made by using the; "pile of sand" technique\ showed 

multiple 'peaks for breakdown ~oltages above 5 kV, indicating 

the existence of several different breakdown mechanisms. ~he 

, effect of the rate of r ise of c voltage on the breakdown 

probability was studied. ,The probability of breakdown for a 

partiqular voltage was found, to increase with the rate of 

voltage rise. 
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RESUME 

Exp~riments du claquige ~lectrique des 

di~l~ctriqu~s liquides ont ~t~ faits SDUS condition pe 

champ uniform. Une di~lectrique synthetique (Monsanto 
< 

7030) ont ~té employé pour la plupart des expériments 

mais il y en avait aussi des expériments de cOmparison 

fait avec huile mineraie. La liquide a été preparée 

soigneusement par un extraction de' l'air èt la filtra-

tion par des filtres composés du verre sintré le tout 

qui a fait partie intégral de la cellule d'essaie." 

Tension continue qui croissait à l'ordre de 0.3 kV sec.- l 

jusqu'à 3D, kV sec. -l, a été appliquée aux deux ..electrodes 

sphericals de nickel de ~iamétre de 5 mm. avec une sépara- ~ 

tion de 100 microns jusqu'à 250 mlcrons; La montée continue 

de la tension et le délai entre les applications successives 

de voltage étaient automatisés dans le but d'~liminer le . 

biais d'observateur. 

L'applicabilit~ des lois de probabilités des 

valeurs extrêmes et de la 9istribution log-normal comme 

un description des distributions de voltage du claquqge 

observées a été examinée par la calculation des paramètres 

d~ ces ~istributions'par méthodes numerlcal et l'application 

du "Kolmogorov-smirnov Goodness-of-fi t test". Il ~tai t, 

constaté que la ioi de Weibull était le mieux, celle du 

log-normal était seconde. La paramètre de forme de la loi 

Weibull a crGe avec une augmentation de la distance entre 

les ~lectrodes. 
Courbes de la densité de la voltage du claquage 

p~od4isées par un ordinateur e~ employan~ la m~thode du 
j , 

P'tas d'~ sable" (pile of sand) ont ,montrées des pointes' 

multiples pour des voltages de claquages au-dessus,5 'kV, 

démQnstrant ainsi l'existence de plusieurs rnéc~nismes du 

claquage différents. L'effet de la vitesse, de la montée . , 
de la tension a ~té étudié. Il était constat~ que la 

probabilité de claquage a crGe avec la vitesse de la 

montée de la tension. 
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= 
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= 

= 

= 

parameter associated with type III lex~reme 
value distribution 
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/ ,,B' = 
~ r = 

shape parameter 
. 

gamma function 
Il ' 1 

1= Euler' s cons tan L ( 0,57721. ..... ) 

r' 
~ 
() 

6
0 

€ 

t 
e 

fo 

fp 

~ç 

71 
{"'~ , 

-e 
1\. 
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1/ 

= location parameter 
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breakdown frequency 
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, 

standard deviation of the logarithms of the 
random variabl"e x 

standard deviation of reduced variate 
• , 

sur face tension of the liquid, , 

Breakdown probability per unit time 

probabili~y integral 1~XP(JJl/2)dW 
o 

first asymptotic distribution function: also' 
referred to as type l extreme value distri~ 
bution, or doUble exponential·distribtuion 

second asyrnptotic distribution ofsrnalle'st 
values, or type II extrerne value distri-
bution 

third asymptotic distribution of srnallest 
values~so called type III extrerne value 
distribution or Weibull distribution 

~ensity function corresponding ta l~( ). 

density function corresponding to 2~( ). 

density function corresponding ta 3q?( ). 
. 

particle flux in vicinity of elect+ode 

UJ :; variable of integration 

/ 



" 
\ 

, \ 

. . 
/-

/ \ 

\ 

. " 

/ 

l CHAPTER l 
, . 

BREAKOOWN IN LIQU10 DIELECTRICS 

1. INTRODUCTION 

/ 

f" 

\:, , 

(J 

\' 

\. 

\ ' 

, , ' 

_-a. ___________ _ ,,_, ___ ,~_ 



./ 

", 

( 

-1-

\ , 
CHAPTER l 

BREAKDOWN IN LIQUID DIELECTRICS - INTRODUCTION 

1.1 INTRODUCTION 

There are many different theories concerning 

electr ical breakdown in dielectr ic liquids. In general 

it can be said that sorne of them explain the breàkdown 

mechanism using a macroscopic interpretation, such as, 

heat production in certain places in the liquid, 

especially at the cathode, irregularities on the cathode ' 

surfaçe, the presence of impurities~ colloidal suspensions, 

gas'bubbles and vapour bubbles, non~uniform dist~ibution 

of the electrical field, etc. Other theories consider 

the mechanism of breakdown !rom a microscopie point of , 
1 

view and derive the breakdown criteri0t;l on th,e basis 

of molecular structure. \ 

The first group of theories refer t6 

experimental conditions in wh'ich liquids of a commercial 
A 

grade are used, which eare n~t properly clea~ed and 

degassed, and ~arge fields oJ long duration are applied. 

Such conditions are bsed in most of the industrial and ( 

commercial work, and for this reason these theories-are 

acknowledged and find applicatiop. 

Theories connecting the phenomenon of 

breakdown with molecular structure of the liquid tested . 
refer ta experimental conditions where i~ is possible to 

1 

.. 
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observe the phy~ical rnechanisrn of bceakdown re ardless 

of, the pur i ty of the l~quid. Onder SUCh, condi~iOhS i t 

is possiple to rneasure various physical quanti ies for 
\ 

different types of liquids, even for srnaii variations 
1 

in the propertie9' R~sults obtained using ~iquids 

of high purity in this manner furnish the basis for a 

,physical theory (1 r. 
However, the breakdown of liquid d~e1ectrics 

- f / 
is now regarded inhererttly a statistical phenorn,non' (99) 

and 'the general concept of an 'intrinsic electt c 

strength' is both unrealistïc and incompatab1e the 

, • probab1ili ty approach ta dielectric failure. Tha there 

is a d~minant' random element is indicated 

'the tact that ref~nts of 1xperimentai 

use of highly purifie~iquids have failed to reduce 

~catter of results, or ta give results 

reproduced by other workers. By using carefully 

contro1led experimental technique"however, it is . 
to identify €hose parameters Which significantly a 

\ '. 
the probabil\ty distribution 

and relate them to the statis~icai behavior (99). 

1'4 PREBREAKDOWN PHENOMEWA 

be 

Urlder ~xperimental conditions, various p~e-

breakdown' phenomena can be Cl~serv'ed: light emission, 

acoustical disturbances, cavitation, dark spots and 
- Q 

current pulses. To gain better insight into the break-

j \ 

t \~ , 

'. 
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down mechanasrn, the progress of the breakdown must be-

observed carefully before, duri~g and after its 

occur r ence • 

1.2.1 Li~ht Emissfon 

When a hydrocarbon insulating liquid is 

str~ssed, points of light Or' luminescent zones are • 

observed within the stressed volume {40,l02~. The same 

phenomenon occurs 'in hexachlo~odiphenyl (84). Smit:h , 
and Calderwood (138) report that with a point-plane 

system in hexane[ the point electro~e being the cathode~ . -

light emission in the forrn of flashes from the tip of 

the point electrode was observed to take place at 

,voltàges within 20% of th~ bre'akdown voltage. These 
..,- 't 1 

light flashes appeared at intervals ranging from seconds 

to minutes with a tendency to.become less frequent and 
, , 

...-). 
less intense with increase·in the duratipn of tirne for 

which the slowly rising d.c. ~oltage was applied. 
~ 1 

These observations constitute evidence 
-

for the presence of electrons with an energy of at least 

2.5 eV in these liquids et high stress (139)~ In trans­

forrn'er ail this phenomenon has been interpreted as in-

volving the acceleration of electrons and the resulting 
. -

exci~ation of polycyclic aromatics. (13 ). 'On the other 
- \ 

band, the ern~ssion of prebreakdown light is also thought 

to arise from agas discharge in a bubble in the liquid 

(50 ). For example, the light ernitted from hexane is 

. \, 

" .' , 
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likely fO result from suc~a microdischarge be:ause i~ 

2 is only after the onset of cavltation that light is 
1 

emitted in any significant amount (103). In contrast, 

not only are light levels in, transformer oil greater 

than those in hexane, but there is significant emission 

prior ta cavitation inception in non-uniform fields,~ as 

weIl as for' sphere-sphere electrode configuration te-sts 
1. 

for which no bubbles were detected (103). 

.1 
Another explanation is that light emission 

is due to microdischarges when charged particles approach 
\ 

an 'e+ectrode (15). In support of this explanation, 

proponents observed photographically microdischargep . 
'1 

~ 

when a meta~ ~phere (about 3 mm in diam~ter) was placed 

between two planar e~ectrodes, 8 mm apart, in transformer 

oil'. 

, , 

. %l'. 2.2 Shaded Areas 
<J 

, \ 

\ Under direct voltage condi tians, a spray of bub-
\) 

bles and an intermittent blue light appear at the point 
. 

cathode when the 'applied vGltage is of the arder of 10 kV 

w,i th a gap length of several millimeters (29). As the 

direct "Vol tage 18 ,further increased ta appro'ach the direct 
, '\. 

breakdown voltag'e of the system, a dark diffuse regioJ1. i5 
• 

obser~ed in the vic{nity of the cathode œ5, 135)~ This 

region, which i? called 'the discharge region, bears 

resernblence ~o regions of reduced density produced under 
'( 

pul'se condifions' (28 Î. The nature ot the' s~ê~ed are as 

1 • 

ri • 
, LI... ", ... '+ut- ,.\,. (""" 

~J 

• ç l , 

j 
1 
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has not been clarified experimentally and opinion re­

garding t~i r nature is di vided 0 One hypothesi~ "ascr ibes 

the phenornenon to bubbles too minute to be seen and wh~,ch 

séatter the light, causing appearance of a 4ërker ~rea •. ) 
, (, 

The time required tÇ> build up bubbles rnakes this mddel "-\ 

question~ble bec au se the shaded aGeas have always appe~red 

instantl~, or at least within a time much too sho~t t~ , 

be measured (62) 0 However ,-'Krasucki., by his theory, has ~ 
" 

to l showed that in l~quids like n-hexane, breakdown due 

the formation and growt!l of a vapour bubble 'shollld occur 

ln times of about 0.14 mfcr?SeCOhdo This time is of the 

* same order of magnitude as the formative time l~gs in 

n-hexane which have been m~asuredo: Another explanation f 

is .that the shaded areas contain,high local concentrations 

"' of charg~s of both signs like a p,lasma, in which case the 

light i5 scattered by fluctuations in the refractive 

index ( 86)j-

* (When a di~lectric liquid is 5uddenly subjected to a 

high electr ic' stres~, i t retains i ts insulating proper-

ties for a time before the formation of a low tmpedance 

path between electrodes. The statistical model divides 

this t'ime into two components, a statistic,aI lag t s 

and a formative lag te The tirne,; t s is defined as the 

period between the a~plicatian of stress and the appear­

ance 'of an initiating ev~nt 'which wifl eventually le ad 

,to breakdown; tf is the time required ta complete a 
\-

breakdown after the appearance of the critical initiating 

.... 
\'-
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event. These definitions are quite general, and no' 

physical proeesses need be postulated for them. The 

'only assumption ~equire'd is ~hat ini tiatif? events oceur 

randomly at a mean rate f(E) when a stress E is applied 

to the electrode-liquid system.) 

1.2.3 Cavitation 

Cavitation oeeurs under non-uniform high 

c field eonditi@ns. ·There is evidence that tfris results 

in such fields from the rapid eollapse of a cavity or 

microbubble produeed by eleetrostatic or thermal 

con4itions. 'Detection of both sound a~ sonic and super­

sonic veloeities ~nd optical 'emissions a~e characterist{c 

of cavitation, the onset of which is strong1y temperature 

dependent (38). 

1.2.4'Shock Waves 
. "" The generation of shock waves is believed 

to play an important role in the propagation of ~re­

breakdown di5turbanees. It has been stated that the 

breakdown voltage of the system is ralsed by conditioning 

(see sectionl~~.3)Th~5 sugg~st~ that the growth at the 

~ 'discha'rge~ region -i5 related to the injected 'charger The 

onset of growth is' heralded \by. a weak shoek wave indi­

eating an abrupt energy change to the system (30). The 

presence of rapidly moving partieles probably provides , 
. . , :.'\ 

" ~" .-
the neeessaty nueleation. centers for the prècipitation 

'1-
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of cavi ties in C their wake (16,2 )., 

1.2.5 Current Fluctuat!ons 

In véry high fields single large current 

pulses can be observed before breakdown occurs, as if 

local breakdowns occurred. which do ndt pass t,he w:hole 

way between the electrodes. These are sometimes èalled 

microbI'eakddwns. 'L'he frequency of\ such ioniz ing pulses 
, ~ ~ 

and their value de pend on field intensity, the type'of 

liquid and- its puçity, the presence and nature, of gas 

,dissolved in the liquid, eleclrode material, the 

con~ition ~f the electrode surfaces ~nd temperature (2 ) • 
.. 

It is the motion of the charge: carriers in 

the liquid which is responsible for the random nature of 

the cqnduction current and its fluct~Jtions. It is 
, ' 

reaso~able to assume that at \ low ''':of ields, ions will play 

an important part. Ions çan originate in the bulk 

liquid eithér by dissociation of impurities or by ab-, 

sorption of external radiation, while the electrons 

result from cathode emission. There ar~ at least three 

ways in which electrons can contribute ta conduction: 

1) They may become attached to molecdles and the 

resul'ting ions will m6ve under ,the' \nfluence 

of ~he applied field. 
Il> 

2) Th~ may jump from molecule to molecule in tne 

field direction. 

3) They may be accelerated by the applied field 
\ ' \ 

, \ 

, f 

1 
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and move through-inter-molecular spaces, suffer-

ing elastic or inelastic collisions. 

Which of these mechanisms is operative in a pa=ticular 

case will depehd on the liquid itself and its temperature. 

(140) . 

1.2.6 Ion-induced Llquid Motion 

" Experiments in hexane using sphere-sphere 
) 

1/4" electrodes of stainless steel were d'one by Smi th \ ,-

an~ Calderwood during which a dye stream f10wed under 
\, 

1 

gravit y over each electrode (gap length = 2 cm.). 

When a steady 200 volts d.c~ was applied to the gap, each 

dye stream was deflected away from its respective 
, 

electrode. At 1,000 volts globules of the dye moved 

right across the gap in either direction alternately. 
, 

By 2000 volts there was a general turbulence of the 

liquid bètween electrodes and the dye s'tream in this 

region was completely dispersed. By 20 kV the 

turbulence was visible as rippling at the free surface 

of the hexane. The effects were more pronounced when a 

higher purity hexane (suita?le f~r spectroscopy) was 

used (l38). 

Ost-roumov (:1954) presen ted a theory based 

on a hydrqdynamic interp~etation of the conductiort 

currènt in highly stressed liquid dielectrics, from 

" which a conclusion is that highly stressed liquid 
1 

dielectrics cannot be ptationary (141). ' Nelson and 

.4 
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McGrath observed that'circulating transformer oil 

produced an oscillating autocorrel?tion function of 
, , 

pre-breakdown conduction current pulses, whereàs, 

~tationary oil produ~ed only â simple exponentially 

decaying AeF.- Oscillating and non-osci11atory ACF's 

for gas-s1turated and degassed oil respect~vely were 

found, leading them to conc1ude that the presence of 
1 ? 

gas i~ so~ution i5 a factor affecting liquid motion. 
1 
1 

It was in6erred that positive gaseous ions are res-

ponsible or the drag mechanism bringing about motion 

(104,) . , . 

1.3 OTHER FACTORS AFFECTING BREAKDOWN STRENGTH OF A 

1. 3.1 trode Effect '. 

~here are strong reasons for supposing that 

it is the value of the stress at the elec~rode surface 
1 

which is critica1 in determinirtg the probability of 

breakdown (95): 

1) the measured st ength is somewhat smaller th an 

~ight be reaso 'intrinsic' strength 

on the basis 0 knowledge of gases and solids 

2) the breakdown robability i5, dependent on the 

nature of the lectrode material 

3) virtua11y aIl he physica1 models that have been 

p!oposed for l quid breakdown depend upon an 

initiatory mec anism,at the electrode surface. 

/. 
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Electron ernissi~n from the cathode and the mech-
" 

anism of the formation of an ~valanche of electrons and 

ions grea~ly influence the br~akdown strength. Consequently 

this strength shows depeQdence on the electrode material 
\, 

used. This is accounted for by the variation in the gas 

absorbance of the rnetals. Charge carriers in the liquid, 

will dr ift to the electr'ode of sign opposi te to, tha t of the 

charge, creating a space charge. Sorne of the carriers, having 

given up their charge ta' the electro.de,rnay: continue to adhere . 

there forming an insulating layer which may greatly affect 

the sùhsequent' fôrmation 'Of space charge at or near the 

electode (142). 5uch a layer on the cathode makes the 

process of neutralization of positive ions ardving at the 

cathode difficult, and the space charge produced i~creases 

the electrical s~ress in the layer. This may résult in a 

microbreakdown and in the creation of a microbubble of plasma 
1 

(60). The presence of a layer of gas on the surface of 

the electrode influepces the,emission of electrons (61). 

By initiating a microbreakdown ~t the surface of an elec-
~ 

trode , Gzowski et al. (59) found that the average elec~ 

trical stress which resulted in breakdowns was several 

t~#es smaller than the breakdown stress without triggering. 

Th~s, a breakdown of. the insulating film on the occasion of 

a ~icro~reakdown provides a smaller èffective gap and 

\ 
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increases available free charge. 

Kao(90) has proposed a new theoretical 

model for impulse high-field co~dùction and breakdown in 

liquids based on the idea that high-field conduction 

i5 due mainly to electron'emission from unavoidpble 

asperities on the metallic cathode. The current, how-

ever i5 mainly confined to one or more filarnentary paths, 
, ft 

in which the current density i5 mu ch larger than that in . 
1 

other regions instead of being uniform as previous theories 

have assumed. There is at least one filamentary path 

in which the current densit~ may reach a critical value 

'" 
50 that the jouleiheating produced in it is sufficient 

to initiate thermal instability and hence the onset of 

the breakdown process. The ma~hematfeal expressions 

developed take .pccottnt of the t'emperature, hydrostatic 

pressure, gai·t~ngth, molecular structure and applied 

voltage waveform.' Computed results àre reported ta be 

in good agreement with currently available experimental 

results for saturated hydrocarbon liquids and aromatic 

hydrocarbon liquids. 

i ~ 
1.3.2 Effect of Bubbles on the Breakdown Prpcess 

Since ,thé electric field in a bubble wil'l 

be greater than the average field in the iiquid, owing 

to the different permittivities, a bubble on the electrode 

surface would likely enhance the emission of ele~trons 
from the underlying rnetal (6l). Because of .the build-

1. 

. , 



\ 

( 

up of space charges, the gap will be non-uniformly 

stressed. Positive and negative space ch~rges will 

enhance fie~ds in,the cathode and anode regions respec-, 

\ 

tively. It is therefore more likely that a discharge 

will be initiated inside a bubblelfor~ed in one of those' 

regions rather than in a bubble formed in the bulk~of 

the liquid (160). 

Krasucki (84) developed a theory of break­

\down in u~iform fields by assumlng that the dark regions 

observed (see section 1.2.2)in,breakdown experiments were 

bubbles of vapoGr which were at a pr~ssure close to zeio. 

This ,would ~ccount for the quick disappearance of these 

regions with the removal of the electric field. Under 

the effect of tne field, electrical eneLgy injected into 

the growing bubble is converted into heat which vapour-

izes the liquide Once formed, the vapour regions grew 

until,breakdown. Points of zero pressure, according to 

the theory, are most likely to forrn in the presence of 

particulate impurities. The condition for the develop­

men t of a pain t of zero pressure a t the sur face of the' 

.par ticle is: 

where 

t l = relative\permittivity of the liquid 

= (dyn~e/cm~) hydrostatic pressure of 'the, liquid 

= (dyne/cm) surface tension of the liquid 

r. = (cm) . radius of the pair ticle,. 

> 1 
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Whenevèr this condition is satisfied, it i5 assumed 

that the vapour bubble growè to a size at which break-

down oeeurs. 

It was shown that this expression gave good 

predictions for the known dependencies of breakdown 

stren.gth of n-hexane on both temperature and pressure 

and for the observed increase in the breakdown~trength 

of aliphatie ~ydrocarbons w~th increasing molecular 

weight. Though the molecular weight does not appear 
" 

in the equation, any variations on breakdown strength 
\ 

must be due to variations in surface tension and 

permittivity between the different liquids in the 

aliphatic series. 

1.3.3 Effect of Additives 

Water adde6 to very pure transformer oil 

causes a considerable decrease in the breakdown strength 

This ieffect is explained by the great ability of water 
\ 

ta dissociate and produee a large quantity of ions in 
" 

the bulk ~f the liquid as weIl as in the vicinity of t~e 

electrodes. Addition of iodine ta an ail in the amount 

of 0.01 9 per liter increased the breakdown stress vàlue 

by 18% but greater doses redueed it (3 ). The addition 

of p-ni trotoluene ta petroleum deri ved oil Incre'ases i ts 

eleetric strength by 48% (3 ). The effect of 

selenium is very pronounced in improving the breakdown 

strength ~nd i8 attributed to the forma'tion 'of a pro-

« ~ ~ 
1 J 
~ . 
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tective layer on the electrode surfaces (3 ) . 
/' 

W~~n an electric discharge takes place 

in an insulatiog liquid, gas is evolved, which may or 
, 

may not be absorbed by the liquid. In mineraI oil 

the gas produced is mainly hydrogen and gaseous hydro-

carbons and the amount absorbed i~proves both wi~h 

in~reasing aromatic content and volume of oil (119). 
, 

An electric discharge in askarel, however, 

corrosive ~o,metals 

To prevent su~h de-

praduces h~dagen chloride which is 

and attackS\ ce1lu10sic insulation. 

teriorationl a compound known as a "scavenger" is added 
. \ 

ta basic askarel to react with and absorb any dissolved 
\ 

hydrogen chloride. Tin tetraPh~Yl is used as a 

scavenger (see' Table 2-.1). l t..:~eacts wi th the hydrogen 

chloride to form benzene and non-ionizing complex tin 

ohlorides. Though this compound can effectively 

eliminate occasiona1 minor arcing occurring under 
f , 

normal, operaHng condi tions, i t ma'y be unable to cope 

with the larger quantities of gas produced by heavy 

arcing (9 ) . 

Zaky et al. (158)found that the same additive 

concentration which gave a maximum in the breakdown 

characteristics, gave a minimum in ~he gas evolving 

characteristics of the ail and vice versa. This corre-

lation provides further experimental evidence in support 

of the theorY'that the breakdown process, particuiarly 
, 

in its later stages, i8 governed by the presence of a 
( 
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gaseous phase; that the breakdown of an insulting liquid 

is initiated, and governed by a g~seous dis~harge inside 
/ 

,gas bubbles formed in the liqu id. 

For additive-free oil the most effective 
~ 

-of the dissolved gases in increasing the electric break-
l '. 

down strength of oil is oxygen and the least effective 

is hydrogen. 

~.3.4 Effect of Particles 

particles exist in the liquid either because 

they are too small tq be filte'red Qut during the initial 
i' 

purification of' the liquid, or are produced during 

~èlectrode condition~n~:. For example, it has been shown 

that in the breakdown of liquïd argon, metal par,ticles, 
o ~ \ 

ranging in diameter frorn 200-500 A are produced(84). 
\ 

When voltage 1s ~pp~ied to the el~ctrodes, 

the particles move toward the electrodes where there 

exist reo,ions of maximum field strength. Some particles . ~ 

settle out on the electrode and recoil from it as a result 

of punctur ing the oil film on [the electrode s1,lrface and 

becoming charged. The higher the electr ic field , < strength, 
, 1 

the more probable it becomes that particles will recoil 

from the sur~ace. This process has'a random nature. 
\ 

The p~rticles may finally form a bridge between the 

electrodes if they are p~rmanent dipoles. After the 

perl,llanent dipoles form a bridge, electr'ol7s may be shown. 

to move with relative"ease along this bridge âlthough 

\ 
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permanent dipoles are essentiallY inter~ally non-con-

'. ducting particles (81). Admixt~res of particle bridges , . 
. .. .. ~(/'1 ' 

simultaneously grow and breakdown. Volkov and Mit'kin " 
, , 

(4'6) developed a statistical tbeory of bridge formation' 
, . 

, 
and derived the fo11owing formula for the growth of a 

single br idge:, 

= r- partic1es/sec 

• J 

/ 

, 2 fU (W2
) .y"f'ff exp - dU 27T 2 

where 

(3'\ 

where 

o " 

Li = € -€ p l 

'f p + 2 € 1 
~ , 

k = a constant depending on déviation from 
c 

symmetry fn the pr,ocess of attracting particles. 

(e. g. if i t 'can be assumed a'11 the p~rtid.es are 
/ 

directed to the tip of the bridge from a ha1f 
/-

space, k =0.5) 

,~1 = permittivity of the liquià 
1 

€ '= permittivity of the particles /' 

p , 
, 

llo = particle concentration in the' outer 

r = particle radius 
p 

region 

EB =\ theexternal field, not' th~ t near the top of 

, the particle br idge l , 

1 \ 0 

Il 
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kB • Boltzmann constant 

T • temperature 

~ = visco~ity of the liquid 
1 

Assuming that the particles ip the liquid 

have an exponential size distribution as is sugges~ed 
\ 

by Epstein's paper (42), it would be interesting to 

exarnïne whether the above equation p~ovides a criteria 

of breakdown when the gap'length and ,particle distri-
/ 

bution are known. The same authors have also forrnulated 

a theory on the growth of bridge systems'. Their work 
/ 

is based in part, on, that of Kok (81) who assumes that 

brèakdown is caused by the ,formation of a bridge. D~s­

ruptiv.e forces of d~ffusi6n due to the thermal energy 

of th~ particlesn when equated to the electric force 

acting on the particles tending to: concentrete them 

'in the region of maximum field,provide a condition above 

whtch breakdown will sooner or la ter occur: 

where rp. pa:ticle radius 

EB=~field strength 

T = absolute temperature in degrees Kelvin 

f = ~ermittivity of t~e~particle 
~ 

El = permittîvity of the liquid 

/' 

\ ~ 

/ 

, 
4 
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• 

" 
'How quick1y a bridge cah form i5 indicated, 

" 
, l \ ,by Kok (81lWhO specu1ated that the time t in which a 

.. cl .., fJ'L \ • 1 \ 

, ~,t,t>arl:icle cou,~d_ cr<?la gap d with.c,onstant velocity was: 
~ .' 2 
" ,,' '.. t = rr 1l / EB \' , ( 6 ) 

" . 
," "1 where 1l = viscosi ty, (poise)~ 

. E
B 

= electric field strength (Et.s.u.) 

, .If' the field is 10 kV/,mm,1,Jn the, C;.g.s.' system of units 
> 

which applies to (6 ) corresponds to: 

EB (4'Tr € 0) 
.2 coulombs x 3 x 9 

q = r- 10 e.s.u. q coulomb 
~, 1 

wh,ere rg is-the distance of the test charge from qharge q: 

x (10- 2,) 2 
~ . /' 

9 ? 109 

= 330 e.s.u. 

n . * Thus ror a viscosity for askarel where "( = 0.146 pOlse 

a partic1e wou1d be able to cross the gap in 30 micro-

. seconds_ 

*Note: The kinemat'ic viscosity of a 1iquid is the ratio 

of its viscosity to its density. The c.g.s. unit of 

kinematic viscoaity is"the "stoke". The'c.g.~. unit 

for viscosity is the "poise". Therefore to con~ert from 

"stokes" to'"poise", the ,figure in stokes for the kine-
.~ , 

matiq viscosity is multiplied by its density. To convert 
1 

from the unit of' kinematic viscosity called "Saybolt 

Univ~rsal Second8" ~hich i5 often employ~d in giving 
~ , \ 

viscdsity d~ta in North America, ~~. as appears in Table 
\. 

2, the following formula i5 used (144): 

1 

- . , 

" 

... 

? , 
j -
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'Tl 
1 • 

Stokes 
l' 

,where t s = kinernatic viscosity (Saybolt Universal Second)! 

7l = kipernàtic viscosi ty (Stokes) 
~okes 

The conversion to viscosity is, therefore: 

'where\ 7l~ viscosity (poise), 

~ Stokes = kinematic viscosity (Stok~s) 
})~_densitY (grn/cc3) 

It is not known how well this agrees with 

reali ty Ibecause i t 'h usually assurned that Stoke' s- , 

formula (where 77= visCQsity, r = radius 
,', P'. 

4 Vp ='veloc~~y of particle of a spherical particle 
, . , ' 

relati~e to the fluid.) agrees better with ~xperirnental 

data for large particles than for small ones (82). 

Also Stokes formula is v~lid only for slow uniforrn 1 

motions OF spherical particles on which the forces ,of 
J 

inertia acting on the'particles and in the liquid may 

be neglectedand only viscous fricbion forces in the 

liquid play a pa~t. From a Reynolds· number ( N ,=p'v ln 
R f '(" 

c ~ t. 

where p = the density of the fluid'/~f is its forward 

velocityand ll=.viscosity) of 5 qnwards the' forces of 
'1 

inettia in the flowing liquid begin ta play a part and . " 

", 

theD'Stoke's formula is no longer applicable, not even 

J 

; 

" , 

... 
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for shperical particles (83). (For water at 20 0 C flowing 

'" i~ a tube of l cm diameter with an average velocity of 
\ 

io cm/sec, . the Reynolds number i5 about 1000.) This 

cause of deviations becomes .even more important if the 

shape of the particles may not·be assumed to be spher~ 

cal (S3), 

1.3.5 Dependence of Electric Strength on the Number of 

Breakdowns 

Brèakdown va-lués are lower for the first 
~ 
few breakdowns and increase systematically with the . , ,/ 

'" number of breakdowns and only after a sertain number of 

breakdowns reach a steady mèan value~ This phenomenon 
// \ 

is known as "condi tioning", Aft'et this 'condi tioning 
/ 

th~ breakdown stress of the liqàid may ~ave increased 
<'! 

by 50-100%. This may be explained by assuming that the 

first breakdowns remove gas bubbles and impurities 

from the liquid and the surface of the electrodes M( 4' ~. 

,Nelson c~rried out experiments with large electrode 

areas of up to 2 m2 and nevertheless found rap~d 
\ 

éonditioning despite their large area and capacita~ce. 

It may be supposed that the larger bubbles were removed 

by mechanical shock forces. "caused by the discharge of 

the cell capacitance (105), 

Chadband (31) explains c~ndit~ning as an 
, 1 

initial progre~sive decrease in the quantity of charge 

stored per pulse as, pulsing of the sys~em proceeds p 

" 

o 

l • ! 
1 . . 
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v 

The process is regarded as c~mplete when a smal1er, but 

re1atively constant charge per pulse is obtained. The 

conditioning process is both time and voltage dependent 
<~ -

(31). Condi tioning ~sl.ng short duration pulses, r~quires 
r~ ~--

a greater num~er of pulses than ls the case when longer , 

pulses are employed. A system is conditioned to a 
\ 

particulai voltage,' Below this level,of voltage 
1 

reproducible results are obtainedJ however, if higher 

voltages ~re then employed, further conditioning occurs. 

Shaded areas in connection with regions 

of reduced density which form at the point in liquid ' 
, \ 

, . 
dielectrics ha~ been already mentioned ( sec. 1.2\.2).' 

~ \ 
, ~ 

Thesé regions originated at the cathode and grew towards , , 

the anode to a distance dependent upon-the magnitude of 1 
, b 

the applied voltage, so long as the pulse duration was 

sufficient to allow full growth. With a constant pulse 

amplitude, the maximum size of this region was observed 

to decrease with continued pulse application until a _ 

smaller but reproducible size was obtained coinciding 

with a conditioned state (3À). 

1.4 SKETCH] OF PROBABLE EVENTS LEADING TO BREAKDOWN 
; 

The liquid in the gap is in turbulent 

motion and unless it i5 perfectly filtered there' will 

also be movement of particle5. (If the field i5 

relatively slowly rising, a system of bridges between 
1 

l , 

the electrodes'may have'developed). œhere will be\~n 
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injectïon of e1ectrons from any sharp points or pro­

~uberances at a negative potentià1 fo1lowed by al corona 

and a spray of .bubbles from nega,tive points and sub­

sequent1y from any'positive pbints which ar~ sharp 
l ; 

enough (136). Sparks can be observed which do not 

bridge the gap but occur within thé gas ~ubb1es (137),' 

At the onset of the spray, high values of conduction 

current appear. A dark region at the tip of t,he needle' 
, 

can be seen. E,lectr ica1 discharges in bubb1es cause the 

bubb1es to grow due to vaporization and develop into 
1 \ J ' , 

a gas c~annel which propagates. This ultimately ~ 

determines the breakdown strength. If these dïschargès 

are regarded as regions of high1y conducting plasma in 

contact with the electrode, the breakdown of the gap 

seemS ta be due to the propagation of the plas~& in the 

direction of the electric field (136). n The breakdown' 

tracks tend t~ follow lines of electric field along 

a path wnich 'can be represented as the surface of a cone 

describing the limit of the extent of the spray (136j • 

If conditions a're notpropitious for propagation, the 
• 

bubble may disintegrate into several smaller ones (159) .--> 

1.5 STATISTICAL APPROACH TO DESCRIBING BREAKDOWN 

1.5.1 The Weak Link Concept 

From a statistical point of view, the 
1:> problems associated wi th the term "strength fi a,s applied 
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to different states,of matter and phenomena, such as 

mecha~ical strength, electrical strength ~tc. are aIl' 
, , 

essentially equivalent if we conceive of m'aterials às 

beirig permeated by sma l d~fects spread in a random way 

throughQut the body. ... defects give rise to local 

the st~ength of a specimen weaknesses which may 

locally to a ~alue whi is considerably smaller than 

the theoretical streng of the specimen. Assurning that 

the randomly distribute flaws have, a certain density 

per uni t volume (or un~ .. area or I.1ni t length), the 

statistical,., nature of t e problem beco]Tles evident (42). 
f < 

. A5sumption 

concept is based are: 

on whLch the weakest link 
\ 

/' 

1) A certain number of.physical imperfections or 

2) 

3) 

other initiating events exist or are crl~ated 

within the mater' al under' investigation (99,25). 

These flaws are andorniy distributed throughout 
1 1 

the material / 
! 

1 
These flaws are also randomly\< distributed with 

respect t~ size (99). 

4) A breakdown is possïble for a certain range of 

experimental valu s. 
1 

5) Each flaw can be he cause of a breakdown. Thus 
\ 

the pr~ba~ility 0 befng the cause of a breakqown 

i8 the same for e ch flaw. 

6} Flaws act in'depen ently of each dthe"r; the effect 

of the imperfecti ns i5 not~umulative. This 

\ 

\ 

, 
j 

\ 

., 

~' 

L L 
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idealization is a good approximation when the \ 
t'" 

distance between the flaws is large as compared 

to their region of influence, and/in the case 

of liquids, when the time intervals between 

breakdowns are large enough to' ensure the retürn 

to normal of th~ 'test sample. 

7) No one flaw iS,dominant, so'that the probability 
, 

that a c~rtain predetermined flaw will cause 

breakdown is very small. 

B) Breakdown of a part of the system coincides with 

the brea~down of the whole. 

In liquid breakdown work, such flaws may 

be solid or gaseous impurities or other phenomena 

·~ontributih~ td failure. Liquids offer the experimental 

advantage of a high degree of recovery, which, in 

conjunction with r~pid discharge suppression circuits, 

?ermits the study of l6ng sequences of, measurements on 

a single sample. Having established the statistical 

properties of such a seque~ce, we ~an investigate the 
. 

effect of a.change in an experimental parameter, without 

having to consider the pronounced variations which are 
~ 

found in suposedly identical samples (19\. 
/ 

Experimental factors, sorne lOf, which have 

already been exami~ed, such as the correlation between 

impulse strengtp and the degree of oxidation of the 

electrbdes" con tr ibute ta the breakdown probabqi ty in 

• 

(' 
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a trial. In sorne early experiments, rnanual control 
-" 

was used. The introduction of iuch arbitrar~ variations 
\ 

~lter the-statistical nature of the results. The result-

ing scatter of the results in a sequence of breakdown. 

measurements can be analysed into fo~r cornponents (20): 

a) a random compone'nt which is characterised by 

particular distribution"properties deterrnined by 
. . ' 

the physical nature of the,breakdown process. 

b) 'systematic component due to the del.iberate 

variation of an experirnental factor during the 

sequence, appearing as a chang~ in the distri-

bution pararneters of (a). 

c) systematic variation between different sarnpres, 

whlich have received norninally, identical prepara-

tion - i.e. the factor which has encouraged the 

stuày of breakdown sequences on a single sample. 

d) a systernatic variation ~n a sequence ass'ociate<;l 

with the passage of tirne and the damage caused 

by previous discharges. 

Unfortunately, (b) i5 often the smallest 

of th~se componen~s; (c) and (dJ ar~ of little interest, 

and one attempts to eliminate them by adopting a test 
. \ 

procedure in whlch the experirnental parameter is alter-
} 

nated during a sequence of measurernents on a single 

sample. The exist~nce of (d) raises the question of 
~ 

the statistical stationarity of the sequence. If the 

random process is stationary!.the mean and variance of 
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of the distribution are independent of time(114). 

Strict stationarity requires that distribution parameters 

should remain unchanged throughout the sequence. There 

is a nonstationary region at the st~rt of a breakdown 

ex'periment that is ca11ed "c9nditioning". This is 

followed by a "stable" region and then by another 

region called the "weIl sparked region" in which the 

, strength deteriorates into wild er"fatic behavior (51). 

With efficient discharge s,uppression, the length of ' 

the stable region varies from about 15 breakdowns in 

the degassed 1iquid to sever al hundred in air satur-

ated liquid (2b). 

1.5.2 Dep@ndence of Dielectric Strength on Stress and 

Time 

If the expected breakdown or fa~lure 

probability of a volume of dielectric liguid in the 

interval of voltage trom v to v +Llv may be assumed to 

be (Hl): 

(f«1) 
p 

see 1.5.1 assumption #7 

(6) 

where 6 i5 the breakdown frequency of the system de-

pending in general on bath time and voltage, th~n, 
, '"\, 

the corresponding 5urvivâ
l
1 probabili ty i5: 

1 - f ;;; 1 - 6 av p 
, (7) 

If the entire voltage change i5 assumed divided into n 

intervals, the survival probability over the who}e 



, : 

<1. 

-27-
/ 

voltage change is: 

1r (1 -6. Av.) 
. 1 1 1 
1= 

(8) 

where 6~ represents the average value of Ô over the 
, ( 

in terval of Ilv .• 
l 

Log e 

Making use of the 

Consequently 
, 

, . L109 (1 Ps = -6. À v.) 
i=l e l 1 

/' 

expalJsion 

log x = x - l + 1l x 1)2 + t(X~1)3 e x x 
+ 

and by neglecting aIl but the first term, we can 

,\approximate (9) by : 

log P
s
=:' - \6i ,e, ~ 

fl V. 
l 

(9 ) 

(10) 

(11) 

Therefor~, the probabi1ity of br~akdown of the system 

can be written as , \ 

\- Fp(t,V) " 1 ~ exp [ -J'6 (t,v) dV] (12) 
o -

A small change in stress corresponds to several orders 

\ of time (21). 

It will be seen in the next chapter that 

equation (l~) i5 the general form of the distribution 

of extreme values. Depending-upon- the form that the 

expression 

\ " 

\ 
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v 

J6 (t,Vldv 

o 
\ 

in equ'ation (12) takes, we may have the firs't, second, 

or -third type of extrerne value distribution. 
, 

A complete knowledge of the dependence 

of 6o~ time and stress éannot be obtained only by means 

of statistical considerations, as 6 depends esse~tiallY 
on th~ physical considera~ions hf the delectric and on 

the breakdown mechanisrn involved. The dielectric sys~ern 

cannot be considered as homogeneous when dominating 

e~fects occur Buch as ageing o~ when sorne parts of the 
, ' , 

system are subj~cted to strong partial discharges wh~le 

other parts are ionization free, or if there are 

differences in the system environment so tnat single 

regions are differently stress~d by chemical, rnechanical 

or thermal agents. The statistical considerations should 

then be on"ly separately applied to the single parts of 

the system under the same conditions or having the 

same environment (112) • 

Jf it is'assumed that the dorninating 

characteristics on the ageing of the. dielectric are not 

present, then, if 

(13) 

where t.5 and a are parameter s not depending on v, ,then 
o 

if this is applied to equation (12) the Weibull distri-

bution is obtained: 
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F (vl = 1 - exp (-B,,~l) (14 ) 

where B = 6 1 (a+l) ; Cl = a + l o , p 

rf ~e take account of assumption number 9 

of the weak link concept (see section 1.5.1) - i.e. that 

the breakdown of a part of the system coincides with the 
/' l''' , 

breakdown of the whole system, the~ it follows that if 

Ps is the survival proDabil~ty of part of the system 

fo~ a time t and at a stress E, and the system i5 com-• • 
posed of n equal parts, the survival prob~bility of the 

. n 
who le system for the same time and stress will be Ps ' 

Therefore the joint distribution function must be so 
1 

defined that the transformation of P :into p n does s s 

not change its character eithér with r~gard ta time 

or stress. Assuming the condition that P = l for either 

t = 0 or E = 9, the most simple two dimensional d~stri­

bution of surviva'l probability satisfying these condi-

ti'ons is '(112): 

Ps(t,E) = exp( '-KtREQ) (15l 
, 

where K, Q, and-R are constants in.dependen t of t and 

, This i5 consistent with equations (12) and (14) and /"'\\ 
the expected breakdown frequency would be: 

Ô (t,El = KRtR-1EQ (16) 

This can be written as: 

(17) 

E. 



( 

-30-

or, int-roducing the "breakdown or failure probabili ty" 

F~(t.Ej = l - exp [ -f~) R (~n (18) 

where ! tR~ = - (19) 
0-

If a stress E is app1ied to the system, its surviva1 
\ 

·probabiiity.after a time t according to (18), is: 

ps(t,i) ~ lie = 0.365 (20) 

If Co is already known, by assuming a chosen'value for 

t, equation (19) makes it possible to de termine the 
\ 

value of E corresponding to'this time. Equation (19) 

" can be written in the fOllowing way: 
\", ' 

t Ë N = constant (21) 

... \where N = Q/R (22) 
~ 
E~uation (21) is a relation between time and stress:! 

the 'life function'. 

The assumption that the breakdown of a 

volume element'causes the preakdown of the whole system 

has been introduced as a general hypothesis (se~. 1.5.1). 

Therefore assuming< that an insu1ating system can be - . 
divided into volume e1ements having different stresses~ 

it fo1lows that a joint time and stress distribution can 
1 

be attributed to each element, the stress and time 

distribution of the whole system being the composition 
1 

of aIl the single volume element distributions (113). 

• Let E, be the value\ of the applied stress 
J 

in an- element j ~f the system, having volume V. smal1 
J 

, \ 

,;n 

L 
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enoug~ 50 that the stress can be assumed to be uniforrn 

'within it. The survival'probability of this element-will 

be (113): 

P. = exp 
J 

al b l 

-c . tE. ) 
, J J 

'1" The surviva1 probabili ty of the whole sysyem composeÇ! 

of n elements will then be obtairted by 
n 1 bl 

Ps ,- !' eXP(-cpt~ Ej ) 
J=l 

exp( _ta' t c .E~I·) 
JFl J J 

If Eo is a ref~rence stress, then 
\ ' 1 

= 
" 1 

·E.=Ew. 
J .0 J. 

(-23 ) 

(24) 
, ' 

whe.re .w j is a parameter depending only on the geoJllletry 

of ~he system. For exarnple, the electric field near a 

rounded corner surface can be expresse~ as (74): 

where U = ~he average break~own stress,\ XG = the gap 
, 

distance and ~ = a nonuniform~ty coefficient. 

Similarly, for concen tric conducting cyli'Fpers, the 

electric stress between them can be expiessed as a 

function of their respective radii. 

Tnerefore, sub,stituting in equation (23): 
\ 

al b l 

Ps = exp( ~t Eo 

n 

L bl 
c .w. l 

J J 
j=l 

(25) 

On the other hand, taking an element Vo 

as ,a refernce, c j can be expressed as a function of t,he 
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r 
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, 
1 

ratio: ~ 

h. = V·I Va J J. 
po that 

c j == c n. 
o J 

Therefere, n L ' p al b l b l 
= exp(-c tE, Wj nj ) s o 0, 

j=l , 

== 
a' b l 

"exp (-c ' t Eo ,) 

having àssumed n --' 

Cl = Co L b
l 

JW~ n. 
J j=l J 

If the system h con tinueus 'the preceding 

can be wr itten: 

c"'=CoJw~'dn 

(26 ) 

( 27) 

(28) 

(29) 

relatiol;l 

(30) 

the integral being extende~ to aIl the sttessed volume • 

. -./ relations find practical application 
./ ' where the vol me-has a simple geometrical shape. In the 

case of a volume /;;, V. would be written as: 
J 

1 

aVj::;7TL{R~+l, - R~) R ~ R.C RI 
o J 

(31Y 

where L i5 the length of a cable,samplei Re ~s the 

inner radius or the conductor and RI the radius over 

the insulatien. Therefore 

av ,= 21fLRdR (12) 
1 1 

and frem (2'6) '1 

(33) 

[ , 
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If the stress Eo at the,inner conductor is assume9 as 

.reference stress, then w == Ro/R" Occhini (Ill) has 

determined that for a cable to have a constant survival 

probability, 
2 ,ob' 

LR ta E 
o 0 

constant (34 ) 

Tsumoto and Okai (148) described, with good experimental 

agreement the impulse breakdown of oil-filled 
i 

cable by a Weibul1 d"istr ibu tion ° 

1.5.3 Ward-Lewis Statistical Theory of Impulse Voltage 

Breakdoifwn '. 

Ward and Lewis (149) proposed a statistical 

interpretation of the breakdown rnedhanism in hexane 

baséd on the concept' of electron ·availability. This 

concept is dependent only upon the assumption of a 

'constant pre~kdown probability per unit time. They 

proposed that e1ectrons are ~jected randomly from the 
1 \ 

cathode at a mean rate l per second'and that each 

eleotron has a probabi1i ty W of ini tia ting a breakdown. 

process having a formative time 't f which is .,small. l 

is determined by cathode surface conditions and is likely 

to be a field aided thermionic process according to a 
'. ' 

, 
Schottky law, and liquid properties de termine W and tfo 

AlI three quantities were consi~ered dependent on field 

strength. If a ,step"function voltage. i8 applied., 

creating a me~n stress E in th~ liqui~, the probability 

l' • 

• 1 
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<, , 

of breakdown occur ing wi thin a time in terval. t to t + ~t 

after the instant of voltage application is: 

Pf(E)dt = W t exp( -~ l (tp -.t f ) )dt (35) 

where t p = the du~ation of a re7t'angular 'pulse, and . 

Pf (E) = 0 if E ~E~ where ET is a threshold field strength. 

The e'xpression is valid orUy if t p ~ tf. 

In a study of impulse breakdown strength, 

it is normal to apply a succession of pu~ses of duration 

t and"increase their magnitude in steps of ~E until 
, 

the value of E is reached at which breakdown occurs. m . 
If at each level of stress ,N pulses are applied, the 

probability of breakdown at a stress Em is then(ISO): 

pl = l 
m 

= l 

(1 _p )N 
f 

exp (-ImWtntN) 

(36) 

(37) 

and th~ ~robability of a breakdown first occuring at 

a level E in any succession of pulses is: 
n n-l 

Qn = Pfn rr (1 - P~) (38) 

m=O J 
It is more convenient to express the breakdown 

probabilitY.Qn by a continu~s variable Q(E)dE which is 

defined as the probability of a first breakdown in the 

~nterval E to E + dE and writing 1\ instead of n as 

the number of pulse applicatIons in a unit interval 

of stress: E 

Q(El =APf~XP.(-f\.! PfdE (391 

It can be seen that this prO~~bil!i ty function does not 

vary 'in time. ~ 

Experiments were èarried out by Ward and, 

.. 

.. 

f " . . ; . 
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Lewis with hexane, using stainless steel electrodes se­

parated at a distance of 5 x io-3 cm and voltage step 

function pulses lasting' not more than 10-4 sec. at maximum 

stress (about 1'.4 MV lem) ., 
1 

'The experimental curve obtain~d of average 

breakdown voltage plotted against pulse duration ( lO~4 
1 

sec.), bore striking resemblance tQ the sqarply descending 

initial curvature of the theoretical curve. The sharp 

curvature was attributed not to a formative time but ~o 
u 

the statistical requirements and the shape of the IW 

curve (151) • 

In a later paper (89) a modification of the 

physical interpretation of l, the number of electrons 

emitted per second, was presented: that since the firs~ 

,stage in.~ breakdown event in the light of futther 

experim~nts showed it t~ be the occurrence of an extra 

large Ibcalized burst'of electrons from the cathode, l 

represented the rate of 6ccurrence of these bursts rather 

than a mean rate of l electrons per second. A freshly 

pr~pared cathode might have many active sites' for these 

large bursts and conditioning cou Id occur by successive 

removal of these. Each emitted electron has a certain 

probability of initiating a breakdown. Differeht 

electrode materials would give different values of I. 

l~5.4 Continuous Voltage Application Case 

For ramp function tests, one might be 

." 

h, 

,-
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. 
tempted to' trea t' these -as a limi ting case of impulse 

1 _ . , 

breakdown strength tests where the sequence of short rectang­
\ 

ular pulses are rn'erged and the waveform is a fini te ascending 

stairçase., However, once th~ time of stress application 

becomes appreciabte, the effect of prestressing, plus sever al 

other slower processes, dominate the breakdown probabi~ity(22). 
\ 

1.5.4.1 Rate of Rise'Effect 

Sirnilar to the Ward and Lewis statistical 
, -

model" Br ignell saggeses a model for rarnp-function mèasure-

·rnents by dividing the break~own probabilit~ function pet 

unit time 1r into two parts, a constant part g(E - Ed) an~ 

a distributed pqrt Ed such that: \ 

1 

Probabili f:y (Ei < EdC: El +Ed ) = q (El) dEd (40) 

Ed has a Type l Extreme Value distribution (161) represented' 

by q(Ed). ~El is an arbitrarily chosen eieetric stress. .,'. 

Division of ,the breakdown pr-obability function is illustrated 
1 

in Figure 1-1. 
1 

Suppose that the distribution for a rate 

ra is give~ by _ Rl(r a ), then the distribution ~or a rate 

-~r can be obtained by. application of the binomial a 

distr ibution as fo11ows. Le't the probabili ty tha t 'thè' 
, 

effeet oceurs at rate ra ~e termed a fai1ur~ and be 
, ~ . 

'giv~n by R1(r a ), ~hat the event does not occur be 

termed a succéss and is given by 1-R1 (ra ): Hence' 

the probability for 0 successes and k failures, in any 

\ 

\ , 

• 
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Jr (E) THE RAMP FUNCTION DISTRIBUTION OF BREAKDOWN VOLTAGES PER UNIT . . 
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order is: 

k 
(41) 

\ 
Consequently,the probability ~istribution of an event 

~ccuring in k trials is: 

1 
k. ( - Ri (r a) ) ( 42) 

If the performance of the k individual trials at rate ra 

can be considered to yield the same resûlts as a single trial 

at the rate kra on the assumption that no new physical phe­

nomena present themselves at the higher rate, th en equation 

'(42) corresponds to that given by Brignell (23) whereby the 

distr\bution for a rate 'kr is obtained from that at a rate , 
r. In practice,"however, ,Eq. (42) gives a difference làFger 

'<1" 
i 

'than is observed experimentally. 

From g(E) can be obtained a distribution 

function T(E,r~) wh6se dependence on,the ramp rate ra îs 

given by equation (42). The distribution of ,the ramp function 

breakdown rneasurements is given by (23): 

where 

" PB (~, r ) = T (E , r ) * q (E ) 

"f' ~l' , 'ha t t E slgn1 les convo utlon Wlt respec 0 • The * 
effect on ~he cumulative distribution of T(E,r a ), namely 

TC(E,rà)' of changi~g the ramp rate is ra' is illust~ated ih 

Figure I-2b. ' The distribution of oreakdown stress which 

'7 ' 
tak~s account of' the rate of rise effect 1S represented 

by the shaded area. 
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In conventional treatrnent of direct-stress 

breakdown r corresponds to zero - i.e. the rate effect a 

is ignored. However if~ra is treated as non-zero, it 

can be shown by a series of sketches sirnilar to that 

. of Figure 1-2, that with increasing rate ra" there is 

a dilution of the rate dependence. This would explain 

why in practice it is found that there is an over-
1 

\ 

estimation made by equation (42). Furthermore, in the 
, 

sarne manner it can be seen that if r is significant, a 

equation (42) will always produce a smaller value at a 

particular stress and T(E,r ) will decrease as r in-,a a 

creases, thus giving an expla~ation for the observed 

phenomena that the cumulative distribution tor a higher 

rate lies to the right of that for the 'lower rate (24). 

Brignell(25) carried out 100 breakdown 

measurements at 2 different rates of rise, with trials 

at these two rates interlaced in groups of 10. He 

observed that not onlY variations of rate within the 

trial, but also variations in the sequence affect the 

probability of breakdown. An explanation for the rate 

of rise effect is that it is caused by the greater pre-

stressing with the lower rate, or by a longer tlme 

between disch~rges allowing dischargè products more tirne 

to d~sperse. Although the stress dependence is dominant, 

\ 

" 

\ 
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the observation of a rate of rise effect suggests the 
l' 

existence of a slow process in the chain of events 

leading to breakdown, for e~ample, thermal processes , 
, 

or motion of ions or particle,s or of the liquid itself 

(21) . 

1.5.4.2 Statistical Effect of Environmental Factors 
a 

While the bulk liquid breakdown can be 
~ , 

characterised by a weak link concept having an external 
1 

distribution, NeXson (99) propos~d that the probability 

of breakdJwn will be the result of a second random 

process due to random enviromental errors 'with an assumed 

Gaussian distribution. He produced a "hybrid distribution" 

by carrying out a convolution of the first asymptotic 

srnallest value distribution with the normal distribution. 

The new distribution is given by 

= l 
fa (~ , ~,) (44) 

where f is the "after-effect function" tabulated by 
a 

Jahnke and Emde (100). The parameter k' is a nondimen-

sional constant relating standard deviation with the 

extremal intensity of the component extreme-value distri-

bution. 

Nelson ànalysed oil breakdown data for 

slowly rising 50 Hz voltages was carried out on the 
\ 

basis of the proposed hybrid distributi~n. For the 

particular vôlume of circulating,oil and electrode 

/ 

1 
1 

\ 
\ 
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1 
configuaration (3l~ 1 k' was found ~o be 5.1. In 

, 
contrast, stationary liquid yielded a value of 0.7, 

indicating a lack of dilution of the extremal distri-

bution. Normalization took place gradual~y with 

'increasing speed and not abruptly at a transition 

velocity. 

The hybrid parameters for the case of 

stationary and circulating oil subjected to 1/50 /1 sec 

surges r~vealed insignificant change in the form of the 
1 

distribution as a rèsult of liquid motion; only partial 

normalization had taken place in these cases • 
. 

Tt is suggested that a clean dielectric 
\ 

liquid will exhibit an extremal distribution if (101): 

(a) 'idealized' electrode~ are used 

(b) time ,effec~s are permi tted to influence the 

breakdown 
. 

(cl the liquid is homogeneous and stationary 

(d) the testing technique is exactly reproducible 

'(e) there are no errors of measurement 

" To sorne extent these conditions will be'met in a 

practical testing system or service environrnent. 
1 

It is reasonable to suppose that there will 

b~several mechanisrns cont,ributi'ng to the breakdown of 

a liquid, but that one of these mechanisms will dominate 
\ 
under the idealised conditions rnention~d above. If the 

environrnèntal factors are not 'ideal ' , this dominance 

" 

\ 

" 

" 

" ~ 
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would be pa~tially destroyed, bringing about normaliza-

tion. Since the dilution of the extreme value distri-

bution is almost unchanged if fast ramp voltage~ were 

used, the 'transiHon would appear to occur primarily 

in_the long-time r~gion. As soon as the influence of 

the èx'perîmental variations exceeds 'that of the 
/ 

weakest p,oint in the insula.tion, the Gaussian dis-

tributi'on best describe's the distribution of break-

down vol tages,. This woUld explain why someworkers , 
(108)have found the normal distribution suitable to 

describe the breakdown voltage dIstributions. It has 

also been observed that the distribution type seems ta. 

'/ 

1 

be affected by the quantity of stressed oil volume(73). 

The smaller the volume, the more closely does the 

,distribution resemble the Gaussian distribution. The 

'greater the quanti ty, the more closely does i t ap'praoch 

an extreme value distribotian. Environmental factors' 

such a.s the rate of flow of oil can be expected to be 

more pr0nounced for a smaller volume. 

\ 
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CHAPTER II 

DESCRIPTION OF EQUIPMENT AND METHOD OF DATA COLLECTION 
• 

2.1 DIELEeTRIC LIQUIDS USED 

2.l.1Chlorinated Hydrocarbons 

These are the group of synthetic aromatic' 

liquids, notably the chiorinated diphenyls and benzenes, 

which have been developed for c~pacitor and transformer 
\ -

insulation. These compounds are ~everal times more expen-

sive than mineraI oils but they passess a combination of , . . 
characteristics whiéh make them suitable and economically 

pract~cable for particular applications (10 ),: 

(a) excellent resis~anç~ t6 tire hazards since they 
1 

are not readily ignited and they do not give ~ff 

inflammable or explosive gases under arcing 

condi tions. 

(b) Hi~h dielectric strength, comparable with that of 

mineraI oils. 

(c) Adequate thermal, chemical, .and electr ical stabili ty 

under normal,operating condftions. 

(d) A relatively high dielectric constant (approximately 
, • 1 

double that of mineraI ails). 

Th~s, they are used in capacitors wherr, for 

eq~al capacitance, units can be half the size of mineraI 

oi . . -
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10 hydrogen atoms for which ehloride atoms may be substi­

tuted. The properties of the ehlorinated diphenyls 

depend on the degree of ~hlorination. The viseosity, 

pour point, temperàture, distillation temperature, densitY 

and related properties increase with the degree of , .. 
chlorination. Because of the alternative substitution 

1 

positions in the diphenyl mo1eeule, there are a number 

of isomers for each mo1ecular c0mposition. The 

commercial materi~ls consist of mixtures of these, 

different isomers and are classified in terms of the 

pereentage of ehlorine by weight whieh is present. 

Therefore the Il Aroc1or,"S Il man~fac tured by Monsan to 
-Y~ 

Chemicals are graded'as typ~s 1242, 1248, l254~ 1260 etc., 

the last two figurea representing the precentage of 
1 

chlorine by weight. In the experiments, Askarel 7030, 

whieh is 70% Aroelor 1254 and 30% triehlorobenzene, was 

used. 
1 

The diphenyl molecule is non-polar due' to 

its symmetrieal charge distribution. Where eleetronegative 
. - \ \ 

chlorine atoms are substitut~d for hydrogen 'atoms in an 

asymmetrieal arrangement, the resultant charge distribu­

tion give~ rise tooa permanent dieleetric moment, the 
" , 

magni tude of whieh de,pends on the degree of asyrnmetry ~ 

Beeause of the 10 available substitution positions, '. 
many isomers are possible, .and most of these isomers 

are asymmetrieal and polar. The average degree of 

asymmetry and hence the average dipole mome~t of the 
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'Aroclors' decreases with incr~psing chlorine content. 

With the chlorinated hydrocarbons, the 

principal arc decornposition product is hydrog~n chloride,' 

which is non-flammable and non-explosive. 
i 

No.chlorine 

or phosgene i5 evolved. Small amounts of hydrogen , 

ch'lorid~ that are evolved by occasional, minqr, arcing 

under normal operating conditions can be absorbed by 
, -

suitable non-ionizing additives. (1.3.3) 
\ 

~I 

Askarels ~ave ~ntil very recently been 

widely used' in, practice but .'from ·an/ exper imental and 

research viewpo~nt, the y leave much to be desired. They 
1 > 

~re morè difficult to handle and are iess stable th an 

mineraI oil. The'higher chlorodiphenylp are photo-

chemically stable but trichlorodiphenyl (Aroclor 1242). 
, ~ 

for example, shows an increase in conductivity when 

exposed'to strong sunlight (9). . ' 
A similar effect 

occurs if the liquid is heated above 80oe. However,; , 

the higher "Aroclors" are suitable for use at higher 

temperatures (9). 

Properties of typical transformer Askarel 

are shown in Table 2-1. 

2.1.2Mineral Oil 

The che~ical constitution of a hydrocarbon 

insulÇlting oil, deriv,ed from a gi~en crude, de termines 

its physical propertles (18) . The electricat properties 

are more affected by non-hydrocarbon contaminants, and 

J 

" 
,1. 

.. 
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TABLE 2-1 

Typica1 Transformer ASkare1. (97,123) 

PROPERTY ~ TYPICAL 

Viscosity at 37.aOC(~S~M Da~) 56-61'Saybo1t Univ. se9. 

Spec. Gravit y at 15.50 C(ASTM 0287) 1..563-1.571 

Condi tion C1ear -" 

Acidity, mg.KOH/g(ASTM D974,0644) 0.014 max. 

'Pour Point, °C(ASTM 0-97) 

Inorganic Ch1orides,ppm. 

Refractive Index at 25°C 

Boi1i~g point at 1 atm,OC 

Water content, ppm 
, ... 

0.10 max, 
- . 

1. 6075-1. 6085 

302 

30 max. 

Resistivi ty, 100°C, 500'v, 0.1 "gap 
d • 

9 100 x 1~. ohm-cm., min. 

Oie1ectric Strength, 2SoC(ASTM D877) 35 kV,rnin. 

o Die1ectric Con'stant", 100 C., 1000 cycles 3.8-4.2 \ 

Tin Tetraphenyl 0.125% ,± 0.01% by wt: 

BUrn Point (ASTM 092) None ~p to boi1ing pt. . ~ 

Flash ppint,OC None 

1 

\ , . 

. , 
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differ but slightly at ordinary temperatures ftom 

ul tra-pure oils.· The, electr ical propertiés, depend almost 

completely on whether or not -it con tains polar or dielectric 

ionizing materials causing dflectri~ losses (11). 

Such rnaterials can be 9ue to insufficient refining, or 
, 

be picked up during transportation, processing, and 

service. In addition polar materials may.develop as a 

result of degradation of the oil itselr. 

When an insulating liquirl is subjected to 

an arc discharge, decomposi~ion generally\occurs: With' 

hydroqarbon mineraI oils, the decomposition products 
4 

are·largely hydrogen and gaseous hydrocarbons. Where' 

the'hydrogen may' become mixed with ~ir, it can cânstitute 

a fire and explosion hazar~ (12). The properties of 

typical mineraI oil are shown in Table 2-2. 
\ 

2 t 1. 3Al ternative Dielectr ic Fluids . 

Although askarel is among the best liquid 
, 

man-made' insulations (17)', they are, because of~their 

~hemica~ stability n9~ biodegradable, and'hence, are 

a~ajor environmental concerne In the past, the 
." 

chlorinatJd biphenyls have aIl been used,in a wide' 
~ 

, Il 
va~iety of applications including food,packaging 

materials, lubricants and in~ecticides. Until a suitable 

substitute can be found for them, their continued use 

is necessary becawse of the increased risk of fire and 
"-

explosion, and the ~isrûPtion of electrical service that 

; 

• j 
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TABLE 2-2 
~ 1 

Typical MineralO'il (123) 

PROPERTY 
. , \ 

Viscosity at 37.SoC(ASTM D4'46) 
, 

Spec. Gravit y (ASTM'D1250) 
\ 

Acidity,mg KOHjg(ASTM 0974t 

POur POint,Oe (ASTM D-97) 

Refractive Index at 250 e 

Boiling point at 1 atm,Oc 

Resistivity at 100 oe, (ASTM 01169) 
/ 

TYPICAL 

SB ~aybolt Univ. sec. 

o-:tfés 

0.02 

-45 

1.48 

greater thag 150 

35 x 10~2 ohm-cm. 

Die1ectric Strenght, kV (ASTM DB77) 30 
" 

Die1ectric eonsotant at ,60 Hz,100oC(ASTM-0924) 2.25 

Burn Point °e, (ASTM 0-92) 

Flash Point, Oc (ASTM ~2) 

14S 

135 

\ ' 

~ 

.. 

" . 

, \ 00 
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might re~ult from an outright ban: Also, continued use 

of ch'Iorinatèd biphenyls in transformers a'nd capacitors 

presents minimal environmental risk (18) • 

" Many are working on the problem of finding . 
characterist{cs of ask~'rel fluids having the attractive 

without its environmental and health ç3rawbacks. Monsanto 

.has introduced Aroclor 1016 for capacitors' and it has 
-~ 

found growing use. This fluld retâins the'high die1ectric 

properties of traditional'askarel,but i5 also partia1ly 

biodegradab1e. Silicone oil is another potentially 

useful liguid in transformer~. It~ autoignition point 

is about 3lSoC (124). If th~ heat source is removed or 

fluid temperature dr~ps betow' the autoigini'tion point, 

burning will cease. Thus the fluid is self-extinguishing 

(17). The main decomposition products are sil~\?on dioxide, 
'> 

\ water and carbon dioxide. Temperatures ~s high as 2000 C 

can be maintained with litt1e decomp~sition of the 

silicone fluid, but graduaI pOlymerization does occur and 

viscosity approaches that of a gel in long exposure to 

heated air (125;. The fluid however costs twice as much 

as askarel. 

The fluorinated hydrooarbon liquids, as a 

group', are avai~able ~n great va~ iety. So ~ar the y have 

been mainly used in electronic transformers where beoause 

of their high dielectric strength, high voltages are 

possibie in a minimum of space. For example, (CJF 30 ) SC2HS 

has no flash point, a d'ielectric strength of 50 kY/cm and 
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a boiling point of 224 0 C (113). 
, 

The fluorocarbons are excellent in cooling 

electrical apparatus but because of their low b~iling 

point and high cost, they are not a serious competitor 

of chlorinated diph~nyls (127). For ecological reasons, 

however, sorne of the exotic liquids will find increased 

use in the future. 

Other alternatives are use of electro-

negative g9ses and the development of non-liquid 

transformers. 

2.2 GENERAL EXPERIMENTAL ARRANGEMENT , 

The purpose of the arrangement was to 

measure the ,magnitude of the breakdown voltage caused by 

applying a d.c. potent~al (range 3 - 15 kV), rising at 

a predetermined rate, to a pair of e1ectrodes separated 

by a known distance, and immersed in a dielectric fluid. 

The br~akdown voltage was by a chart recorde~. ' 

A block dlagtam illustrating the experimental arrangement 
~ t 

appears/0n page 52. The general~imeQta~ set-~p was 

arranged in the following way: 

(al The dielectric fluid was passed through a 

filtration column. 

(b) The liquid was degassed . 
.. \ " n â" 

,(cl A quanti ty of delectr ic Hquid was admi tted to the 

test c'ell. 

(d) Voltage breakdown exper~ments were conducted: 

,\ 

j 

fi 

, . 
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(e) The eleçtrodes and test cell are prepared for a 

new cycle of experiment and the dielectric fluid 

is changed. 

2.2.1 Test Sample Preparation 
, 

The filtration column, which is depicted 

by a line diagram in Figure 3-2A served two'purposes: 

1) To dègas the dielectric liquid to be tested. , 

2) To filter the fluid. 

It ~as composed of ~ two-stage system, each composed of 

" a reservoir of about 900 ml. ~ap~city and a glass , 

stntered filter, positioned on the glass line draining 
\' 

the bottom of the reservoir. By means of the filters, 

,whose pore size is known, an attempt was made to put an 

upper,limit on the maximum size of the particles present 
, 't. 

in the liquid., 

"r To minimize any possible photochemical 

deterioration of the askarel, the filtration column was 

• shrouded in heavy opaque black paper. 

" ,Air thft was let inEj:o th~, system, passed 

through a round bottom liter flask,filled with silica 

gel and th en was filtered through a glass' sintered fil ter. 

Contol of the flow of liquid through the 

system was controllep ,by mea~s of greaseless stopcocks. 

S~e figure 3-2.The stopcockS consisted of a rubber (Viton) 

diaphragrn which pressed against the inner outlet. 

It is acknowledged that'plasticizers in 
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TEST SAMPLE PREPARATION COLUMN 
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Two Greaseless Stopcocks in Various Stages of Disassembly. 

A Viton rubber diaphra~~ is on the white square cardo 

\ 

\\ 

.. 

Fig. 3-2B 

The Assembled Sarnple Preparation Colurnn 

The pest cell is on a srnall platforrn to the right, with 

thè red wires. 
\ 

1 

( . 
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tqe rubber were a potential source of contamination, 

however, the rate at 'which thé fluid was passed through 

the system while the tests were conduct~d, the high 

resistance of Viton to deterioration 9nd the relatively 

small area of rubber actively in contact with the fluid, , \ 

minimized this source of contaminatioH. 

2.2.2. The Test Cel~ 
. . 

The particular design of .the test cell (see 

figures3-3 and3-4 ) which is based primarily on the type 

of cell used by Dr. F. Spitzer(143), was su~h tnat the 
'\ 

rigidity and accuracy of electrode position would be 

maintained despite continuaI disassembling of the cell 

for electrode maintenance. 

The test cell, a cylinder of 3.2cm. (inside , 
, 

diameter) and alength of 8.9 cm., withra volume of abou0 

72 ml. was machined out of a single tube of stainless 

steel, its midsection encircled by four evenly spaced 

observation ports. The pirts were fitted with optically 

fIat glass which were seaied by ring flanges encircling 

the windows an~ bearing dQwn on Teflon '0' rings between, 

the glass and inside metal surface of the window sockets. 
, 

The partially disassembled test cell is shown in Figure 3-5 . 

The top and bot ton electrode holders were 
~- 1 

stainless steel shafts, separated from one another and 
, \ 

the body of the' cell by rneans of g~ss loaded Teflon 

spacers. The Teflon provided rigidity and was 

Ci • 
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l ' 1 

Testlcell partially disassembled 

/' 

FIG. 3-5 
1 

FIGURE 3::'b. 

Char t recorder, . 

High Voltage Supply, 

and High Vol tag~' 
Rarnp controller ( on 

table). Thyratron '_ 

control paDel is just 
... 

below the,chart re-

côrder. 
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chemiçally inert. On the outer side of the Teflon 

spaeers,V-shaped grooves were eut eircumferentially 

to inerease the surface distance the electrical 

leakage would have to pass before reaching any otqer 

portion of the test celle The tip of the eleetrode holder 

had'a hol~ into which',the mountiJg stem of the eleet~ode' 
1 

was inserted and seeured to the holder by rneans of a srnall 
\ 

grub screw. The top electrode was rnoveable. TQe gap 
1 

, distance was set by adjusting'a micrometer attached 

to this electrode holder. Teflon '0' rings on the 

eleetrode nolder provided a seal around the point wQ~r~ 

their shafts entered the test cell. Pressure was 
" 

applied to these '0' rings by the flanges at the base 

of the électrode holders. In ord~r to permit t~sts 

with difterent polarities~ both electrode assemblies 

were insùlated from the cell body. 
~ 

, 
The test cell was fed'by a length of 

stainless steel u tubing which was connected to the 

filtxation column glass tubing by means of a short 

length of stainless steel tubing. This connection 

was made vacuum tight by means of a Viton 'Q' ring 
\ 

, 1 

at efther end of the shQrt steel tubing. Pressure on 
, 

th~ '0' ring around the circumference of th~ feed tube 

was aècomplished with a metal ring with a bevelled inner 

edge pressing against the bevelled circumference of tQe 

Connector. See Figures 3-4 and 3-5. 

When the electrod~s were in po~i~ion for a 

1 • ' <' , 
, \ 
j 

l 
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test, they were co-axial ,with Qne another and positioned 

centrally wi'thin the ceIl, in plain view,of the observa-
'" 

tiOPI windows ~ 

, " 
'The cell cQuld be emptied of its contents 

~ f , 
by means or a stainless steel ,spout set into the cell's 

ba~~ fitt~d.with .a,gi~ss and ~eflon stopcock joined to, 

i t by a glasSf-to-metal sea!.· 
r, ' 

6 
2.2.3 Estimation ~nd Control of Electrical Stress .. 

The gap dis(tan~~s used in the experiments 
\ 

.~ere 100 ',125,150 j> 250 m~crons.. T'he field bet~ee\ t~o 

equal and <separ~~~eres is symmetr iC,fÜ ab6~tv. r !,pl~ne 
sit:.uat~d midway between them (5). 'The exprressl~n for 

ri' \ 

, the rati~ 'of ma)imum to mean stress for .the sp;rre-sPher,e, 

.. ele~t"rod'e con,f.J.?uration used throughout the 'exper imEm~s 
r 

\ , 1 [ 
= - k' 

• ,< 4" s 

XG, 
with k = 0 + 1 

s rg 
of the dPhere: 

l 
r, 

Tne diameter of the spheres was 5mm,' Wi th 

~s value Table 2-3 was preparéd. , . 

, Table 2-3 f0 

ù 

,Gap \spacing (microns) 100 125 150 250 
\ 

E 1& .' av max 1.013 1.017 1.020 ,1.-034 

" 

" 

. , 

f 

.' 
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.' 
This small de~ee of non-uniformi ty s,hould not undu'ly 

obscure the nature of ~ny'statistical distribution which 

the breakdown voltageiS shou16 take. Greâter distortion 

of the field is to be expec'ted from tlje 'effect of space . . 
"èharges, ,and the presence of ,particles of appreci~ble 

size. 

The ,gap distances were set br using an 

"Etalo~" scre~ micrometer adjustable t6 within 2 microns. 

,The "actual ~etting was made by noting the micrometer 

reading when the electrodes wer~ just touching as 1n-
1 

dicated by the 'vacuum tube ohmeter tVol tohmyst by ReA) '. 

To minimize possible damage to the electrodes caused by .' 

the small measuring current of the ohmeter, the ohmeter 

was set to its highest range. 
1 

2.2.4 Electrical Connection of the 'Test Cell 

Th~ entire'system~was evacu~ed by an Edwatdq 
l " 

double stage rotary pump which under ideal conditions 1s 

capable of a vacuum of 0.001 torr. 
" . \ When the exp~r,~ments were ,first begun it 

was noted that spurious breakdowns were occurring, 
j 

although no ,breakdown spat'k could be obs'erved between 

the electrodes. The largest possible gap len~ths did not 

çhange thege observations. The test cell and electrode ~ 

,holder were dismant~ed and it was discovered that there 

" were breakdown punctures on the Teflon insulated wire 
\1 ' 

running ,along the inside of the electrode shaft to the, 

.. 

1 

l ' j , 
l 

, , 
1 
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1 

1 

electrode itself. Furtherrnore the stain~ess'steei 
1 < 

electrode holder shaft was discolored, indicating\ 
; 

that there were breakdowns occuring between poànts A 

and B of Figure 3-3,. The pro,blem was due to the fact 

that the moving portion of the top electrode (A) was 
>, 

séparated from the,stationary portion by the Teflon 

'Q' ~ing throu.~h w~ich the shaft part slides. Both 

, .. 

these portions we~e held together originally by stainless 

steel screws. However, the oxide layer on the stainless 

steel screws w~ich held both ,th,ese por tions together 

was sU~,f icien t insula tion for p~ints on A and B te be 

at different potentials and thus suffer an occasional 

break$own as the voltage increased. This preliminary 

problem was overcorne by replacing the stainless steel 

screws with polished brass screws which were then after- , 

wards re~olished evety~third day of exp~ri~ental work. 

This ensured good e~trical connectiQn between portion 

A and B of the upp~r' electrode to which the high voltage 

was applied. 

, \ As a result of ~his experience, the. upper 

electrode holder, the feed pipe, and the c~nnector from 

the feed pipe to the glass '~ilter colurnn,. the latter two 

which were,aIso slightIy separated due to the 'O~ ring 

in the connector, ~ere each solidly joined together 

elecfrically (i.e.Pwith eledtric wires). 

/ 

. ' 

/ 
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2.2.5 Vacuum System 
1 

The vacuum system was primacily intended 

to maintain the pressure over the dielectric liquid 

surface at a constant reproducible value. 

The vacuum pump was an Edwards 75 which 

was a double stage mechanical rotary pump equipped with 
) , 

a gas ballast. This latter feature of the pump was 

particularly usef~l. The volatile components of the 1 

A~karel became dis?olved in the v.acuum pump oil thus . , 
degrading the ultimat~ vacuum possible. The volatile 

component' which is taken out of the askarel by tne 

pumping is mainly trichlorobenzene, which is used to 

achieve desired viscosity-temperature characteristi~s 

for the particular variety of a~karel used, but does 

not affect dielectric strength. Vapours condensed in 

the vacuum pump oil are ~emoved by, the ballast facility 
./ , , 

of the vacuum pump. Integral to the purnp was protection 

against oil suck-back into ~ system in the ~event o'f a 

powe'r or belt. failure. 

, The ijUmp was connected to the glassware by 

0.5 Inch 0.0. copper .tubing with soldered connections. 

The copper tubing was joined to ~he g+assware by Edwards 
\ 

manual pipeline valves ("Speedivalve") having a flexible 

rubber diaphragm,seal. The glass ~ubing which was also 
r 

of 0.5 inch ~D. fitte~ ~nto one end of the 'valve anp ~he 

copper tubing went into the other'side. 

The pressure was moni tored, by a Edwarc;ls 
,-' 

J ' 

....... 
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Pirani Guage, modil no., 8/2 with Edwards Pirani gauge 

head model no. MSC. 

\ 

2~i.6 Apparatus,Support Frame 

The entire system, <that is, the "'filtration 

'uni t/, the test cell and vacuum system were built on a 

mobile platform' and secured to a metal frame made of 

Dexion, the trade name of lengths of prepunched structural 

steel. . 

2.3 THE CONTROL'UNIT AND HIGH VOLTAGE SUPPLY 
l 

2.3.1 General .. 

The purpose of the high voltage contrpiler, 

a ~lock, diagram of which appears on page 64 wa~: 

1) To periodically prod~e linear vo~tage increases 

measured against time in t~e high volt~ge output 

a~ ~< p~eselec~~d rate. 
1 

2) Tc trigger the thyratron at the instan~~f breakdow~ 

te minimize excessive efecitrod~ damage. 
, 

3) Tc stop applicati~n of the ramp high'voltage upon 

breakdown, and return to normal conditions. 

2.3.2 Ramp Generator 

A block diagram of the circuit is shown in 
, 

Figut~ 3.8 Any one of Il :-amp rates' co~ld be selected: 

, \ 
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~ 

0.25kV../sec., 0.3, 0.375, 0.5,> 0.75, 1.0, 1.5, ·3.0, 6.0, 

12.0 and 30~0 kV/sec. At the instant of bre,akdown, ,the 
\ 

relay (s,ee figure 3-8) wou1d discharge the integrating 

capacitor of' the operational amplifier the~eby causlng 

the output of the high voltage generator to fall to its 

quiesc;ent base vol tage. This capaci,tor would remain 
\ " 

shorted until a delay period had expired and another 

pulse from the,de~ay\;ircuit would reset the flip fIOP~ 
~pening the relay contacts shorting the integrating 

capacitor, and allow that capacitor to charge at ~pre­
se1ected rate. Its output is amplified by a direct 

" coupled amplifier whose output was directly connected 

acro'ss a lOOk n r.esistor inserted in ~e output adjust-

ment circui t of the Brandenburg hi.gh vol tage g~nerator., <1 

~ . 
The direct coupled amplifi~r is require~ in order .to 

t • ~ F... ~ 
6) • 

cha~ge the voltage over the complete ~ange of th~-hlgh 
, 

voltage generator' s capabili ty" The relatively sma~' 

output swing of the operational amplifier would not be 

sufficient to cause an appreciable voltage change at 
.' . 
1 

the output of the high voltage supply •. 

1. 

2.3.3 Overvoltage Check Circuit 
< 

The purpose of this circuit Was to 

the output o.f the high voltage generator eeding 

sorne pr~specifieq ~igh yoltage level if no ~rea 
\ .... . 

occurrep up ~o that time. The front pan€Î was 

with a number of such selections of voltagés fr 
( 
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to 30 kV in steps of 5 kV. The overview of its place 
1 

in the system is shown in Figure 3-9. 

If an overvoltage occurred, i.e. when the 

output of th,e high vOltq.<;Je gen~rator has reached a 

certain predetermined voltage level and yew for sorne 

reason, no breakdown had occurred, th en the comparator 
'l 

(see Fig 3-9 ) would deli ver a pulse to the' flip flop 

controlling the integrating capacitor oL the' ramp 

generator's op amp. The relay bridging this capacitor 
, . 

would close, discharging it and a fresh delay period~ 

would commence. The inverting transistor at the out-
1 

put of the time delay unijunction transistor was 
~ 

necessary to provide the proper ~oltage polaLit~ to 

reset th~ ~lip flop. 
1 , 

This moni~b~ing feature which prevents ex-

cessive voltages, is' ~alized by connect~ng the out-

put of the ramp generator's op amp integrator to the 

inverting terminal of another operational amplifier 

which serves as a comparatdr (Fig 3-10). The noninvert-, . 

i~g terminal of this operational amplifier is connected 
, , 

to one of' several preselected points on a resistive 
7 c 

divider chain which provides reference voltages 

.. corresponding to the var1u~ preselected voltages to 

correspopd to the limiting output voltage of the ramp 

generator. The selected voltage is connected to the ~ 

non-inverting terminal of the op amp (Figure 3-10) • 

\ , 

1 
, 1 

1 

( 

f 
1 



~ 

:f 
" 

~ 
" " 

() 

( " 

-68-

.. 

volts 
VOLTAGE 

SUPPLY Calibrated in KV 

30 

5 

l ' 

OVERVOLTAGE CHECK FUNC~ION 

\ FIGURE 3- 9 

PULSE 

GEm:RATOR 

RAMP 

OUTPUT 

VOLTAGE 'COMPARATOR 

, . 
COUNTER 

" 

TIME 
, 

S,TOP 

<.' 
il 

\ 

\ 

! 

1 ~ 

. ~ 1 

1 

1 , 
:\ 
~ 
'l 

~ 

,i 



-~ 

~ 

:: _~"~~::O"'k;;;~""'" 

-.. 
r 

From ca.1ibrated 

potentiometer 

Ramp voltage 

\.. 

47kQ 

47kQ 

.-Ir'."~~ 

OP AMP 

+ 

froID integrato~ 

, . 

" 

.if 

_::.t 

.., 

- C . 
, t 

T -180 
, lOJ1F 

/ 
-' 

'---l>I 1 
<J - klo.00 To counter 68(2 

T: 2N3704 

UJT: 2l]l4,871 
d l

ay c~rc k 00 To e 68. . . u i t4 ()I la I5JJJF 

:?" 

• 

OVERVOLTAGE CHECK CIRCUIT 
FIGURE 3-10 

n. 
~ C>I s 1.-

To stop ramp ... 68ntho.oo~ 

Oc 

~ 

UJ'i' 
..., 

P'] nu ttVH_--:-' -+ - ~~~------ ~. k ..... "'. -~/.. j<~--t: ~ - '"--' .-
r 

~ 

, 
1 
~ 
\.D 
1 

... 



-70-

Initially while the output of the integra~or 
( 

is quiescent or is still rising the output of the compar~ , 

ator is positive,.at a~vaIue,close to lts positive supply 

voltage. At such time the voltage on the noninv~rting 

terminaIs from the potentiometer selecting the particular 

overvoltage level exceeds that voltage appearing at the 

inverting terminal of the integrator. Because the output 

of the comparator is positive, thè transistor T (Figure 3-10~ 

is "on l• there.by maint,aining 'the 'capacitor Ct of the uni-, 

junction transistor in this circuit, discharged. As the 

output of the lntegrator continues its rise, it will 
, 

reach-the preset vOltagel.on the non-inverting terminal. 

Immediately the output of this comparator op amp will 
" switch to ~ negative voltage close to its negative ,. 

supply vol tage v.alue., Transistqr li' \ is now in i ts non­

conducting state. The unijunction transistor will then 
" 

deliver a pulse which will stop the ramp, begin the . 
time delay circuit by changing the state of the flip 

flop controlling its timing capacitor (Figure 3-11), 

and thi,s pulse will also cause a .counter keeping count 

of 'the number of overvoltages to increment its count 

by one. 

2.3.4. The Time Delay·Circuit 

In order to create as identical conditions 

\ as possible for each breakdown event, the ramp voltage 

1 
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,. 
4-. 

shoüld be appfied ,commenci~g at the expiry of equal ~ime 

periods. The time base used is a relaxation oscillator 
"" constructed around a unijunction transi,stor (labelled 

UJT in Figure 3-11). At the expiPy' of the presele~ted 

delay period, "t~e output pulse at its base was transmi~ted 

to a flip' flop and to an inverting transistor T4 (Figure ._.------
3-ll). Upon reception Qf the pulse, the flïp flop (Tl and 

J 

T2~ changedostates, causing T3, which during tne delay 

period had beenoff, to turn on and discharge the timing 

capacitor and maintain it that way until the flip flop 
U 1 

again qhanged state. , This change of state occurred 

whenever a breakdo~n pulse was received, or wh~~ an over­

voltage had oceurred. 

2.3.5 Surgé Diverter 

The other unit which the breakdown pulse, 

'" activ~tes is the surge diverte~ unit. ~he thy~atron is 

" , 
• 

,. 

,1 

\ 1. 

• • 
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" 

.. 

j. 
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. ' 

a hydrogen filled tetrode (CXl140) ~anufactured by the 

English Electric Company. This tube cantains hydrogen 

to neutralize the s'pace charge which would otherwise 

severely limit the amount of current which it cou~d 

carry! Its peak forward voltage is 25,000 vo~t~ and its ~ 

recovery time is in the order of 100 microseconds. Its 
... 

purpose was to protect the electrodes from excessive 

pitting by providing a low resistance path to th~break­

down current at the moment of breakdown. It was t~ggered 

at the instant of bréakdown by a voltage pulse which 

appeared across the ,resistor connected between ground 

and the bottom elec,trode. This vol tage pulse would 

trigger the thyratron and reset the high voltage supply 

to its base voltage. 

2.3.6 The High voltage GeQerator 

The high do. c. voltage ,was supplied ~y a 

Brandenburg Model B03. !ts miminum/maximum output was 

3/30 kV. Stability against a 10% mains change is better 

than 0.1% at full load, while the output ripple is 0.5% 

at full ~oad. Regulation to full load is better than 

0.5% at full output. 

2.3.7 Interconnection of the Control System With the 

High Voltage Generator 

The power &upply of the control unit is 
\ 

floating with ,respect to ground. When the output of 

j, 

.. 
" 
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1 

the direct coupled amplifier of the ramp generator 
J 

circuit is connected to the external control input of 

the high vol tage generator, t'he ground, reference of the 

control system is about 240'volts,below zero potential' 

ground. This negative d.c. voltage shifts steadily as 

the output~of the high voltage generator increases until 

it reaches about -290 volts when the output of the 

genetator i5 30 kV . 
• 

The b~eakdown voltage pulse trom across 

the resistor,connected to the bottom electrode of the 

test cell (see Figure3-l) is about 20 volts pos~tive and 

consequently it ls'not capable of triggering the various 

control circuits. A pulsed.c. shift amplifier ~orrects 
l, 

this deficïency by bringing thè lowest level of the 
'. ~ 

breakddwn to about -290 V'. This amplifier is illustrated 

in Fig. 3-12. Point P is normally at -290 V due to the 

voltage divider arrangement: -350 x 58/70 = -290 

The output transistor T of the amplifier is, in the 
1 

abscence of any breakdown pulse, in its MOff" state 

because the output of the op~rational amplifie'r is 

slightly positive ~ue to a d.ç. bias voltage on the 
... 

noninverting terminal of'the'op amp. Thus, point P 

on the voltage divider arrangement is nprmally at -290 V, 

the lowest value possible corresponding to conditions 
" 

.. wl').en' the' output of the generator is maximum (30 kV) 

'should tha~ be required. When the breadkown 15 trans­

mitted to the inverting input of the operational 

. -~ 

j 1 l 
J 
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amplifier, the amplifier will momentari~ switch, to 

-12 V, the supply voltage, and th en back to its initial 
\ 

state. At the instant of swïtching, the high voltage 

transistor (T) i5 ~omentarily saturated. When this 

happens, the voltage at point P drops ta: 

-350 x 24/ 34 = -245 

Thus, 'the pulse has been shifted down to a level 

comparab~e to the reference level of the control system 

when the high vol tage generator is connected to i t. 

This'output pulse is then connected to the,co~trol 

system where it effectively triggers~he desired 

operation. 

2.3.8 Chart Recorder 

AlI breakdowns were recorded on a Minnea-

,polis-Honeywell chart recoDder manufactured by Brown 

Instru~ent Division, Model No 153 x 17-V-II-III-6, 

which was lin~ar in response over the range of 0 - 10 

mV at its input terminaIs. A resistive divider chaln 
1 

at the input to the recorder controlled the recorder's 

input sensitivity set according to the varying range 
1 

, of ap~lied voltage~ which were used throughout the 

experiments fôr the dif~erent gap lengths. Calibrations 
\ 

for aIl settings of the resistive divider were made 

using a Philips D.C. Mic~ometer, model no. PM2436, 

with Philips High Voltage ~robe GM 6071. 
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CHAPTER III 
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APPLICATION OF THE THE ORY QF EXTkEME VALUE 

DISTRIBUTION TO THE BREAgDOWN OF LIQUID 
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CHAPTER III 1 -

1 

APPLICATION OF THE THEORY OF EXTREME VALUE D15-
1 ... 

TRIBUT ION TC THE BRÉAK~~WN OF LIQUID DIELECTRICS 
1 ,f 

- , 
The breakdown voltage of a sample of liquid 

dielectric is determined by the breakdown voltage value 
, 

Qf th~ weakest volume element. Therefore its distribu-
\ i 
\ c, 

tion ~ay be régarded as a. distribution of minimal values. 
1 

Let p(~ 'represent, the 'probability density 
, 

of a population with ~n arbitrary distribution, and of 
, . 

sample size n. The sample values are ordered 50 that: 

Xl:! x 2 ~ • • • • • • • • • ~\ xn ( 1 ) 

Choose a certa;n mth small'est observation 

The probability of a value less or egual to Sis: 

x m 

P(~ ~ E = lp(À)dÂ ,(2) 

-00 
= P (xnr> 

and th~ probability of a value equal or greater _than S 
" 

'called the probability of exceedance, is: 

P(x (3 ) 

On condition that the n values are inde­
~ , ~ 

'pendent of each other, 'tlre prob~tili ty tha t' k among n 

future trials will be less than th~ ~bservatio~ E is 

given by the Binomial formula: 

" 

1 . 
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, / 

By differntiation,' we obtain th~'density: 
! , 

= 

(5) 

;' 1 

r 
If k=l in the above equa,tion, ·then the probabili ty dis-

J 

tribution of the small~'~t,. value xl is: 

1 (6) , 

/ 
1 

Now le~ the cumulative distribution functions 
4' 

of p(x) and f(x) /be represented by P(x)" F(x). Iii F(x) 

. is the probability that the mini~al value x among n in-

dependent observations is no~ greater than x, 

/ f (x) 'II n(l - FJxl l~-l-p(X) 
J 

and hence ri 

(7) 

Prob (x::: x) = 1 {l _ P(XI} n (8) 

Equation (7) sh~ws the distribution of the minimal 
, " 

value/' whils't (8) shows th~ distr ibution > function of X. 

'/ The exponential distribution is basic to 
" 

many physical phenomena. To obtain the asyrnptotic 

" \ 
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distribution of the srnallest valus~ for the exponential . 

type, we expand the initial probabili~y function l_e-ax , 

about the mth srnallest characteristic value u. Since - m 
the probability of a value equal to or large! th~n x is 

1 -' F (x)l we expect n [1 -, F (~)] values i~ a sample of 
size n to be equal or large! than x' ,and then define the 
characteristic smallest value u (1) = u, by 

',,, 

P(x) 

Where 

• 
P(x) 

n ,J.. 

(9) 

the initial probaility function represente? 

e Taylor serie. expansion of it about u is: 
m 

, ' 

,+ (x-u f.. 11-1+ 
\II m Pm . ~ 
v. . 

P(Um) = m/n; p ... 
m P (um) ; u=u 

ID 

(10) 

(11) 

= m + x-u + !X-~l2 + pl 
n If Pm 21 m '--

• 

. LI V-l 
+ (x-u) , P + 

1IJ m rr 

~ l2} 

Multiplication and division by ,(min), leads to: 
1J' V-l ••• +m{x-u) np + 

ri l7f m' 

+ 

00 , 

\(~) 
L, VI 
v==/ • 

,v. 

(13) 

Fer large positive (n&gative) values 

variate, tfie pro~ability density p(x) ~nd the preo 

l ~ P (xl (and P'(x») are small. . The de riva tives pl (x) 

he 

are aIse s~ml~ and negative (positive) and the quotients. 
\ 1 
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p/(l-P) and p!P ç~come indeterminate for large and 
1 

, . \ 

va1ue,s of thè variate 'respect!vely'. If this holds, 
~ , " \ 

is proper ~o apply L'H8pital's Rule (54) ~ 
1 

lim p (x) = 
X~OO 1 ::.. P '(x) 

lim E{X~ =: 

~~(X) 

lim 
x-tOO 

1im 

pl (x) 

p (x) 

pl ,tl 
x~.~ p'(x) 

(14 ) 

(15) > 

We can apply this to obtain successive derivatives of , 

Pm· Thus, from e/quation (11) , we have 
• ~ 

p' 
=~ n m :' 

Pm 
(16) 

Pm p m. 
, . In 

'.' 

We write llPm =cx m m (17) 

Thus equation (16) may be wri tten from (17) as: 

pl 
In =l:XmPm (l8) 

From (17) we 'obtain the first derivative in the ex-

pansion ~f - (HI'; \ 

n pl =a 2 Ll9) m" m lU 

In the same way we obtain higher 'derivati~es. From 

\ 
\, 

. ' 

, , 
JI 
'1 
'i 

~ f~ ., 

(16) wei see that: ~ ---~--- - ------,--- - -

-------~------- ~- --'-------------~-------
---~~ 
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(20) 

with the same approximation às previ'ously useà, further 

differentia~ion gives: 
() , 

Dividing through by Pm gives:, .r 

Therefore 

PlI 

m' -. 

= 

= 

2p pl p2 p' 
mm mm ------ - -""'2--IJ p m!\ PmPm 

-(X~ , . 

P'" = ID CC 3 
m n 'm 

(21) 

(22) 

In general, it can'be shown (see appendix II) that 
1\ 

(23) 

• . 
By writing (11-1) instead of (JI +1) equation (13~ can 

be mOdified, to read as: 

i 
1 
! 

/ 

, 1 
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,P(x) (24) 

We introduce the reduc'ed mth smallest value Ym defined 

by: . 

Y = ex (x -u ) m m m (25) 

. as the di~ference of' the r m th smallest . , 

characteristic mth smallest 'value multiplied by a factor 
,1 

which has the dimension x-1 Thisl transforrnatio of 

equation (25) reduces the largest value in siz 
or 

changes the scale sa that Ym has The 

probability function in equation 

P(x) m [1 + 
.Ym -1 ] = ri e 

, 
Ym (26) m = - e n 

'This approximation' holds for any initi~l probability 
\ . 

function oi the exponential type and for large x. The 

distribution functio~ becornes under the sarne conditions: 

(27 ) 

n m 

, 
The initial ptobability P(x) and the initial distri-

bution p(x) in the neighborhood of the·characteristic 

smallest val~e tend for m = 1 to 

\' 
\ 

.. 

. ' 

1 

,1 
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p (x) = (28a,b) 

î 

Substitution of this ,expressio into equation (8 ) leads 

to the first asymptotic prob~bility function: 

lim 'p (x) 
. [1 - eY r} = lim {1 (29) 

n+oo n"co. n 

Applying the Binomial Theorum with t,= eY 
"t 

1 P (x) = 1- [1 -~t + n (n-1) t 2 

2J ~2 

As n..,co 

anQ, 

p (x) = l - exp. (-eY') 
1 

~ (x) = exp ( -y - e -y) 
1 . 

1 

, 3 j ... n (n-l)'(n-2)! + :. 
, 31 3-
, • n 

+] 
(30) 

The probab1lity and distribution functions of the 

reduced extremes are parameter free. Equation (30) is 

ca11ed the first asymptotic distribution or 1;.he first -

asymptote. It ïs ~lso called the second'doubie ex­

ponentia1 distr~but1pn. 

. , Momen ts can in genera1 be used to descr ibè 

the shape of a distribution. "For example~ the first 
l' \,..t -

moment tel~s' us the average 'value of the random val~e~ 

1 
" 
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. ~. 
, ~==-===, the second moment about the' mean tells us something ~- ~~~ 

about~the spread or dispersion of a,distribution, i.e. 

how close one can expect the random variable to be 

near the mean. The third moment about the mean is 

used ,to descr ibe the symmetry or 'lack tnerepf ~skewnessJ 
, 

of a probability. distributioh. 

Thus, to estimate the parameters of this 

di:stri~tion, the moment generating function is deter-

mined. 00 

f ty" (-y-e ty) = e e dy = 
-00 

By the transformation,e-Y = z, 

" 
zdz 

z 

l , 

this becomes 

(32 ) 
' . 

Ins~ead of the usual standardization of 

var~ates, the following llnear transformation is em-

ployed: 

( 33J 

t~heré fJ is an average of the same dimension as x ' 

and Ua 'ts of the dimension of ,x. Consequemtly y 

has'no dimension; y is called the redu~ed variate, 

wHereas x is called the initial variate. 
'. 

Any function may,by appropriate substitutions, 

5e made lin~ar. 
. 

An advantage of doing this is that the 

, ' 

.' 

1 
) , 

. . 
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,. 
question of the acceptance or rejection of the proba-\ 

bility funct{on may be settled by mere inspection. 
. . 

Aftec the observations have been plotted, a strai9~t 

line rnay be 'drawn provid~d that the scatter of the 

observations is suffici~ntly smail. 

The method of least squares i5 applied to 

J the linear reduction df 

\~ 

1 , 
! 

x=fJ+..JL 
. la 

(34a,b) 

The criterion of least squares selects these values 

of ex ,1 and Il in, a way which makes the square of the 
(, 

borizonba1 distances a minimum (47). 

r 

i=1 t ' 
/ 

The quantities ai and bl are the least squares estimates 

of CC and f3. Differe~tiating partially wi th respect 

to bl and liaI' ~e obtain: 

n 

L -2 [Xi 
. 

(bl + y.) 1 = 0 ,1 -
i=1 

al 

(35) 

and n L-2Y. [X. -, (bl + Yi) ] = 0 , 1 1 - (36) 

i=l ~l 

, coniequently from (35) 

, . 
1 ,1 

\. 

... ~ 

. 
~ 

, ) j 

, . ! , . 

1 
1 

i- i , . l 
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\ 
n n 

L x. -2: ~bl + y. ) = 0 
1 1 

i=l i=l al 

n n' 

t x. - nb l -[ Yi = 0 1 

i=1 i=l al 

After dividing by n: 

xa = bl + Yn (37) 

al 

Similar1y from (36) we obtain: 

n n n 

1 

I: y.x. c, bIt: y. 
1 1 1 

i=l i=1 
+ 1 L: Y~ 

ali=1 1 

" , (38) 

t 
'- The solutions ta equatic~ms (37)\ and 38) are: 

.....L = (i'Y>'n - Xo (39) " , 

al, (f2 
n 

: 

f 
(40) 

, , 
t 
1 

î 
0' f 

f 
t 

"' ~ 
" t 
f 
t 

Where 
n, 2 . n" 

Lxi 
2: 

-L LXi 
s2 ,2 '2 

Xo = ....l... x = = n(xo-xo II: 0 X n i=1 n i=1 n:"1 \. 
n n 

=_1 L ~ =-LL 2 rf~ ; -2 
Yn 

y. = - Yn 1 ; Yi; n 
n n n 

i=1. i=1 

(, 
(xy) n = ~t xiYi (41 ) 

i=1 

(, The foregoing minirnized the horizontal distances. A 
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second set of equations, can be written minimizing the 

'vertical. distapces, i.e. in this case we seek- to 

minimize 

n 

[[Yi - a2 (x i - b2,] 2 

\ 

where a2 and b2 are the least squares estimates ofCX 

a~d fi in the relation y =C( (X-fi). Following' the 

same 'procedure as before we partially differentiate 

with respect to a2 and b2 the equations: 

Yn = a2xo - a2b2 (42) 

(43) 

\ 

the solutions of which are: 

l 6
2 

(44) = x a2 "', 
'(xyl - XoYn h 

- b2 Y la ; ( 45) Xo :: 
n 2 

1 

Each solution requir,es the knowledge of four é!verages. 

The mean x and the standard deviation ~ of the o - x 

observations have to be calculatéd from experimental 

data. The ave'~ ages y and (f 
'n n 

of the reduced vatiate 

qepend only upon,the number of observations and can 

be calculated fQr aIl conditions. However, the croSs 

• 

, 
.~ 

" { 
.. , 
" !l 
,~ 
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productixY)nWhichOCcuis in both solutions depends on 
, 

both the experimental,observations and the number of 
l' 

observations and would have ta be cal,culated' anew for 

each series of observations. To eliminate the calcu-

lation of the c~oss-product, define new variables a,/ 

and b by: 

(46,) 

\ 

Thus, when ~quatièns (39 ) and (44) are multiplied , 

together, 

l./a = sx/cf n (48) 

SiIll,ilar ly, when (40) and I( 45) are multiplied together 

the result i5: 

b = x - (Yn/ a) . (49 ) 
0 

These estimates in (48) and (49\ require ~nly the 

knowledge of the , 9ample rnean and standard deviation, 

and the population mean y n "and standard d~viation (f n 

of that population. 

The mean of the reduced extrern~s i's fopnd­

by tàking the first derivative of rCl+t) for è = o. 
1 r l 

Tàking ,advantage of the derivation given for ,(1) 

on page 39 of referenèe (43) 

1 r (1) = -7 (50) 

l, 

\ 1 

\ " 
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1 

where 7 15 Euler 1 s cons5ant o • 5 7721. ••• ). Th j. 5 1 s 

,the first central moment of the reduced variate. The 

second moment is given Oy 

.. 
(51) 

Therefore, the standard deviation of the reduced variate 

is: 
, . 

(52) 

\ 

,Substi~ut~ng these rèsults into (48) and (49), we have: 

lia =V6 sx/rr b = Xo {ria; (53) 

, j 

Applying this ~o the reduced variate definèd in (25), 
\ 

1 • 

with m =1 we have as a practlcal result: 

, . (54a',b) 
~ . 
Th~ expres~ions for the second and thfrd 

asymptotic distrib~tions of reduced' smallest values may 
, 

.be obtained by logarithmic transformations of the ex-

pression -for the first asymptote. 

'"" , 

\1 

," 
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The second asymptotic distribution is' 

obtained in the case wherè-the initial ,distribution 

is of the Cauchy type (55). Following substitution in 

equation '(30.) : 

ex 1 ( x - u1) =, c(-loge~ + I0gev l) (55) 

• 
where z i5 the variate for the second asymptotic dis-

\. 

tribution and c and vI ~re constants. So that the 

e~pression fqr .the second asymptote of reduced srnallest 

values is: 

= 1 - exp [- ( vI \ / z ) c] . (56) 

vI < 0 z -= 0 'c > 0 

, 
and the densi ty, is obtained by differentiation: ' 

2 </:J(Z') = - (c/v~) (vl/Z) C+lexp.[ '- (Vl>Z) c] (57) 

. ,. 

~ ~ 

The expression ,in (55) means that the logarithme-2f. 
1 

a .logarithmic, extrerne value distribution ale extrerne 
, . 

- , 
value dis tribu ted (76). The ,parameter ~ which are./" 

calculated for the first type of extreme value distri-
~ ~ 

bution can be, used in,the seco~d type. Frorn'equation (55) 

we have: 

Thus, , ' 

. ! 

1 

1 

, 
1 
1 

1 

, , 

\ . 
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a l = -c; (58a,b) 

For bath'the initial distributions of the , 

first and second asymptotic distribution, lhe var,iate 

ïs'unlimited.' However the initial distribution for the 

,\ third type of asymptotic distribution given by 

l - (/ - € ) k where € is a Iower limi t to the left in 

that x~ €. To obtain an expression for thè third 

asymptote, which is also known as the Weibull distri-

bution, we make the following substitution in equation 

(30)\ Ref. (55; 

a 1. ( (59) 

The parameter € represents the lower ~imit on the 

value that x can have and is called the location 

f" parameter whereas v '- € or simplY Vi is called the scale 

pa.rameter. Each is so 'named because of the ef'féèt' th~y 
have on the distribution. We have then, 

. ( ) ~ '. x - f k 

3 cp (x) 
10ge Vi 

= l - ex~ -exp. -€'] 
= l fr exp -[ ~,=€ (60) 

wi th conditions x::' € ; VI~ € . , , k =- 0 

Parameter k is known as the shape parameter and can be 

estimated from the -~ymmetry or skewness of the sample 

values. 

The density of this distribution is 
.\ 

,/ 
/ 

/ 
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3cfJ (xi = 
k' 

(61) v' -€ · 

The sample moments are used to estimate 

the unknown parameters of a distribution. For non-
" 

'negative' variates, the calcula~ion of, the population 
1 

moments about tne origin and of integral order q i~ 

given by 
, , 

00 

xq = 1 xq f(x)dx (62) 
'0 

where f(x) is density of the distributibn o~ the tandom 

variable X. Applying this, the reduc~d moments of order 

q are: 

Let x -€ .-6 v.-€ -
Consequently, 

the right hand side of (63) becomes 

00\ 

k 19 k + q - lexp ( - 9 k) de 
o 

1 

Let > e'k '=. , , Therefore 

dG = d' / (k 'k .... 1"-
. ) 

= dÇ / k'( , 19 
50 that ., 

dBle = d'/(k() 

As.a res~lt of this tr~nsformatién, equation (64) 

• 1 

i 

1 • 

(64) 

, , , 

.,:t ....... , , 

--

" 
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becomes 

+ 1 _-,.) d' 
exp ( ~ , 

00 . 

1 (q/k) ',. 
= _, - exp ( -c ) d ) 

o /,"~; \ \ 
-" 

=, r (1 + q/ k ) ( 6 5 ) 
\ 

Whence, 

(x - € ) q = (v - € ) q r (1 + q/k) (66) 
, ,; 

-For q = 1, the mean is: 

x = € + (v' - 6) rcl + l/k) (67) 

The variance is 

(f2 = (Y'_f)2 r(l + 2/k) - [(Y.-f) r(l + 1/k)]2 

=(Y.-f )2 [r(l+ 2/k) r 2 
(1 + l/k)} (68) . 

The estimation o~ the parameter k is done by calcu~ating 
\ 

the skewness or the sample. Skewness is defined as (48): 

(69) 

where Jl..3 is the third central moment and (f i's the 

standard deviation. Thi expression for the third central 

moment is determined by ~he use of the relation 
,t 3 

r, ,,/1.3 = E (05 - J1 ) :' 
, 1 3 

=/1.3 - 3/1 jJ. 2 + 2jJ. (70) 

where E denotes th! mathematica1 ~xpectation 9f the 

random var iab1e (! -/1); J1. denotes the laverage and 

tL; denotes the r th moment about the origine Thus 

from (66) we have (71) 

3(V~€)3rci+1/k) f(1+2/k)+, 
• 

2 (v!..€, ) 3r 3 (1+1/1<) 

1 • 

,1 • 

r 
, .. ' 
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J 

1 

Henee, the_skewness as defined in (69) is: 

1 3 
r(l +3jk) 3 r(l+l/k) r (1 +2jk) - +2 r (1 +1/k) 

= 
\ [r(l + 2jk 0 _ 0 [":'2 JI + Ijki] 3/1 

( 72) 
c 

'Once the skewness of the sample of breakdown vol tages hàs 
, 

been determined, it ia possible to solve for the root, 

(ljk), of this nonlinear equation by means of Aitken's 

,tl method. This me1thod consists of the algorithm (128) 

(73) 

'where r .is the exact root. To make use of tt'lis i terati ve 
met~od, the non1inear equation (72) has to be brought 

into the form of: ) 
, : 

x' = 9 (x) \ ' 

Fqr this purpose use i5 made of the identit~ 

, , 

= (75) 

(76 ) 

vli th l/k reptesenting x in (7t.) 

\ 

\ 
\ 
1 
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After employing an ~nitial starting value 

of l/k, successive interations of the recursive formula 

of (73) converges to a root. An initial estimate of l/k 
1 , 

I)y using the table on page 282 of (53) speeds convergence 

and "helps avoid ~nstabili ty problems wh~ch ar Ise 'in the 1 

comButer calculations when skewness is small and negativ~. 
1 

Onoe l/k has been determined, the ~cale and 

10ç::*ation parameters, namely v' and € re~pectiyely, can!be 

estimated. 

v'- X = v'-t (v'- E') 

= (v'-E' ).[ 1 

From 

r (1- + l/.k) 

r (1 ~ l/k)] 

(68 ) 

cr = (v' - €) [ T(l + ./k) -
2 

r (1 + 

Dividing (78) by (79) yields 

v,':' i = 1 -!"'" r l + l k 

(78) 

] 
1/2 

l/k) 1 

(79) , 

(f nI + 2/k) ,-'r2 (1 + l/k)) 1/2 .. ' 
( 81) 

So, the sc ale parameter v, c~n-tie ~stimated as 
"'''' 

" 1 - r(l + l/k) 
1 - r:1 ' . ( 81) v = x + 

{nI - (2 (1 l/k)] 
1/2 + 2/k) + 

"~. 

Whered here represents the standard deviation determined 

from the sample ~àlues and k ls the shape parameter. 

" 

1 

1 

, , \ 

) 

.. 
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The lower limJ t or location parameter é is 

estimated from (67) by employing the estimate of v'just 

determined in (81). Thus,; 

Hence 

:x = E + v' r(l + l/k) - € nI + l/k) 

='E'[ 1 - r (1 + l/kl.] + v' r (1 + l/k) 

f = X -',v,r(l + l/k) 

1.- r (1 +' l/k) 

(82 ) 

In this chapte~ has been derived the 

distribution of smalle~t values of N sampies, each'of 
1 

size n taken from a parènt population which has an 

. expo~ential distribution. Then by appropriate logarathmic 

transforma tions of this expression ther,e were obtained 

expressions for the' second and third asymptotes which -
, r 

have toeCauchyand the "limited" distribution as their 

init~al~distributidnsirespectivelY (56). 

We are interested in the distribution of 

the smallest values of ~ sample size n, which i~ our 

case, corresponds to the resultS of one ,experimental 
, 

run at a certain electrode gap length. Accordi~g to 

the e.xtreme value probabili ~y t.he?ry (the staQili ty 

postulate), wher,e an asymptote exists, a sample size n 
\ 

taken from the parent population, will aIs? ha~e-the 

sam~ asymptotic distribution as the Nn, observations 
:' 

that could otherwise have been carried out. The 

practical advantage of this is that results obtained 'on 

_______ ---=,..~'-". .-.,~ '''I~ 

l, 

, 
1 

l, 
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( 

a scaled-downep mpdel, say of a transformer , can be 

transferred to the corresponding arrangement in the 
, 

,actual transfprmer which- is N times larger. 

If the voltage breakdown distribution obeyed 

. the normal law, such would not be the'case (152). 

Of the three extreme value distributions 

of small,est value considered, the third type which is ~lso 

called the Weibull distribution should b~ expected td 

~i~ld t~e most fruitful results in breèkdown measurements 
, , 

,beause its variate has a lower limit. Physically this 

is analogous ~o a minimum voltage below which there are 

no breakdown voltages. 

, ' { 

. , 

, . 
, ' 

--,. , 

'\ 

, . 

,. 

! , ' 
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CHAPTER IV 

RESULTS AND DI'SCt1SSION OF RESULTS 

4~1 GRAPHICAL COMPUTER PLOTS 

If the actual probability of occurence of 

a particular value of a random variable could be de ter-
- 1 1 

mined, then the cumulaUve distribution of this observed 

distribution could be 9onstructeâ. If \he~e is a theo~eti­

cal distribution which ~s thought ro adequately"describe , 

the observed distribution, then their cumulative distri-

butions may be compared by plotting ,one against the other. 

If the two distributions coincide, the plotted line will 

lie on 'a diagonal between (0,0' and (1,1). The degree 

to which the~e exists a lack of this coincidence will be 

characterized by a skewness in' the plotted line. Th'us, 

a graphicaljplot will ·give a visual indication of how 
, " 

adequately the chosen ~~stribution describes the actual 

distribution of the random variable. 
\ 

The only way of eX'per imen t'a 11 y deteqnining 
, ' 

thé actual'probability distribution of the breakdown volt-

ages is to examine a sampIe, drawn at randotn from the 

population '(155) ., Such a sample yields a somewhat diffuse 

imag,e of' the parent population. The sharpness of this· 

imag~ depends entirely on the size,of th~ sample (155). 
~ 

In order to do tgis r a set of breakdown voltages 
." 

, . 

, ! 

i 
i 
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from an exper imentl is coJsidered as a r andom sample .drawn 

fro~ a larger ~opulation whôse values tave not been ob-

tained. The probability associated with each breakdown 

voltage value is found by ord~ring the breakdown values 

from smallest ,to largest, as was done in équatioh 1 of Ch.3 

so that: ••••••••••• <. xu .. ··~ xn (1) 

where u represents the rank number and ~ is the sample 

size. The ratio of u/n is the relative order number of a 
, " 

one dimensional randem variable of x. The probability 

, of having a breakdown at a value ~qual to or 'less than 

Xu is equal te this ratio~ i.e. 

" prob' (x ~ u) = u/n (2) 

This formula would Be precisè if the sample size drawn 
-

were infini te.ly large.' In such a case, equation, (l~ wauld 

say that .the last value in the ordered Set would always 

accur: 
" 

of 

" prob (xn) 1 = 
However, the sample size in reality i'5 finite and' there 

exists the fini te probabili ty tha t break own will not occu,r. 

This is acc.ounted for by writing 

F(x i ) = i/(n+l) 

f'z:-­.where i is the rank number of the breakdo n voltage, a~d 

n is ~he total'number of breakdowns. TE: In accordance 
" -

with the procedure followed by Gurnbel and Goldstein (59), 
, 1 • i 

b~eakdown values that were identical for aIL practical 
1 

\ 

.. 
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purposes were given equal ra~k numbers. ) 
, 

The quantity P(x.) is ca lIed the plotting 
<' l. 

position (156) because the observed values of x are 

plotted against it. The error introduced by this pro-

cedure diminishes as the sample siz~ increases. 

The dist~ibution functions which were chosen 

were the three types of extrèrne value distributions 

discussed in Chapter III (see equations 30,56, and 60 

in Chapter III) and the log-normal. Choice of this 

latter distribution was included because it ha~ found 

application in describing th~ distribution of the life 

time of rubbe~ tires(76). Usually, there is no ex-

plicit reason indicating why a particular distribution , 

should be used (67) , the'best thing to do is simply to 

try i t. 

~,In order to carry'out the graphical 

evaluatibn descr ibed, equations 30, 56., and 60 of , -. ' 

Chapter III wer~ tran~formed for the purposes of p~6tting \ 

by the fol-Iowing method which is demonstrated for the 

first asymptotic distribution function of smallest values 

(equation 30 of Chapter III): 
~' CXI(x-u1) 

l '±'(x) = l - exp (:-e 
~ ctl(x-U I ) 

1,- l~(x) = exp(-e , 

loge [l' - l q,(X)] , '= -exp (Cf (x-u l ) ) 

log' [ l ~ ]cexp cx. l (X-~l) e 1 _ (x) IP 

• 1 . 

\ 

, t 

, , 
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1 
1 

ln ln = ex 1 ( x - u1) ~5) 
-. cp-1 , 

1 \ 
If we follow this same mehtod for the second asymptotic 

• 
, tribution' of smallest values (equation 56; Chap~er III) and 

also the'distribution function for the third asymptotic i5-

tribution better, known as the Weibull distribution (equa ion 

60, Chapter III) we have, respectively: 

ln ln l' ln ( l ) , = c 
1 - cp x 

2 

(6) 

l = k ln [ x 7 €'] 
l - cp - v'- € 

3 

ln Ih (7) 

'~here x represents the breakdown vo1tageand the 
" , 

constants Cr, vI r v'~, E' and k, are the same constants as 

deterrnined by the rnethod in 'Chapter III. , 

The suitability of the log-normal distri­

bution for the purpose of representing breakdown values wa 

also examinèd. This distribution function'is given by: 

where 

P(x) 

h (u), 

= ...!... r e -1/2 u
2 

du 

--r:;:;r 100 ' 
heu} = 

x = the breakdown vo1tagè, values 

u
e 

= the rnean 'value o~ the logarithms of 

,breakdown voltages 
. , 

(8 ) 

= the standard deviation of the , , logari thn'ts of 

breakdown v61tageS (77). 
1 

.. 

\ 

• 
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\ \ 
In order to calcula te P(x) on the computer, 'advantage is 

taken of the fact that the error func~ion is part of the 

Scientific Subroutine Package available on the IBM computer 

system ,at McGill. 

erfCÀ) 

The error f~cti~n is defined as: 

= 2/-y:;r- 1 e -À dA.". (19) 
, 0 

Consequently, P(x) can be expressed as: 

p (x) = lr{2fff~~1/2 u
2
du 

·00 

- h (u) 

+ l~ Jt~e-I/2 u
2

du 

0' (11) 

= 1/2 + 1/2erf (u/y;, (12 ) 

"The l/~ factor appearing in (l~) and not appearing 

in the expression defining the error function (10) is 

accounted for by observing that'the substitutioo ~f)l= 

~/-V; irito (10)' produces a factor of ,l/V; i,n the resul..' 
. \ 

tant new differential that is substituted for'du'into 

(lO)~ To be able-to plot the log~normal distribution 

on the same set of axes as the previous three distri-. ' 

butions, for purposes of comparis{on, the distribution 
Il 

\ ' -
must be'-expressed in the form of lnln (l/l-P (x» as 

1 

obefore. Consequently ( 12) is si~ply transformed by 

/ 

wr iting 

r J [{1/2 1/2~rf (~/Vi)}-l] 1 
Inln = Inln 11 - P(x) 

(13 ) 

From all thi 9 there result four sets of. points 

produced from assumed distributions aIl to be plotted 

against a fifth set of points produced" frem actual ob- ( 
\ 

servations.l This is set out in th~ following Table . 

. ~ 

, . 

" 
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TABLE 4-1 

RELATIONS PLOTTED 

~-~ vs Type l 
1 extrem~ '1 , 

1 g5(X) Inln - F (x.) 
lnln 1 

value 
1 1. 

1 1 
Type II 

2 g:>(X) 
extreme 

Inln '1 - F (xi) 
lnin 1 - value 

1 1 
Type III 
(Weibull) 

lnin 1 - F (x i) 
ln ln 1 - 3<1?(X) 

. 1 , 1 Log-
1n1n \ lnin 

1 - F (x.), 1,- P(x) normal 
l 

where F(x
i

) rpresents th~ actual distribution of break­

down volta~es. 

An example of the résuiting plot for experiment no. 

. 25 is shawn in Figuré 4-1. 
\ . , 

The computer printout along the 

ordinate axis shows Inln 1/ (1 - F (x» • where F (x) signifies, 
\ 

the actuai observed probability.distribution. An auxi1lary 

sca1e alongside the ordinate axis indicates F(x). Similarly a . 
cpmputer printou~ alQng the abscissa displays 1n1n 1/1'- P(x)-, , 

where P(x) is the theoretical distribution. Ah auxillary 

scaie alongside the abscissa shows P(x). The value of this 

tYP'e of plot lies in the fact that it has magnified the ends .. 

of the distribu~ion. Often it is only by examination bf the 

taii of a distribution that it can be ~cc~rat~Jf deterrnined 

which theoretical distribution provided th~ best fit of the 

t 
1 

. " 

lf 
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data. A. similar plot is shawn in Figure 4-2 for a typical 

experiment but without the Y+I symbols showing the position 

of the line'corresponding to ~ actual distribution. These 
1 ; 

have been omitted to ~revent "cluttering" of the plot. 

Instead, a line was ~rawn to represent the line that would 

have been drawn with the 1+' symbols by the computer . 

From both these graphs it ca~ be seen that the 

·chosen distributions which'best represent the breakdown values 

observed are the log-normal and the Type III extreme value 

distribution. 
\ 

The first asymptotic distribution, (repre-

sented b~ '*1) is noticably skewed. The second asymp~o-

tic distribution despite its similarity of form (Type II) 

(represented by 1#') does not fit the observed distribu~ion 

~unction at aIl, but instead lies far to the right of the 

graph, off the diagonal. These results were observed con-

sistently for aIl plots made. 

4.2 GOODNESS-OF-FIT TEST 

A more precise answer ta the question of 

how weIl the various assumed distribution functions corres-

pond to the actual distribution is obtained by application. 
, 

of the Kolrnogorov-Srnirnov Goodness-of-Fit test. The 

statistic used for this significance test is the maximum 

absolute deviation of the ~ssumed null distribution 

. function F 0 (x) (wh ich in our case is lep (x), 21> (x) , 

j 

! 
1 
\ , 

) 

'1 

II-
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3q?(X) or PLN(x)) frorn the sarnple distribution function 

, F (x) : 

D = max 'F(X) - Fo(x)1 
\ 

·oo<x<OO 

(14 ) 

This can be represented graphically by obtaining the, 

value y, = F (x,) for breakdown voltage Xl' of the 
1 1 0 l 

sarnple and then ordering the Yi ~rom srnallest to largest. 

A "staircase" cfn then be plotted of the points (Yi' i/r,) 

~here i/n repre~ents the probability of Yi accôrding to 

the reasoning in\ eq, 2~ ( 91 ). A diagonal is then plotted 

consisting of the points (Y, ,Y,). The maximum absolute' 
l l 

deviation between this diagonal and. t~ "s,taircase" for 

sorne value of x. furnishes the sta uJtic of eq. (14). For 
l 

each size of deviation there is a corresponding probability 

that the particular observed distribution could' have arisen 

as a s~t of N independent samples from the assumed distri­
\ 

bution •. The details of the calculation required to deter-

., mine thi p probabili ty is set out in Appendix IV. 

\ , 

If the resulting probability for a particular 

maximtIrn deviation D is 0.05, then it m'eans that the con-

clusion that a particular breakdown voltage value does 

not come from the population that it is assumed to belong 
\ 

to, has a probability of at least 0.95 of being right, and 

a probability not exceeding 0.05 of being wrong. The 

probapili~y of being ·wrong about such a conclusion is 

referred to as the test significance level (27,. The 
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decreasing significance levels mean that the breakdown 
'. 

values are being better fitted by the particular distr~-, 

bution function chosen. 

A sample computer plo~ showing the diagonal 

or" staircase"' ass'bcia ted wi th this goodness-of-fi t test 

for experiment no. 13 is shown in Figure 4-3. The large 
; -

number of minute steps that would'compose ~he " s tafrcase" 

o~ é p~rfectly fitting distributio~ are represenfed by a' 

straight line drawn as a dia~onal. The goodness-of-tit 

test resul ts for this exper imen tare shown on" the graph. 

4.3, THE ÇUMULATIVE HAZARQ RATE 

I~ w~ wish t~ know the probability of failure 

of items that have -survived up 'to point x, for sorne 

addi tion'al incremen:t x + &., this is obtained by use 'of \ the 

h'azard function which is defined by 1 (78 ). 
( 

h(x) = f(x}/ l - F(x} (15) 
, l, 

where h (x.) = ,the hazard ,function 
, 

f(x) = the probability density funct!on 

1 - F(x) = the survival function 

The hazard function in the present conte-Kt re'fers 

to a probability of occurrence of , breakdown stre'ss, 

after sorne past history of applied stres,s. Thip function 
fi>' 

is also known as: '1/ ,., 
\,/ 

1. The inS'tantapeous fai'lure ra-te of a distri-

bution , 

, 
l, 
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2." The conditiona1 failure rate 

. 3. The intensi_ty function 

4. The force of rnorta1ity 

Thè quantity ~x • h (x) is the probabil:i:ty that' a vol­

tage va1ue known to be equal,to or larger than x. will 

be si tuated betweèn x and x +!J. ,x. Tl;lis is known as 

the h~zard rate (58 ) • The sarnple cumulative hazard 
1 

ftlnction, baseà' on the Sllm ot conditio~al probabilities 

is approximated by the theoretical cL1mü1ative hazard 

function, which is the integral of the instantaneous 

fairlure rate. Consequently the cumulative hazard rate 

i5 ( 79) : 

x 

H (x) l
x 

f(x) 1 = l -_-F .... (-X'""')--dX. = . oh 0( x) dx 

, 0 . = -1 og e (1 - F (x) ) (16), 
, ~ 

Thus,the relationship between the"cumul~tive dis-

'tribution and the ,cumulative hazard funotion for a d'istri-

bution is: 

.F(x) = l _ ~-H(X) (17) 

The sample cumulative 'hazard function i5 used beca~se it 
, 

smooths the data better than' the instantaneous fa'ilure rate. 

The advantages of using hazard plotting compared 
, / 

to a probability plot are (80): 

\' ________ ~.v....::.:.,,..=~, __ ..... _.,.,,/ 1... ~~~1. , ~ 

.1 

'! 

;:~ 
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{Il The capabil~ty of readily handlin~ arbitrarily 

cènsored data. In the experiments which wer~ 
1 

conducted, tDe voltage was raised until break-
, 

down occurred. Suppose this voltage was allowed 

to r ise only to a certain pre-s'et maximum. If 

no br'eakdown occurred in t'bat interval, it 

would only be known that the breakdown voltage 

for that particular instance was beyond the 

maximum possible vultage. In sucih a situation, 

that voltage level would be referred to as 

"censored". This would be useful if for e~-
1 

ample a flCOAditioning" procêdure used involyed 

prestressi~g ~he liquid die~ectric by a train 

of ramp vOltages w,hich were gr,adually increased • 
, -

in magnitude over a period of time. In suoh'a 
1 

case a breakdown,would not occur with every ~ 

voltage application. 
• 

" 

(2) The ability to obtain standard probability 

statements directly from an'auxilary proba-

bility scale which can be readily computeq. 

(3) Determination of the instantaneous failure rate 

which can be found by drawing a tangent to the 

cumulative hazard curve. 

The empirical cum1l1ative hazard values and plot can be 

obtained by considering any~t~wconsecutive breakdown 

x .• 
l 

The corresponding 

/' ... , 

H 
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probabi1ities of breakdown F(x) are: 

F(x.) = i 
1 '~N"";+~lr---

i+1 (18) , 
N + 1'. 

Consequent~ h(x i ) .~x = F(x i +1) F(~~ i) n '\ 

" , , 1/ (N+l) 

The denominator 'in equation {16:, l - F(xl,is given for .. 
the purpo$es of computation as: 

l F(x,) = 1 ( i/N+1) :: N + 1 - i (19r, l 

N + 1 
7 , 

Consequen tly the computationa1 form of eq (16) which' 
, 

, ( 

can beeobtained fpr the discrete 
1 

obtained experimenta11y 15 

~f1 

L h(x.) 
H(x

i
) = l 

. ~ - F (xi) 

, 1 

1=1 . 
n 

-) < 

~N 
l 

- i + 1 

voltage 'distr ibution 

{} 

~(20 ) 

The qua~ti ty .1/ (N - ~ + +) where N = samp1é size, i := 

ran,k number of the tandom variable (breal\down voltage) 

(see Section 4.1) i5 called the ha~ard.value . 
. ~ 

The cumulative hazard rates of the variou's 

assumed probability distributions under.~nvestigation 

~an be obtained by applying equation (17) to equations 
\, 
" 

'-....... 

: 

/ 
1 

. .' 
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30, '56, and 60 of Chapter III. Thus expression of the 
~ ~ ".,.J 

cum~lative hazard rate for the first, second, and third 

1 asymtoti~ distr ibutions: c~ 
-,--

-; ...... < 

~' .. --/ 

IH(x) = C((x J u ' ) 
(21) , l 

,', , 2H~x) = loge(v1/X)c (22) 

3H(x) = -loge ( (x-f) 1 (v·-f)') k (23) 

where the constantsCXl , ur vl'k,v' and€' are the sarne 

as those determined in Chapter III: x i5 the breakpown 

voltage. An exp~ession of the cumulative hazard rate for the 
.. 

log-norma~ distribution is directly ~btained by ~ppli-' 

cation of equation (21\ and the log-no~mal distribution{~iven 

by eqs.(8) and (9)} . \ 

HLN(x) = -ln' [1 - P·(h(U».] (24) 0 

f 

where heu) has bee~ defined in equation (9). 

A typical plot of the'cumulative hazard \ 

rate againsE bre~kdo~n voltages for the probabtlit~ 

distributions is illustrated in Figure 4-4. This is 

from experirnent no. 13 whose"graph 0l l~ln T Cl-Fl -1] 

was shown ih Figuré 4-2. The actual cumulative hazard 

rate calculated for an experiment is represented by '+' 

How far the other curves lie fr9rn the curve of actual 

values again indica~es the lack of! sui tabili ty, of the 

paricular distribution function as.furnishing a statis­

tical description of the bteikdowns. 

j 

\ " 
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An esfimate of the in~tantaneous failure 

rate caq be obtained for any breakdown value ~hown 

on the abscissa by drawing a tangent to the curve 
\ 

repres~nted by '+'. In aIL cases it could be seen that 

the failure rate increased with increasing ~oltage. 

4.4'FREQUENCY OF BREAKDOWN VOLTAGE'PLOTS 

4.4.1 The "Pile of Sand" Technigue 

The method .by which densityplots show the 

relative frequency of breakdown voltages were oRtained. 

can be understood by pict.uring a straight line with 

points representing breakdown voltages random1y,dis­

tributed on the 1ine. If a smal1 pile of sand were 
\ 

( 

deposited on each point, then the indi~idual piles would 
\ 

quickly form a·mound where the points are more densely, 
1 

\ clusterèd along the line. This method pf plotting density 

is realized by the use qf the Fortran function 'AMAXI' 

which functions' in 'the same manner as our figurative , 

"pile of sand",because a plot of it ,has a triangular 

shape. ~o make sure that the de~~ity plot would be an 

ana.lytically useful tool, care was taken to scale the 

"pile of sand" so that their sum over'the enti~e range 
\ 

c 
of breakdown voltages is uni ty,. thus sa tisfying the. 

tequiremen t 

( 

, 
( 

( 

( 

\ \ 
~ 

, . 
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CI) 

I:f(X i ) = 1 
, i;:i 

\ r ' 

These summations were carried out in double precision. 

By varyini the scale parameter, the "spikin~ss" Df the.' 

1\ pile ~f s.and" and therefore the sensi ti vi ty or c.0ar se-

ness of the plot could be controlled. \ 

This scale para-
~ 

meter is chosen by experiment according to which 

value yields the best result. 

l , 

4.4 . 2 ''l'he Pear son Sys tem 

The density functions of many continuous 

distributions satisfy a differe~tial equation of the 

form 
X -' t f (x) (25~ 

fi (xJ = 

J 

where t and t~e cls are constants. It can be shown that 

the constants of the equatiop can be e~pressedl in terms 

of the first four moments of the density function, if 

these are fini~e (38). The solutio~s are classified 

according to the nature of the.roots of the equation 
\ ~ 

Co + dIx + C2k2 = 0 and in this way a great vari~ty of 

possible types of dens~ty cu~ves.are obtained. The 
/ 

aetails of the "Pearson Sy~tem" are set ~ut in App~ndix v. 
A program suggested by Prof. Marsaglia 

f 

was' applied to the breakdown data. (fee Appendix . V , 
" 

subrou tine Pli'SPLT). The resul tg for exp~r imen t no. 25 

and 49 are shown in Fi~ures 4-5(a) and.4-6(a). These 

( 

• 

\ , 
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to Experiment Nc.49 
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may be compared with the corresponding density plots 

obtained by the "pile of sand" technique which are 

shown ln Figures 4~5(b) and 4-6(b). In both cases, the 

curve obtained by the Pearson System describes an 

'envelope' about the more precise "pile-of-sand" method. 

T~e Pearson System also yields the constants of equation 

(25) thereby permitting mathematica1 expression of the 

envelope. 

Conditioning 
1 

The basic difference distinguishing the 

method by which resuits were obtained for experiments 

nos. 1 through 24 from those obtained for experiments 

25 to 50, lies in the method of "conditioning"(Section 
. 

1.3.3). For the first series of, experiments (nos. l ta 

24) the method of Bulke (25) was followed whereby the 

gap was initially set to about lodo microns and then 

stressed by about 3 kV. Th\ gap was then gradually set 

to the desired length over a~riod of about one-half 

hour. It generally took about an hour more before no 
\ 

further breakdowns would occur with the voltage across 

the gap at 3 kV. This p~ocedure was changed for the 

second series of experiments (nos. 25-50) by cornmencing 
'1 

the experiment immediately Le. applying 'ramp voltages 

and recording breakdowns, immediately after the gap had ' 
1 

been set to the desired length. In this way, the effect 

of conditionlng would be included in the observations. 
1 
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The effect of conditioHing is demonstrated for 

experiments nos. 35 ~nd 42 in figures 4-7(a) and 4-7(b) 
\ 

respectively which graphically portray the data shawn in 

Table 4-2. Each of these experiments has been divided 

into th1ree segments! ,each segment containing about a 

third of the breakdown values for the entire experiment. 

An average breakdown value was cal?ulated for each 

segment. Thi~ result is ~epresented by the broken line 

on, the graphs of figures 4-7(aY and 4-7(b). This calcula-

tion was repeated for the same experiments but with the 

first few breakdowns ignored: 8 initial breakdowns in the 

case of experiment no. 35 and 10 for experiment no. 42. An 

average breakdown value was calculated again for each 

segment, and the results are shown by the solid lines on 

the two figures. These results show an increase in the 

initial bre~~down strength upon the'occurrence of an 

initial few breakdowns. 

TABLE 4-2 

EFFECT OF CONDITIONING ON BREAKDOWN STRENGTH 

Exp. no. B.D.no. avg. B.D. vol. B.D. no. Avg. B.D. 
C kV ) ( kV ) 

35 1 - 33 10.51 9 - 38 10.96 

34 - 36 10.99 ' 39 - 68 1î~6 
-

67 99 9.89 69 - 99 9.84 

42 l - 29 5.17 Il - 35 5.25 

30 58 4.99 36 - 60 4.89 

59 - 87 5.18 61 87 5.25 

B.D. = breakdown Vol. = voltage 

vol. 

p 

,,~, 

l ,,' 
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TABLE 4-3 

AVERAGE BREAKDOWN STRENGTH PER ONE THIRD SEGMENT OF EXPT. (kV) 

exp. no. Gap Ramp Rate lst 2nd. 3rd 
microns ' kV/sec. third third third 

t'-
, . 

ASKAREL 

lÉ; 100 1.0 3.76 4.10 3.84 

.20 100 3.0 3.67 3.56 3.22 

21 100 3.0 4.04 3.80, 
, 
- 4.21 

25 iOO 0.5 4.69 4.88 4.86 

. 26 125 3.0 6.69 6.55 6.62 1 

28 125 1.0 5.46 5,84 , 6.35 " 

/29 . 125 0'.3 5.51 6.60 6.16 

33 250 1.0 11.31 10.66 la .88 

35 250 0.75 10.96 11.06 9.84 

1 36 250 1.5 9.29' > 9.71 10.06 
'< , 

38 250 3.0 9.02 9.74 9 :58 
\ 

~ 

~ 

39 250 0.3 10.30 ,1,0.67 10.37 , 
42 125 0.7!;) 5.25 4.84 5.25 

MINERAL OIL 
1 

46 '125 1.0 6 ~ 25 6.12 6.29 

t 47 125 3.0 8.30 8.17 7.11 

1 '48 250 , 1.0 11. 0,9, 7 .. 45 6.95 
l , 

~ , 
~ 49' 250 0.3 6.67 6.73 6.97 
l' 
i 50 250, 3.0 12.27 8.70 7 .. 86 

~ 
, , 

"'.i 

() 
,~ 

<, 

." 
.r :i 
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Due to uncertainty as to when the 

conditioning period coùld be considered as CC",ilJ:.Jleted and 

a desire te accèunt for it and still have breakdown 

data with relatively ftesh electrodes, the first 8 "break-

down voltages were ignored before the breakdown values 
~ 

of an experiment were divided into three equal.portions 

and each sequence examined separately. The experiments 

generally consisted of 80 to 100 breakdowns. Therefore it 

was thought reasonable that the experiment should be 

divided into three portions, leaving, therefore, at,l~as~. 

20 breakdown values per segment after the first 8 had 

been ignored. Dividing the experiments into smaller 

segments raises the question of whether the number of 

breakdown voltpges per segment ls large enough to use 

accurately the method of parame ter estimation given in 

Chapter II. Resu1ts of this operation showing avera~ 

breakdewn 5tr~ngth per q,ne third segment of experiment are 

-presen~ed in Tab1~ 4-3 on page 125. 

4.6 IDENTICAL CONDITION EXPERlMENTS FOR ASKAREL AND 

MINERAL OIL 

Exp~rirnents which were carried out both in 

askarel and 
\ l' mlnJra1 oil having the same electrode con-

,,,,,' , ' 

figuration, gap distance and ramp rates are set out in 

Table 4-4, page 127. 
,1 aIl' ~he m05t-impor~ant results. of these'and 

other experimeots are set out in Appendix, III 

Various selected graphs associated with these expe~iments 

are shown in Figures 4-8 to 4-17. 

. ' 

\. 

1 
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\ 
DIRECT CO~ARISON EXPERIMENTS 

1 i 

Mineral Oil 
Experiment no. 

46 

47 

48 

o 50 

o 

Gap ,'1 Rate 
microns kV/sec 

125 l 
, , 

125 3 

250 l 

250 3 

250 3 

" , 

* * ,* * * * * * *,* 
o , 

'4.7 RATE EFFECT DETECTION \ 

Askarel 
Expe r imen f no " 

28 

26 

33 

39 

38 

• 

An attempt was ~ade 'to a~certain' whether the 
~C!' / ( ,I) " 

t:h~ rate of rise of 'Volt~ge had a ,discernable eff~ct, 

on tHe distribution c)f breakdown 
~ no. • sa l to 12 cons'lsted of about 

.. 
voltages. Experiements 

- j 
24 breakdowns .each, 

\ 
Which 'had o,Ccurred with askarel as the dielectric 

medium. Ea~h of these experiments was designed to 

contain at least twice, breakdown values obtained at 

aIl vÔltag~ ramp rates obtainf'lble wi'th the automa~tic 
, controller desc~ibed in Çhapter II. Sorne 

results for these exper,iments including the significanée 
.. ~ .! lJ , , 

tests are . .J. shown in Table 4- 5 page 1.28 • Other' 
, ,0 , 

experime~tS we~e conducted, both with askarel and 

'\ mineraI oilr at a single voltage ramp rate thooughout 

" 

o 

\, ; 

- . 
, { 

J " j 

o 

! 1 
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TABLE 4-5 

EXp., no. Gap Length Ramp Samp1e Avg .. Br,eakdown Standard Skew Significance 

/ 
(Microns) Rate Size Voltage ( kV) Deviation 

1<1> -4> ~N* .--: 3 , 
t5a Hrxed ~4 5.4 B 1 •. 3Y 1 • Ile c. ,'\ ~.Cf.: "1 • 1 i 

? 1 7 ( Il ;>3 r, .:? _i 1 __ 1 C 0.661 ~ .6(, !"'.c:! ().C3 

1 SC Il 24 4.3(: o •. ~ 7 C.64F- 1 • t: J (' .? t; Cl .4 n 
l~Ç Il 

;~ f~ 5. t, ~ 1.4~ 0.774 C.r:.2 (I.C.3 ('.rY7 
l, 

'" 150 .. ? i -<s • (J 0 1 • t 2 C.ç~'l r. 11) '::.02 (' -. 1 tl 

1 !:i C Il e34, l' • • 2 1 ";.01 -').1.11 1 
~. 

C.":' (' • 1 ~ f"\ • 1 ~"J 1-' 
lC:;C Il t'V 

?4 4.3n 0.(,4 0.,')3 ~.q7 C.G:"3 ( • 1 _1 CD .-/ ~ 1 
- 1 c ~ .. ;>4 4. ( 0 0.7'; ~ • 2 '~4 C' • 'J 1 ('.;:>4 C.3~ 

_t. 

~ 7 

t! 

'J 1 <:l(l Il 2':::0 4.31 ').Q3 ':.5 Ft C.'J~ '=.3f 0.5C 
11) I~C Il, .. 3 '.71 '). At)' C • ~ .37 C.99 ~. (4 C. 17 

1 1 t'SI) Il 23 3.t:'5 0.h7 1).5~7 0.<}2 0.21 r .2" 
12 1 ~ ç .. ,,'4 J .34 ~). 3~ 1 • c:; 2 C 1.";<) r:.?t C' • 1 7 

" 

,Combined Experiments 
'-

A 150 -
121 Hixed 5.02 1 . 2" 1.23" 1 . 0 0 1.00 0.83 

B .. Il ,120 3.97 .76 0.793 1 .00 0.25 0.67 
C Il 

Il 96 4.79 1. 28 1 .049 0.99 0.21 0'.56 
"'"b.-._ 

A = expt. 1,3,4,5,6 B = expt. 7,8,10,11,12 c= expt; ~,~,7,10 *LN=Log-Normal .. 
<1 

, . 
•• jiii~:'~~-·'- ' 00-' ,~~_.t<",~ _ __ • _ -:;-".':;:;:~i~,-~~~ ......... .-'~ 
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an experiment. The existence of a tate-of -voltage rise 

effect could be inferred if the significance test showed 
\ 

a bett~r r~sult for experiments conducted at a single ramp 
.of 
rate than for the case of a mixture ôf ramp rates in the 

same experi~ent: ~ven if the breakdown values at the 

different rarnp rates followed the sarne distribution law, 

presumably e~ch rate would possess its Own distribution 

parameters and the result would be a rnixed distribution. 

Breakdown values of the mixed ramp rate experiments 

(nos. l to 12) were coml?,ined to form several single large 

samples of breakdown voltages. The sample size of these 
, \ 

combined experiments were made comparable to those conducted 

at a single ramp rate. Thus, two groups of experiments 
~ 

labelled A and B were formed by grouping, of the individual 

" eXReri~ents (nps. l tO,~2). A third group labelled C was 

,formed @y'ch?osing only from among these experirnents.conducted 

with mixed rarnp rates for which the signific~nce test for 

the Weibull distribution was less or equal to 0.05. The 

significance test results for these combined experiments, 

presented in Table 4t5 on 'page 128, show that the goodness-
1 

of-fit was equal or ,~nferior to those of the worst fitting 

individual experimen~s whicrr~omposed part of the set of . 
of breakdown values. The significance test tesults for 

these individual experirnents form the upper portion of 

the 'Table (exp~riments no. 1-12). This deterioration in 

the good~ess-of-fit when mixed ramp rates are co~cidere~ 

\ 

\ 

, , 

" 1 

,y 
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is especially dernonstrated by coJbi~ed experirnent group C 

which was cornposed of 4 individual experiments for which 

the goodness-of~fit test of each for the Weibull distribut~Qn 

was lèSS or equal to 0.05. Nevert~elèss, the goodness-of­

fit test result for the combination experiments was, 0.21 

Such a di~crepenGY 'is,attributed to the mixture of r~rnp 

rates which has its own effect on the distribution of 

breakdown voltages. Pressur~ and temperature conditions 
j 

were not significantly different for. any of, the experiments. 

The graphs associated with these three'groups of breakdown 

vol~ages ~re shown in Figures 4-18 to 4-20 respectiv~ly. 

In a sirnilar manner, the possibility of 
.' 
" discerning a rate effect was also investigated by C9m-

bining the results of a pair of experiments, each 

having been done at a different rarnp rate, but with the 

. ~ame gap dista~ce. The combination of experiments maae 

are set out in Table 4- 6, page 131. 

( 

, , 

" r 1 

• 

\ 

,. , 
~ 
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TABLE 4-6 

HYBRID TWO-RATE EXPERlMENT 

Experiment no.' Gap 
\ 

Ramp* 
'kV/sec 

Dielectr ic 
microns 

39 & 40 250 0.3/6.0 askarel 

21 & 24 100 3.0/0.75 askarel 

46 & 47 125 / 1.0/3.0 mineral oil 

49 &, 50 250 0.3/3.0 miner al oil 
1 

'* Combination of R~mp Rates" (kV/sec.) 

\\ 

Hybrid Exp. 
no. 

D 

E 

F 

" 
G 

The results of these groupings including the goodness­

of-fitness test results appear in Table 4-7 page 132. 

The graphs associated with these results appear in 

Figures 4-21 to 4-24 respectively. 

Another method of attempting observqtion of the 
.. 

rate effect was 'by noting the change of probability of 

occurrente of\a particular breakdown voltage common to aIl 

.experiments even though the experimen,ts weré conaucted 

at different rates of rise of v~ltage. 

\ ' 

, \ 



1 _'"' b" "'~~-~-"---1·~· ~:......._,~"" ~:. 
':!, 

''1) ........ ~ 

~ . 

~.J4·"",:",,-" 

--. 

·TABLE 4-7 

, 
HYBRID TWO-RATE EXPERIMENTS 

Exp. no .. Gap Ramp Sample Avg. B.D. Stnd. Skewness 
Dev. (microns) Rate Size 

kY/sec. 
Voltage 

kV k'V kV 

..... 
D 250 . '3/ .6 126 9.76 2.10 0.213 

E 100 3./.75 121 3:98 0.48 0.583 

F , ·125 1./3. 130 7.25 1. 50 0.430 

G 250 .3/3. 129 9.13 2.35 0.195 

Experiments\D and E were perform~d with askarel. 
Experimegts F and G were performed with mineraI oil. 

"'" 

Goodness-of-Fit 

1<1> 34> ,<KN . 

0.99 Q.21 0.56 

1.00 0.45 0.37 

-0.99 0.46 q.67 
----- 1 

0.98 0.33 0.27 ..... 
w 
N 
1 

~ 

". 

= 
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4.8 Rate Effect 

If 'the rate of rise of the voltage (ramp 

rate) stressing the dielectric fluid in the gap has an 

effect'on the form of the distribution, then it~ influence 

• may be observed if the foflowing ,graphical procedure is 
\ 

v~sualized as shown below: 

pr0ba 

1 

FIGURE 4-25 

x (i) Breakdown Voltage 

where FA(X) and FB(x) are the distribution of breakdown 

voltages for the ramp'rates A and B respectively; 'a' 

and 'b' represent two different cumulative distribution 

functions associated with ramp rates A and B respectively. 

From the diagram ~t can be seen that for 

the same breakdown volt~ge values, the corresponding 

probability of breakdown may be higher or lower, depending 

on the rate at which the voltage rises. It was with this 

concept that the experimentally observed probability 

values of a 'Par ticula'r breakdown voltage commOn toall 

experiments having the same gap length were.given in 

/ 
( 

/ 
1 

, " : ' 

/ 

: 1 
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Table 4-8 page .J.36. This is divided into sever al parts 

labelled A to F. contained in a particular 

part of the table identifie by a letter'have a breakpown 

voltage value comman to aIl bservations in that part. Deter-

mination of the probabillty breakdown for this vol~age is 

obtained by application of th theory of order statistics. 

Thus, the table was prepared b ~xamining' the ordered set' 

of oreakdown values the pa~ticular 

breakdown voltag~ which has been be common to 

that particular group of experimen~ v dete~mining the rank 

b 'd - h\ . number of' the' reak own value, and t \. al?plYlng: 

F(x)= i/n \ 

where n is the sample Slze, as is done i~he Kolmogorov­

Smirnov test (90). If there are several breakdown values 

which for practical purposes are identical; each ts assigned 
. ' 

the same rank number; n then reprents not sampl~ size , but 

rather the number of different breakdown values. 

The probability of breakdown in chlorobiphenyls in-
1 

creases with increasing rate of voltage rise. This con-

èlusion rests mainly on the evidence of Figure '4-26. This 

graph represents the average,of the results of 9 experiments 

pres~nted in Table 4-8, part D. Examination of other parts 

of this table will show variations, but in each set so ex-
1 

amined it can be seen that the lowest probability of break-

down corresponds ta the lowest rate of voltage rise (i.e. 

/ ramp rate), whereas the highest probability Qf breakdown 

• 
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\ 

, corresponds to the highest ramp ,rate. 
,-

,Before attem~ting to explain this obser-

vation, it should be observed that chlorobiphenyls of 

cpmmercial purity can be expected to contain a small 

amount of water and dissolved gas despite the experi~ 
,\ 

mental degassing procedure followed ( 34 ) • 

Pure chlorobiphenyls exhibit no space 

charge phenomena ( 34 ). Consequently, the presence 

of suc~ phenomen~ n chlorobiphenyls of commercial 

purity is attribut to the dissociation of the H20 

molecule (34 ) resulting in H+ ions. 'rhis accumulation 

of positive'space charge near thè cathode sets up an 

intense local field between the electrodes, thereby 

inducing breakdown. During an experiment, even in the 

interval ~etween applications of the ramp vbitage to 

the electrodes, there is at aIl times a voltage applied 

to the ele,ctrodes ( sec.' 4.5 The field causes a 

constant circulation of the liquid in the viclnity of 

the electrodes ( sec. 1.2.6). If upon application of a 

ramp vOltage to the electrodes 'the fi-eld is made to 

rise rapidly, the inertia and viscosity of the liquid 

will necessitate a delay before this convective- type 

flow can adjust itself to new'conditions. The'rapid 

increase in the field causes a local increase of temper-

atur~ in a volume element between the electrodes. 

There i5 an increase in the conèentration of dissociation 

--iH~~~~-creaL~~~a space charge which sharply increases 
r 
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TABLE 4- 8 

VARIATION OF BREAKDOWN PROBABILITY FOR A PARTICULAR VOLATAGE 

Gap Ramp Voltage Pr,ob~bil i ty 
Experiment no. (mlc~ons; ~ l~V/çec • k,V 

,. , 3 1 100 .0.30 4.6C' -0.30 

25 100 0.50 4.6C 0.4C 
li \ A 32 lOC 6.CO 4.6C o .4f1-

Askarel 
2<) 125 O.3C 5.88 0.47 

B 
41 125 n.50 5.88 0.65 

42 125 C.7S 5.88 0.A5 

43 125 C.7S 5.e8 0.62 

2A 125 1 .CO 5.88 '0.56 

27 125 1.50 5.88 0.83 

26 125 3 .C 0 5.88 o .21 

Askarel 
30 125 6.CO 5.88 0.65 

- --- -]Q 250 e .30 1 1.52 0.66 

37 250 'J.50 Il.52 0.61 ' 

. 1 C 35 25C (;.75 1 1. 52 C.66 

33 25C 1 • C C' Il.52 0.57 

34 25C 1.50 Il.52 C.q3 

36 250 1 .50 1 1.52 0.95 

38 25C 3.CO Il.52 0.87 

Askarel 40 25C 6.00 Il.52 0.75 

,', 23 1eC 0.75 4.07 0.44 / 

24 lOC C.75 4.C7 0.53 

D 15 10C 1 • c d 4.07 0.59 

15 10C t.co 4.07 0.62 

17 lOC 1 .C,O 4.07 0.85 

25 10C 1 .00 41. Cr O. ,39 

18 10C 3 .C 0 4.07 0.95 

Askarel 20. lee 3.C 0 4.07 C.AA 

21 10e l.CC 4.07 10.52 
1 

46 125 L. C 0 6.Çl 'J.77 
Mineral Oil E 

47 125 '2.00 6.91 0.26 
( 

-~ ~ 49 25C " . 8.83 0.79 

f F 48 2')C 1.ee 8.83 0.67 

i Mineral Oil 5::1 25C 3 .C 0 8.83 0.45 

~ t 
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. . 

Varjation of Breakdown Probability (At ~ Stat~d 
Voltage) as a Function of Rate of Rise of Applied 
Voltage. Experiments performed in Askarel. 

\ 

.' ' 

+ 

+ = breakdown probe for 
individual expèriments 

o = average probability 
at a particular 
gap length 

+ 

1.0 2.0 

+ 

* 

+ 

Gap:lOO microns 

Breakdown Voltage common 
to aIl observations repre­
sented on this graph~ 4.07 kV 

.. 3.0 .0 

Ramp Rate (kV/sec.) 
FIGURE ,'4-26 
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the local field. It may,therefore be expected th~t 

this local increase in both t~mperature and local 
\ ' 

field due to space charges coupled with the relatively 

slow movement of a volume element between the electrodes 

leads to a highe~ ~~obability of breakdown as,has'been 

observed. 

4.9 Chan e of Form of Distribution with Time 

By considering the experimen s in seg-

men ts, ft was expeeted to. observe to sorne exten t - the' 
\ 

inflwenee of time 9n the shape of the distribution of \ 

breakdown voltages. Such dependenee would probably be 

due to contamination of the dieleetric fluid by 

products formed by thè eleetrical discharges and 

detérioration of the electrodes. For example, both 

in the case of askarel and mineraI oil, it,was found, 

that there woulQ be a dark waxy deposit on the 

electrodes when they were disassembled at the end of 

an experiment. ,Microscopie examina tion revealed 

numerous craters scattered over the electrode face as 

~hown in Figute 4-27. 

Experiments performed in mineraI 

oil and the corresponding experiments performed in 
\ 

askarel, as set out in, Tabie 4- 4 were segrn~n ted and 

examined in this way. The results per segment of 

these experiments appear in Table 4-9 , page 140. 

• 
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FIGURE 4-27 .. 
Typical View of Electrode Cleansed 

(Magnified Approximately 

-. 
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Af ter "xper imen t 
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The continuous change in toe form of the dis~ ,. 
tribution of breakdown voltages i5 well illustrated by Figu'res 

4~28 a, b, c, which are the frequency of breakdown voltage 

plots of the three sequential portions of ~xperiment number 

36. The frequency curve for the entire 'experiment when aIl 

~; the breakdown voltages are taken togetl;1er, ~s produced in 
\ , 

l' ~ 

Figure 4-28 ~. The results of the significance test for each 

of these distributions is presented on page 140 in Table 4-9. 

In this case two peaks qeveloped in the 

progression of density plots. However, the hint of such 

a development existed in the first third of the experi­

men~ (See Figure 4-28a]. The subsequent appearance uf 

, 
TABLE 4-9 ** 

SIGNIFICANCE TEST RESULTS ASSOCIATED WITH FIG. 4-28 
i 

Goodness-of-Fit Test Fig. 
, 

Exp'- no. Breakdowns AvgB.D~ No. 

(kV) Pl ~3 Log-Normal 

36 1 - 95 9.69 0.58 ' 0.24 0.66 4-28-d 

36 1 - 31 9.29 0.21 0..03 0.39 4-28-a 

36 32 - 62 9.71 0.07 0.03 0.24 4-28-b 

36 63 -95 10.06 0.39 0:37 0".68 4-28 -c 

*AvgB.D. = average breakdown vo~tage 
**askarel,gap = 25 microns, ramp rate = 1.5 kV/sec. 
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o another peak in the plot of breakdown frequency at a 

lower voltage suggests that deterioratidn o~ the purity 

of the l!quid dielectric and increasing s~rf~ce as-
1 

perities introduced another breakdown mechan~sm at 

a lower breakdown voltage. 

"The appearance of double peaks in the voltage 

breakdown density plots was a trequent observation, 
o 

and in somè cases multiple peaks were recorded • 

Experiments in which a double peak could be clearly 

4s 

\ 

distinguished in the density plots are given on page " , 

142 in 'Table 4-10 along~with the'voltage at which , 

the peaks occurred. 

The" ratio of th~ voltage at whichJthe firet 

peak ~ccurs to that\at which,the second peak occurs is 

also given in Table 4-10. 0 For a part~cular ga~ dis­

tance, these ratios\cluster about a single value. Such , , 

, 
a degree of consiJstency in a fi,eld of repearc9 wh~re i t 

• ". f " 
is difficult to get uniform results suggests that a , 

t~epr.e,tical 'exPlana~ion would 'describe this' ratio as a 

" constant. Since a peak in a density,curve can be 
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Expt. 
no. 

14 

25 

26 

27 

41 
1 
i 33 1 

• 
i '35 

.-
~ 36 t 
, 

~ 38 
~ 

1 .: 

39 

" 

46 

47 
'. 

49 

, 1 

() , 

F "'sr z----rn J 

a • 

, ' , 

'''bi' -142-

• 

TABLE 4-10 
'. 

EXPERlNENTS WITH DOUBLE PEAK§IN DENSITY PLOTS 
, , 

Gap(microns) Ramp rate 
_____ "kV Isee 

lst peak 2nd- peak voltage 
kV kV ratio 

\ <t 

" 

tS 

100 

100. 

125 

\125 

125 

250 
.. 

.250 

250 

250 

250 

125 

125 . 

250 

ASKAREL 

3.0 a 4.09 

0.5 4.53 

3.0 6.61 

1.5 4.7 . 

, 0.5 4.37 

1.0 9.7 

O~ 75 . 9.9 

1.5 9.1 
\ 

3.0 9.4 

0.3. 9~O 

MINi:RAL 01"" 

J.? 5.44 

3.0 "r 
7.7, , 

0.3 6.6 

• 1 

4.37 1. 07 

4.8 1. .06 

7.8 1.18 1 

5.17 \J. i 10 

~.~' 1.18 

11.6 1.20 

1LS 1.16 

10.4 ·1.14 . 

. Il.2 1.19, 

11.5, 1.28 

6.36 1.-17 
1 

8.7 1.13 
ft 

" 9.i 
\ 1. 3S 

\ 

4! 

1 

l 
t 
.1 

, 
1 l, 

\ 

\ 

\ 

, ! 
. j 

1 

}, . ' 

'. 

Q 
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'" 
associated with a particuiar bre~kdcwn mechanism, the 

appearance of a second peak at a determinab1e point 

indicates that the other breakdown mechanism that 

deve1ops-in the course of an experiment is a1ways th~ 

sam~, and quite probab1y due to the samé accumulation 

of impur i ties. \ 

4.10 Choice of Distribution Function 
o 

The Gaussian normal distribution and log 

normal distributions are,inexpedient for the purpos~ of 
.~ 

describing the resu1t of destructive tests because they 
\ , 

wou1d indicate a finite probability of fai1ure even 

without stressing the specimen, which c1ear1y contra-

dict~ phyq ica1 reality (44 ). Furtherrnore' the' 
, 

~orrnal law is not a good approximation to the distri-

bution of values which are weak link in character. 

Suppose that there are a large nurnber of 

types of failure, which cause breakdown at electricai 

stresse,s of E'l' to E' i e E is the notiona1 breakdown m .: i . 
voltage which wou1d be observed if aIl types of failure 

except the i th were suppressed. The actual breakdown 

t th th '. f E' \ E' a d a s resses are en e mlnlrnum 0 1 ..•••• rn n re 

·denoted by Em. If it is assumed that the E! are 
1 

rnutual1y independent and identica11y distributed 

(sec. 1.5.1) random variables with the 

cumuiative distribution function F(x), then, since(44 

\ 
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1 
(27 ) 

. if and only if E! =: x . Ci = l,ml where x' represents 
l 

breakdown stres~, it follow~ that: 

prob CErn ~ x) = prob {Ei:: x 

= (1 - F(X»n 

';' '= (1,"' ~+2BI 
. (29) 

For sufficiently large n-and srnaii x, equation (29) 

becomes exp (-nF (x») 

Therefore, the probability of breakdown occurring 

i8 given by 

prob ~ [E oC 

m- x] = l - exp ( -nF (x) (30l 

. This corresponds ta equation (12) of Cl}apter II. 

~' Depending on the form of F (x) ,~ny -::>ne of the extreme 

\ 

value dIstributions can be obtained. Iffor"example , 
b F(x) is the of the form ax where a. and b ~re constants, 

a forrn of Weibull distribution is obtained. 

The distributions which were examined, namely 

the lqg normal,Type l and III extreme value distributions,­

have aIL been applied elsewhere in the life testing of 

various materials. 'To use a statistical model to 

characterizeaphysical phenomenon such as a distribution·-, , 

of breakdown voltages; whose failure mechanism i5 not ' 

entirely' known,'is at best,an approximation. Although 

there is little theoretical justifi~ation for choosing 

the'Weibull distribution .as the failure model, there 

i5 much experimental evidence to indicate that the 

Weibull distr l'bution provides the best fi t of the break-

" "t' 



~--.....--------

. _a, "$.,2.1I( ........... $15,1Ij-~~~~~· JtNi!lilfiti% ,4SA«<n'-...... ~.~ .. ~~~_ ... ~ .... ,..., .. " .... ~ .... w "'.~~ __ 'h.~~ ~ 

'\, 

f) 

/ 

'TABLE 4-11 GqoDNESS-OF-FIT PER SEGMENT OF EXPERlMENT 
~XPERI- GAP RAMP SEG- NU~ER OF AVG.B.O: STNO. SKEWNESS GOOONESS-OF-FIT 

MENT NO. microns kV;Sec MENT BREAKDOWNS (k:V) DEV. ~ q, <P 
ASKAREL 1 3 LN* 

16 100 1. 0 1 .: 4 3,,·7 é (' • 5 e - 0 . 08 5 r: • 92 (). 1 2 Q. 28 

2 24 4 0 10 loS':: (\.151 C.Q4 c.oo e.'J4 

3 25 3.8"l C.52 1.C54 '0.99 0.16 C.42 

20 .. 3.0 1 18 3,,'57 \:.42 0.001 "'.cotS ('.22 ' .... 45 

2 P" 3.56 r.!--2 I.C-39 1.01" -').vI ~.21 

3 18 3.22 \..3·: -0.145 1.('100.13 (,.42 

21 .. H 1 23 ~o04 C.43 -0.003 0.95 ",.",4 C.21 .t 

2 2~ :oeO C.t:4o -1.302 0.89 0.64 v.87 ~ 
~ ~ 

3 25 c? 4.21 (.5~ ""J.141 O.8f' t'I.57 0.68 '. 1 

25- " 0.5 l 34 lI..eri C.4!5 -0.20CO 0.96 (\.14 ('.5'7 ~ 

2 34 4.88 ':'.53 O.61~ 1.0':' ('.\,)1 0.n1 

3 ~!! 4.8"- l,.56 \).c;~e 1.{\C ~.33 o.e(l 

26 .. l25 3.0 l 30 6.e9 (;.73 0.r.67 (,.7~ c.ùe ('.02 

.... 2 3) €.=':: /'.7': 0.(:.45 r.87 ..... 24 O.~7 
3 32 6.62 1 ..... 6 '.163 ('1.51:> ':>.04 C.13 

28 11 1 0 1 ~ 
• .3 \.' c;. 4 t: t • 9 1 f) .6 \.:l9 C .6 € ("\ • 4 Ci t:. 65 o.J 

2 3 ... c: ., e Al. t. t; - () • (1 2 8 f,) • 2 4 o. 3 U \.J • 1') 7 
~ 3' . 

3r. f.35 1.',<=1 -0.73'3 ('.cc; 0013 .. \.93 

""- 2 9 no. (/ l _ 3" E-. ::: 1 1 • 2 fI). (') es o. 1 7 (\.0 (, ('.25 

~ 2 3'< F:: .. F,": 1.1Q -0.410 12.2= 0.20 (.137 

3 ' 
< 32 f3 .' 1 (- 1. 1 1 - 0 • 1 30 C • 1 6 C'. t') 7 C. 52 

i * * B.D.rBreakdown t LN= Log-Normal 

e~ .. <:~" :: 
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f 'TABLE 4-11 (Continued) < 

RAMP SEG- NUMBER OF SKEWNESS GOODNES~OF-F.I:r 
;, EXPERI- GAP AVG.B.D. STND. ~ 

microns kV/sec MENT BREAKDOWNS (kV) DEV: ~ MENT NO. 

iF 3 <tN 33- 250 1.0 1 3l n .. :31 ,,2.3'~·- -1).422 0.87'0.31 r'.85 :.-, . 
2 ~ 

3· ... 1(' .. 6":: 2. (. 1 -0.720 C.8( {le 1 é C.g\} 
;. 

3 10.8P 1.75 -C.51~ r:.77 0.56 O.8Q t 31 
------'-------- ,. 

35 " 0.75 l 3·:; 1(1.C;o 1.7 fi -(~ .4~ 8 e:' .40 0,17 C.7u 
il, 

t 2 3e Il.re, '1.95 -0.321 P.Se, o. el l,).g4 

i 3 31 Q.'34 1. !S 7 -0.351 0.44 C.22 0.57 
36 " 1.5 1 2g Q.2 Q 1. 4 C; -0.181 0.21 O.()3 C.39 ~ 2 29 <;; .. 71 I.A6 -0.453 } ~ 0.07 O.C.3 ,'.24 1 3 37 10.111': 1.6= 0.G97 1-' 

, 
0.39 0.37 0.68 oc:. " 38 n 3.0' 1 3A ~."2 1. AB 0.701 C. 1 é 0'\ i C. 15 0003 1 , 2 3t' 90 7 4 1.4ù O.Hn 0.28 ()~. 1 l ' r;.. ,3 8 ! 1 

~ 3 31 g..,58 1.98 1").313 0.7(3. C.21 C.28 
39 .. 0.3 l 3.) 1 C .. 3 1 1. ç: ~ -0.293 ").B4 ('.41 l:.86 

2 3 ~\ . 1<. é7 2.ù,) 
-1). Ot! 2 0.39 0.05 0.36 , ~ 

3 32 1 r. 37 1. ".):~ -1).198 C.5(" 0.16 C.55 
42 125 '0.7'5 1 25 5 .. 25 '''. é /j O.49!5 C.9~ 0.02 O.QI ... 

, 1.'.8'1 4" e4 0.957 -_. 
- -- ~ - - --- - 2 25 lJ. çn (1.':-0 t'. ':) 3 

~ 

3 ?:7 ~.2!' 0.e7 1).200 0.52 0.14 0.37' 

MINERAL OIL 
, 

46 125 LO 1 .li' 6.25 (".77 -0.(,35 ,. 
0.83 ~.A5 t').72 

2 3t" to., 12 t,. 7<; O.C'OO cn.77 ('.20 r}.2.) 

3 31 E.29 ('. t '" -t').035 0.92 0.04 0.12 

lit ~?:~~:{..-I#- '" ,~""-.... ., "!'~ ~ 

/'"\0 
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EXPERJ-
MENT NO. 

Î 
/ 

47 

48 

49 

.. 50 

GAP 
microns 

125 

250 

ft \.... 

ft 

RAMP SEG-
kV/sec MENT 

3.0 1 

2 

3 

1.0 1 

2 

3 

-0.3 1 

'2 
• 3 ,1 

\ 

3.(}", ~ 

"" 
~-

2 

3 

- \ 

~- ""- "' .... ~- ~ ~ ,~ ~ - ~~'" ~ -.r<J'.:!"'""' -
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TABLE 4-11 €Conclu'ded) 

NU~ER OF AVG.B.D. S',fND. 
BREAKDOWNS (kV) DEV. 

MINERAL OIL 
30 p.30 1.45 

30 p. 17 1.42, 

-30 7.1 1 (.')7 

:)1 1 1", 0, 2.17 

3-1 7 .. 45 0.75 

32 6.95 c'. 6~ 
~ 

33 6.67 1.50 

33 6.73 C.7 :: 

34 6.<;7 0.4t: 

22 .12.27 2.43 

'22 Ao 7r (, .El 4 

22 7 0 f!fI 1.1] 

~ 
{.J 

.. 
~ 

.~ 

SKEWNESS GOODNESS-OF-FIT 

fI> 3<P ~N 
O. flO 0 (1.3«; 0.,(:7 0.67 

-0.255 0.46 v.33 0.78 

-').285 Q.C2 0 .. 03 0.48 

).('00 0.96 tl .85 (".92 
1 

0.224 ').ee O. Il 1".14 ~ ..... 
-.J 

-0.45'9 (\.96 0.18 Q.67 1 

0.c9O 0.54 0 • .>9 C.I4-

0.410 ~.96 0.09 v.22 

O.1~8 1.00 0.02 0.0'5 

-0.555 O. ~ 7 0.-10 0.82 

o. 1~9 0.6= C.41 0.5? 
, 

-,) .49~ ().C~ 0.1l8 0.62 
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\ TABLE 4-12 

àOODNESS-OF-FIT RESULTS FOR TYPE III EXTREME VALUE 

dlISTRIBUTION (WE~BULL) AS PER SEGMENT OF EXPERI-' 

~ ~N: COMPARE~ WITH GOODNESS~OFcFIT FOR E~TIRE EX-
P RIMENT . ASKAREL 

EXPER,MErT GAP RAMP FIRST SECON~ THIRD ENTIRE 
NUMBER microns kV/sec SEGMENT SEGMENT SEGMENT,EXPERIMENT 

~ . • 
16 100 1. 0- 0.12 0.00 0.16 0.09 

,.... 
20 " 3.0 o .22 ' 0.01 0.13 0.21 

21 " u 3.0 0.04 0.64 0.57 , 0.32 

25 ' " 0.5 0.14 0.01 0.33 0.22 

26" 125 3.0 0.00 0.24 0.04 0.11 

28 " 
, 

1.0 0.40 0.30 0.13 0.25 
" \} 

"-

29 " 0.3 O.{)O 0.20 0.07 0.15 

33 250 1.0 0.31 0.16 0.66 0.52 

,35 " 0.75 0.17 0.61 0.22 0.11 

'i 36 " 1.5 0.03 O.OJ 0.37 0.24 

38 " 3.0 0.15 0.11 0.21 0.17 

39 " 0.3 0.41 0.05 0.16 0.44 . 
42 f 125 0.75 , 0.02 0.00 0.14 0.01 

MINERAL OIL 
1- , 

\ \ 
46 125 0.30 0.45 0.20 0.04 0.05 

t47 " 3.0 0.07 0.33 0.03 0.21 
-il 

48 250- 1.0 0.85 0.11 0.18 0.91 

49 " 0.3 0.09 0.09 0.02 0.59 
,1 

, fi , , ' 
50 " 3.0 0.10 0.41 0.08 0.72 

" 

( 
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down voltage data. For example if the breakdown voltages 

of an entire experimeht are fitted to a Type l, a Type III 

Extreme value distribution and to. a Log Normal distribution, 

the resulting significance statistic for each of these dis-

tributions, as listed in columns o,p, and q respectively 

in Appenix III, Table A, shows that the weib~ll Distr:bu-

tion consistently provides the c10sest fit. The su-

periority of this distribution is emphasized if the results 

of an experiment are analysed in segments, each segment con-
p 

sis~ing of about 1/3 pf the bçeakdown value~ of an exper1-

ment. Table 4-11 on page 145 presents this per segment 

analysis giving the goodness-of-fit test results for each 

segment in the order of th~ir occurence in ~ime. Here it 

can further be observed that there was in most cases a 
! 

goodness-of-fi:t test result p~r segment occurring which was 

superior to~the significance test result for the entire 

experiment which i5 listed in Table 4-12 on page 148. 

for example,the overa1l significance test' result for the 

W~ibull distribution in its entirety i5 given in' Table' 4-12 

as 0.22 whereas the results of the significance test for 

each one third of the same experiment are 0.14, 0.01 and , 

0.33 respectively. Table 4-12 highlights the per seg-

ment goodness-of-fit test re5u1ts associated with the 

,Weibull distribution. 

The variation from segment to segment i5 influenced 

by both conditioning 'and change in oondition of bath liquid 
\, / 

,and electrodes. It i5 anly for a portion of èn experiment 
\ 

that the paramenter5 of a theoretical \distributfon function will '; 
,\ 

<~ 
J: 
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~ot significantly change. This progressive change in the phy-

,sical attributes ~f consid~red with the résults of the per seg­

ment study leads to the corclusion that although' no one distri-
1 

bution function can fully describe the ~~eakdown data, the 
/ 

Weibull fun~tion is the most satisfactory. 

as : \ 

where 

The Weibull funçtioA, which can be expressed 

, I,F(x) = 1 - exp [- (v~).BI] .. 
ex \= scale parameter 

)3' = the shape parame ter 

Jr' = the location parameter 

x = the' breakdown voltage 

(31) 

(see also Chapter III eq 60) 

Equation (31) is attractive because it is easy to 

:handle and coincides with ~he derived equation of the 

" expected breakdown probability (Section 1.5.2 Chapter 

Il. The effect of the various known factors which 

affe'ct breakdown values, sueh as gap distance and rate 

of rise of voltage can be related to the scale, 

shaPe or location parameter. For example, if a certain 

type of behavior leading tO.breakdown were to manifest 

itself only after a certain voltage level, then this 
/ . \ 

" could be expressed by a location parameter. Figure 

4-29 presents a graph ~ased pn Table 4-13 showing 

the Weibull shape parameter as a function of gap length. 

The influence of the ramp rate has been ignored because 

its effect did not seem significant in cdmparison to 

.. 

, , ,~, 
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THE WEIBULL S~APE PARAMETER AS A FUNCTION OF GAP LENGTH· 

+ + 
~ 
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+ -If 

+ +- + 

" . -
1.5 2.0 2.5 3.0 

Weibull Shape 

FIGURE 4-29 

" 

3.5 

t+ 

, 

This curve repre-
sen ts the ,avg. of 
experiments performed 
in askarel and listed 
in .Table 4-13,P.152. 
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TABLE 4-13 

RELATION OF WEIBULL SHAPE PARAMETER TO GAP LgNGTH * 

Experiment No. Gap (microns) Shape Parame ter 

, 25 100 1.96 

31 100 1. 73 

32 100 2.96 

27 125 2.47 

26 125 2.88 
" 

29 125 3.85 

3Q '125 3.80 

41 125 2.42,' 1 

42 125 2.14 

43 125 .:. 2.11 

35 250 5.16 

38 250 2.45 

40 ' 250 2.93 

*Plqtted in Figure 4-29 

,- - , 

1 
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"n , 
.i.j, 

l 



t 

-153-

that of gap length. The data for this graph was drawn 

from experiments 25 to 50 in which the same method of 

conditioning was used. 
1 

Except for three observations 

at 100 microns gap length for which there was no other 

choice of data, expBri~ents were chosen fn which the 

goodness-of~fit test for the Weibull distribution was 

0.2 or less. The resul ts show tha t the shape' parameter " 

increases with increasing gap iength. 

It has been observed that a Type 1 extreme, 

v~lue distribution ~ay be regarded as an approximat~on 

6f a T~pe III (Weibull) distribution with a larg~ value 

of shape paI'ameter (68). Endicott and Weber (152) 
~ 

reported good agreement of their breakdown value results 

with a Type 1 extreme value distribution. 'Their tests 

were conducted uSing 60 Hz al ternating voltages," ris,ing 

at a rate of 3.0 kV/sec. with a gap length of 75 mil 
, ' 

(approxirnately 1905 microns). The ,gap was 'uniformly 

stressed by circular fIat electrodes of 2 and 3 inches 
\ 

in diameter. Th~s it may be th~t breakd~wn experiments of 

any gap length.fol~ow a Weibull distribution provided that 

the ga'p lS uniformly stressed, excep't that for relati vely 

,,'large gaps, the Type 1 extreme value distr ibution mày be 
, 

applied. In any event" an objectio[l to insisting on the 

app11cation of the'Type 1 extreme value distribution is 

that the' negative values.of breakdown voltage have,a 

rin+te pr~bability of occurre~~e\ even though a pQsitive 

voltage is being applied (7). Therefore this distri-

", 
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. bution should not be the theoretical distribution of 

electric streng~h. 

4.11 Composite, Distribution Functions 

It was observed that not in aIl cases did 

the Weibull function p~ovid~ what~ould normally be 

called an ~cceptable fit. In v~ew of the foregoing, , 
whatever be the mechanisms of breakdown producing a. 

skewed distr ibution, i t may, be possible to descr·i~e. " 

them by a cornbination of extrerne value distributions, 
1 

e~thet additively or multiplicatively mixed. Sini~~ . 
the Weibull dis,tr ibution gave a ve.ry good fit when 

the experiments wer~ analysed in small~r segments, it 

is natural to assume that a combination of Weibull 

functions would.oest serve tbis purpose. 

, Because one of the assump,tions of the'weak 
, i '. 

link theory is that flaws act inde,~endently of each 

other (see 1.5.1), we'can describe the'breakdown event 

~' as a result of several, mutually independent events 

B! (44): 
~ 

B' = B' 
l + B' 2 + ........ 

where B!B! = 0 i t- j ~, 
~ J ~ 

(32) 

The probability distribution of B: which represents a 
... / ... ~ 

distr ibution of b'reakdown vol tages, can be ~épresented 

'- by\ a linear combination of the VariOU9--.~pendent 
/" 

flaw activities. Thus, ~ith P(Bi)representing the 

probability of the occurrence of event Bi ~ue to a 

'. 

" 
/ 

/ 
/ 

/ , 
.~ 

. ! , 
t 

1 
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part~c.ular type of flaw existing in the dielectr ic, ,; 

and ci representing a weighing factor, 

P(B') = tC.J?(B!) . 
, l, 1 1 f' "' 

wi th Ir ci = 0 \ 

we obtain: 

The distri~ution gi~en in Eq.3~ ~herefo~e takes the 
" 0 

fo110Wi~~ form for, an additivel,Y mixed distr ibutiori of u _. ' 

n componen ts: " 
n i:f' 

F(x) = "c.F(X.) '1 L 1 .1 

i=1. ' , 

= 1 - i~iet âffi, " if:) 
\ ". '\ '. \ 0 

Irnpul~e voltage bréak~own studies made on buby1 rubber 
t ~ <t. ~ 

cable a.neil cllOsslinked polyethylene c~Tê~ve b~en() 
, .' .' nI ' ry 

fi.~ted by such ~ CorngoU~d We{bÙ~\t fu~ction (129). 

An expression for the multiplicative1y rnixed 
0,,- ~ 

Vie ibiul funOtion is obtained by' cons,ider 1ng 1 the compI,e':' 
, , 

ment"B!' i.e. that '<here has been no,breakdown. 
1 

'complel)lent"yary event ca'n be \expr'essed by ( 44 ) : 
l" 

-B' -'-Br -B' -B' 
-:: l' 2' 3 I.l • 

This 0 

(35) 

where the B! represent rnutua11y 
1 • , ind~pendent eve7ts. u, 

There is .no s, imilar r~strictiofi suchoas S!B! ::: O. Thus, 
" 1 J rJ 

.. .. \) , 

the probabi1ity of the nonoccur~ence of a breakdown 
• '. 

eveflt is: 1 , . 
<1 ~n 

pte') = rr P'(B!) (3ç) 
. i=1. l 

Consequen~y, the probabi1ity of breakdown is:' 
n 

1 -' P (n') :' 1 - rr P ('B! ) 
, . J.=1 1.;. 

'rhis result was obtained through consideration of the 
.' \ " ." t \ 1 
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complementary event 'B' 'becausevan event B! 
1. 

renders the 

observation of further "events B! in the same-sample 
" - J 

impossible whereas B~(flaw activity not leading to 
. l 'J 

breakdown) can be present wi~hout causing damage to the 

sample. Henee ~he multiplicatively mixed Weibbll 

distribution is: ' 

n [f.f.t-r' ft.'J ..: E1exp - .' 1 

e~p t· ~-n; 
i=l 1 

= 1 

A.plot of a rnultiplicatively rnixed Weibull 
,. 

funetion ap~ear~ td'be sirnilarly skewed as the additively 
. 

rnixed Qne, except that the former always has a concave 
l , 

curvature towards the ordina te (pJ;obabili t~) a~is (45 )". 

In the e~perirnents it would be reasonable to 
.... 

assume that if the distributions ~re due to'a mixture 
, 

of Wfibull distributions, they, w,?uld be multiplicatively 
, ~ 

mixed. Additively mixed distributions are te be expected 

when the specimens constituting a' random sample,ean be 

qist-inguished wilh 'regard to their pre-breakdown behavior . " 

due to for instance, differences in prior history, m~thod ( 

of prod~ction and material (~6 ). This is not so where 

experiments are conducted with a stainless steel vess~l , ' 

fill~d with a uniform liquid dielectric. ( The additively . ., 

mixed distribution was derived on the as~umption that 

BIB! = 0 (i:f j ) 
1 ) 

i.e. that when one flaw'is aetively engaged ~n causing 

breakdown the others were note While this might seive 

" l, 

, 
J 
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. \ 

. 
as a model where a cable is involved, it is submitted~that 

breakdowns o'ccurr ing in th~ homogeneous sur roundings 

described abo~e, would be \due to,the combined activity 

of al~ the flaws. Therefore a multiplicativ~~y mixed 

model would be more suitable. 

, 
4.12 Conclusions 

-~ 

/ 1. Of the four distr ibutions exarnined, the Type III 

extreme value distribution (Weibull distribution) best 
\ 

describes the distribution of breakdown voltages i~ 
! \ l , 

liquid die~ectrics examined, namely chlorobiphenyls and 

mineraI ôi1. 

2~ The equations representing the probability of 
~ v 

breakdown Qf as-karel under uniform field condi tions at 
1 

room ~emperature in,ga~ lengths of 100, 12~, and 250 

microns during which a minimum of 3kV was applJed to the 

electrodes at aIl tirnes, are respectively: 

P'(v)lOO = 1 - exp L- [V2~13'of~) . \ 
~\ 

P('l)125 = l - exp, ( ,J [V3~23.0(9) 
~ , r 3.5 P(v)250 = 1 - exp - [ \ ~43,O] 1 

1> 
r,! 

3. If a dielectric liquid is stresse~b~ a uniform 

field, increasing the rate of rise of voltage which is 

applied to the electrodes will cause an increase in the 

- probability of breakdown for any particular voltag~ value 

J c,:nsider;d. 

\ 
'---'"---_~_ ...... , ...... " ....... _ ........ __ • ~ .. .... .Ju .•• i:..l'lc_l... • ... ".... ... ~, ... - __ fI,<,.O "~,t.,."'."1":''''. fAr j. .... ft ~~",,*r1 < 'Y 

• 
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~ 

4. The Weibuil shape parameter used to describe a 

diétributiOn of breakdown voltages in a unifo~~ field, 

increases with increasing gap length. 
t 

\s. A corn~ound or mUltiP}i~atiyely'mixed Weibull 

function should be employed when the simple Weibull 

distributi?n does not appear to provid~ a~equate 

results. Such composite distributions may be either 

multiplicatively or additively mixed. 

6. Different breakdown mechanisms in liguid 
1 

. 
dielectrics can be detected by plotting the rela~ive 

frequency of breakdown against breakdown voltage to 

obtain a plot of the d.~nsi ty ofr breakd,,?wn voltages'. 

When experirnènts are performed under similar conditions, 

densi ty plots in whic'h two peaks ca.n be observed will be 

'positioned apart 'from each other at approximately the 
\ 

same ratio of breakdown voltages of the peaks • .. 
7. The Pearson ,syste~ of obtainingArelative frequency 

Çj 

or densi ty p~ts, provide's the means of obtilining a mathe-
, \ 

matical expression of the den~ity curve. This curve 

describes the m~jQr features of the density curve which 

is more 

method. 

,./ 

accurat~ly represented ~y the "pile of sand" 
r \ , 

The Pea~son syst~ may ~he~efore be~applied when 

further mathernatical manipulat~on of the density curve is 

desired. t 

• 

\ 

t 
\ 1 

r 
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'C. 
8.~ An advantage in using the Weibull distribution 

or any extreme value distribution, is that test tresu1ts 

which are obtained on a smaller experimental mO,del can 

be transferred to a larger" uni t. Often only a small 

number of tests are required to<gain ah accurate €sti-

., mate of the parameters of th7~di,stribution 50 that it: 
\ 

is economica11y sound, where the breaking strength of 
/ 

material is concerned, to carry out such systematic tests. 

In this way the fi~ancial conseq~ences of a single ma?or 

failure may be avoided. 

, 

/ 
4.13 Suggestions for Future Wbrk .. 

Because of the important ro1e~p1ayed,~by partic1es in 
~ ,; 

the electrical breakdown of liquid dielectrics, the follo~- " 

ing investigation involving Colloidal chemistry is suggested. 

Expressions can be developed for the probability of the for­

mation of bridges in an electric field. An exampfe of such 

an expres~ion has been· given in this thesis (section 1. 3.4) . 

A computer simulation of electrica1 breakdown can then be 

carried out by generating random numbers represe~ting the 

distribution of particie sizes\found in insulat~ng liquids 
1 ~ 

(147). To these are app1ied the mathematicâl expressions 
1 • 

'for bridg~formation. As the cal~platioris are~repeated 

'for 'e~ch par~~le €ncountered durlnq the simul~tibn, s~m­, 
mation of the particle sizes estab1ishes the 1ength of the 

bridge at any point in time. ~ criterion for the deter-
" 1 

mination of the occurence of breakdown might be the calcu-
~ 

lated electric field strength when the summation of particle 

mrw 
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s'zes forming the bridge, equals the g~p length, or is sorne 

f ,actioh of i t. 
1 

-
For long periods of servi~, simulations 

involving transformer oil would have to inc~ude the effects 

~ oxidation and thermal drgradation. 
1 

It should alpo be profitable to isola te the various 

distributions 
v 

that comprise the observed distribution 
- 1 

funct,ioI'l which b-ears a strong resemblance to the Weibull 

distribution, as has been"demonstrated in this thesis. 

Fbr this purpose, the effects on the breakdown distribu-
1 

tion of various known phenomena and of m~terialsldU1ing 
1 ~ .. 

breakdown should be studieq. For exarnpl€, a liquid 
1 

'dielectric which has been aged through numerous electrical 
" 1 

breakdowns con tains metal from the electrodes and this 
~ 

affects breakdown in a host of,ways not fully understood. 
\ 

The extent to which this dontamination, or perhap& simply - , . 
the asperities Jemaining on the electrodes, contribute 

to the complication of the breakdown distribution rnight be 
.' 

dernonstrated if the diel~ct~ic were "a~ed by using a laser 
1 lI-

beam focussed to a point within the d~electric. The oil 
-: 

would then hav~ been aged through eleètrical breakdowns 

"ànd it would contain chemical and particulate contarninants 
,r 

sirnilar to those.forrned during co~ventional electrical 

~reakdcwn, but without any metal. 
. -\\. 

Fu~ther study would reveal the effect on the ~ararneters 

of the Weibull distribution exerted by other:factors, such 

as dissolved gases. The method of plotting fre~uency 

.i 
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of breakdown 4sed in this thesis is sensitive and would. 

indicate by means 6f multiple peaks, the presence of a 

mixed distribution. 
do 

Similarly, .expr~ssions obtained for \II 

the envelope of these curves by means, of the Pearson 
'.' method 0 ( Appendix V, Section 4.4.2 ) would reflect 

1 

changes whièh could be' analysed further by mathematical 

manipulation. Th~is rnethod yields pararneters which are" in 
:;} " 

a form suitable for direct analysis by a computer. 
1 
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EXPLANTION OF FIGURES 4-8 to 4-24 

Figures 4-8 to 4-24, are each comp~sed of three dif­

ferent graphs identified by the letter 'a'~~~', o~ 'c' , 

in the figure number. Of these figures, those·c~nbaining 

'a' in their number, identify,the frequency of breakdown 0, r 

t 

density curves. The plotting symbol is simply a '*'. 
1 

Those figures identified by 'b~ in their figure number pre-

sent a linearised plot'of the actual observed probability 

distribution of breakdown voltages, against th~ probabil~ty 

of breakdown these safue breakdown voltages are expeeted to 

have.when it is assumed they belong to a particular theore­

tical probability distr1bution. Perfect c~rrespondence of 
\ 

the theoretica~ and observed distributions would result in 
~ 

"a plot lying on the straight line drawn at a slant ~cross 

the figure. Four ' plots appear on the figure ~iotted against 
. . 

the same axes hecause four different theoretical distribu-
1 

tions are eximined. Each distribution is identified b~ a 
-l'" .! . 

key to which is g~vèn below on this page. plotting symbol'the 
, 

\ 

" 

The figure numbers containing-'c' present 
"'" 1 

a graphical vis- ~ 
,1 

ulization of the goodness-of-fit of each of the four theo-

retical distributions applied. The plotting symbol (the key 

to which is also givcn beluw) iqentifies the theoretical 

, 'r distribution to 'which the plot refers. The 5tra'ight line 
, 

representing the diagonal i5 where the plots would lie if .\ 

the theoretical distribution ~ere the observed di$tribution. 

" 

* : 'cp 
1 

< " 

# 

KEY TO PLOTTING SYMBOLS 

q>' 
3 

- : Lognormal oistr. 

• 1 

\ 

.( 

! 
1 

" 
t 

", 
,H 

J 



, 
i 

/ 

# 

LA st • as., Li#J!lIII'I stw flA ~~.:::..._.'O/,,~ .... ,..!S .. ""M.-. .. -.,.~ .... ~~", ....... "'1' 

;1 

0' ~ 
~ 

.~t~~*~~*~+~+**' .~.*.*rl *~* ••• ***~*+.*~***.***.~**.**~*ft*~~'***********~*~*~.~*-.~*~~~ 
~.A~~2~+C0 * * ~ 
''"'.3'lC.,.r-'':-f) 
". ~,)Il':-+)(' 
C.37'1;::r- .... t; 
,;. ~ '5 ? 1 t .. C J 
I
t • )~?'3-r= +';1: 
) .. ~ li. ""ç co +" C 
": .. '3"1 "lSr=+ "t: 
.' • "3? AC<=" + ,~ C 
). lI44F+"t" 
t:.3:,a o r+"'C 
".2")"'4.""+0( 
~.2~'3"1='+'J'" 
('. 2 7' ~ 3 r + .) " 
':.2f'-t:-J'>r+or 
Ç.?")7l<::""'''C 
1) • 2 ~ 77'''' ," ç 
t:.2~P?r:-+'''''1''' 
~.2~7r ... l"'Jr; 
":'.21(')1:+1')1" 
').2': or c • . ) C 
').2',",C 1"""'''(' 
".lqC(,~",,"ç 

·"\.lql\"'~+"~ 
1".171':><="+:'(' 
.':'.l""?C-+C'':' 
r; • l ") ? '" r + .) (" 
1) • l '\? r:: C" +- 1": t" 

': ;-1 3"14 r + 1'" r; 
t"t • 1 2 ~ () r. • l' (' 
~. 1 1 (;; 3 F + r: ': 
,~ • 10 li. " r- -+ ,1 (' 
':'.9::;?Ar·Cl 
';F3~7~,,:"-(il 
, • 7':; ;:> .i r . r 1 
"'.~"'7r'::-Ol 
.... ~ r.; 7' 1 7':- "'1 
r::.4 7 (4:--:1 
..... '3All:- "1 
.... 2~'YAr-_'"\1 
C • 1 q ;: F (' •• r; 1 
,".~~2Ar_..,? 

. J. C 

*, . .. Experlment No.:·28 
li< .. 

• Gap .. length: 125 microns 

Temperature (,oC): 22 

Pressure (~or): 0.12 
'" >1< 

./ 

'"' '" .. 
* .. 

~ / -~)l 
Avg. Breakdown Volt.: 5.79' kV 

i>-

~ 

'" ~ 
-'!or 

'" ., 
1:-

>,. 
u. 
c~ 
~I:-
O"*' 
(!J" 
1-1* 
1%.", 

QI* 
:>." ....... 
+1* !li ....... 
QI* 
0::* 

* .-
* -1< 

'" 

Stnd. Dev. : 1.08 kV fi 

Skewness: 0.006 

Samp1e SizŒ:95 

Ramp'rate; 1.0 kY/sec 

ASKAREL 

" .". 

* 
+. *-'Ct '" 

,.. f:-'I;-

,.-
'" 
'* 

* * *,'-

.,. 

t--

* 

~ 

-& 

'* 

"" 

le 

"'" 

* >1< 

* ... 
j-

./ ". 

". 

,.. 

". 

~ • le 

" .... 
... 

k 

'" ~ 
** .., 

IL 

"" 
1'< 

~ 

>1-

li-

>« t 
*.* 

** ". 0(" 

,1 

'1-

'" 

...:. 

~. 

"'* **,.. 
r 

" .. 

.. 

** 
"''1'-

'* 

* '" 

'" ,. 
",'", 

'" 
* 

.... 

"-

t--

-, 

.. 
i' 

~ 

"-

" .. 
" 

t--.. 
x­

" ". 

'l'-~ 

'" '1-

'" 
'" 
T 
,... 
", 

T 

<-,.. 

.. 
1· 

t< 

« ~ 

* \.. - " Breakdown Voltage kv ~ 
**+++++-+++++++-+++++++++++++++++++++++++++-+++++++++++++++++++++++++++.+.++ ........ + ••• +" 
**",**~***",***r***.**.~*r******.*~**+'.****+'.~*"'*~*+'+''''t--.~'I-**,..".***t--*.r*,..A*·***~**"'*~*ft+~' 

('- cr:'" r C C .~ 1") C cr"" ~ -:;,~ C l r r ç r: r '. 

3 
.~ 

0; 

• 
3 
l 
? 

• 
1 
? 

1 

1 
~ 
co; 

~ 
(t. 

7 'J 

• 
3 
7 
C 

• 
3 "' " r , 
2 4 ==; 

A 4 
1 2 
7 9 

., ."- .. 
lc~4b.4 

4 ":' "' 7 Q 

1 ? l'.-'f- 7 

{, 

-:; 
l 
1 

') 

2 
3 

. 
5 
~ 

~ 

c:; ~ 

4 ~ 
~ p~ 

.. 
;:- " "- >\ Q .. J ! 

f­
I 
r; 

.. 
? 
.q 

f-
c 

• 
~, 

':: 
:3 

" 

f 
7 

• 
'" ., 

~ • 
r, 

"1 r 

, 
"7 -;- 7 
2. 3 
2 1 

. , 
7 

.. , 
u 

7 

x-.AxIC:. (H'ICI7IJNTJIL-AXYC;, rXf='r'NF~IT 

y "'''Xr''lloA 
y 'V'!N!~lJ'A 

X <1" X ~ <JI 1 J'A 
X ~ NT ... Ut.A 

r: • 4 r :..t q.- + C 1'" 

r.r 
f'. 7n~r("\r+r 
l''.,,(''rc,·r+(' 

FIGURE 4-8-a 

,. ilti·;r§rr1,-> .. -,~~---_·_- ----.... -.a....... ... ~..,.-... ..!: ... ,._ .... r'r r""'~~>t ~_ -
~~~_ ..... .",....,. 

1 
1-' 
m 
lA) 

1 

" 



1 ill a 1; _ .MI> ua; = -. 
~.......... ;;;4; *u ,("';;:;~ ___ ~"'''l~ru~"-"",,_,,_ 

o 

.. ~ • ':: i r.:; 1)'- .. '1 ':' 
; • -J? ? .3 r +- ) C 
':'. c:")cc:- ... ,;-"" 

.. "". 4~F py::+ J( 
" • 4 n .:'. -1 ~... '" C 
.... 471.3 r +-)r 
.~~ 4SPI"-'= + '"'r 
r:.4.4C::~Ç+,",\C 

".'-"3"31'-.1'­
"'.~?('4~+Cr:: 
':'.4~7"-<= .. r::C 
". l ':Il\. ~'-. f' r 
~ .. ~\~?r.+t;f'\ 
().3-:,n~r-+('\r 

"'. -'5"'-"-+1)C' 
'). l4.1,:r+:: 
').. " ~ 1 2~c + -; r 
~.11'1C::c+,;C 
'j •. '\ "" ~ 7t::' ... (: c: 
I).;?C 'l"c..+-')C 
Ç.2 n O?""+-r'\( 
'). ;::>." .., r:: ::: +- , .. '" 
t;. ;:>=;c,~".+-~(' 
A~. 24 ;> C ,- +- C' 0 
r;. ;::.J2 G lr.:.'JC 
t').21"'F~+)f'\ 

') .. ?C''1-+-nr 
". l''' 1 1 ~ .... -:: r 
0.t7 n }r""+-0<": 
.). IF C::F-:-+0L' 
r-.l r ,;>"':C .... ,)f" 
~.lt-.'J-+nr 
C.1774<= •• )' 
('.116.f ... """ 
j. t"'lt"'r:-+.~(" 
') • ~ 'ë) t -"r -:) 1 
.j • '7 r, 4 ~ r- -- ~ 1 
.... ., 3r.C'~-r'\ 1 
') • :' 1:- Î"'- r: _ .. ~ 1 
"'.3'\??F-l"t 
.... 7"'"AP--'1 
.:::. 1 ::> 74 r -- .) 1 
..... ., r 

... 

~**.** •• ~ •••• ~**.~~~.*******.*.*.*****~.**~ ••• ~** ••• **~*.*~*i*~~***~.Y~ft~~~~ft.A •• ~~**.~ 

* ...' • .,.'" Experiment No. 26 '~"** .,.. 
~ * .,. 
... .,. 
.,. 
* 
* *-
~ 

* 
'" * .. 
* 
'* 
'" f:r 

* 
~ 
0-

~-
t:jt 
<li" 
~ 
~ 

aF ___ - -------
>" 

-,-ie 

;} 
.-."1< 
aJ* 
~ 

* ". 

'" ". 

*' 

Gap Length: 125' microns 
o 

Temperatu~e ( C): 21 

Pressure (Toz;-r) 0.085 

Avg. Br~akdown Volt.: 6.63 k:V 
~ Stnd. Dev.: O. 84 kV 

Skewness: 0.210 

Sample Size: 100 

Ramp_ r a te: 3.0 kV / sec 

ASKAREL 

* li: 

,);f 

* .,.. ,.. 

,.. 

'l(­

'/-

"" 
*" 
'" • 

'" 
'"' 

* ."" * * *"'*' * • 
* * 

1;­

*" 
* 
* 

,. 
l!< 
:« 

'" 
~ 

~: 

" 

". ,.. 
,.. 
... 
". 

-l, 

f-

* 
* 
'" 
~ 

1: 

* ..". 
%:: "1-* 

* * * * * '" 
'" '" ~ 

* 
* 
* 
* 

'" ok cl- *-

'" *** 

-' 

»< 

". 

". 

'" 
1, 

'f-

r-

>le 

"" 

~ 

". 

* :/' 

=-

*-

~ 

r 

,-J,' ,.. 
ch 

r 

'-. *' (N 

>1- _ , :t-

*) Breakdown Voltage - '" 
;/<* f- .. f f- .. t- .. + ++ ++ ++ ++ + +- .. + ++ ++ ++ +. + +,.. + + +. + ++- + + +- +- +- + ++ t- +- ++- +- +- ++ + + +- f- + +- ++- +- + ++ ... +- ... + + "'-4'''' +~~ + +- +- +-"'-" 
'f-*"'+****"***"'***.*+*******"'******.~*~.*******~*******.*~**~************'f-**.~ok**'f->l-*.~.~( 
~ 0 c ' r r ( C ~ Gee ) ~ r ~ C c n s ~ ~ ~ r r r C r r ( ~ r 0 ~ C ( 

:1 
(' 

I~ 

3 
1 
4 

, 
? 
p. 

, 
il. 

2 

, 
7 

, '3 
7 e 

'" 

• 
3- <. 
-.. l 
'} , 

• 
4 
? 
7 

.. 
4 
4 
1 

• 
Le 
c:; 
f 

~ 

" 7 

C 

4 
8 
t.. 

, ..... 
4 
, 1 
FI 2 

• 
'3 =i 
2 4 
h f t'l 

• 
~ 
r; 

cc-

~ 

h 

C 

• 
OS 
P, 

3 

OS 
') 

.. 
r. 

• 
": ~ ~ 

?' :3 <r 
r C (: 
'~~ 

~~ 

~. 

" 

• 
~ 

p 

<!. 

• 
"-
~ 
f'. r 

7 
? ... 

7 
3 
P' 

..- .. 
"7 

F 
'3 7 '""' 

• 
p 

Cl 

~ 

--' 
~ 

3 

~ 

F-< 
'3 
7 

'\ 

? 
" 
F 

<-1 

"-
:-

l( - 4 X 1 <~ (H n r> 1 7 r, "1 T A L - 1\ X J S) r X r> 'J 'J F ~ IT 

y '"AXT\!U''' 
y 'JI t t JI'" l'''' 
X 'At. XI ')\ l'A 

)( ~ r • J J ... "'4 

ç~. C; , c:;; .)?.- + r r.: 
r ,.. 

1 • 

r.p.o7c(~+-rl 

,":", ir- 1"'t}r .. r 1 

• roI p O" ... *",....."'~o,.,....-._· 

FIGURE 4-9-a 

~- ~~~ .t._ .... ""'.~ ".... $, ~.v ~ 

, l 
r-' 
0"1 
,j:>. 

1 



'_i'i,f It .. ~r'"./I'~~ ~-~..,...~~ 

--o 
.' .. "'f' 

-<ft 

"c "1' ~ - - , .• ~.~-~~r.*~r** •• ***~ •• ~**~*Y~,*w ..... ~ ••••• *~_ •••• ~i.*~~ •• *~*~~;~_.~.~+-_ 
C • l: 3 ,.' l, ~ +,... C 
C • .; ;- Il ~ f + C -: 
c • ;; 1 c, il F .. :: c 
C.él'SftCC 
r.;:::~ilf .. 0'" 
c .;: C ;-'( L + ::; C 
(.1"17"1+(( 
(' • 1 q;; . ,: t" r. 
C.lh':"f+CC 
C.IH!Cft("C 
C.17':'_LtîC 
C_17:(I,+(( 

... 

... · ->le 

• • .. 
... 
.. 
+-

C.lé/I L ltCC .. 
C'. 1 ~ '. t f t ~ :: -r­
C.l'''f,r.c-:, .. 
C • 1 (. r. 11- t r: ( "1; 

C • 1 1\ ,: • r .. CC" 
C.l'71~ .. r,.. " 
C~J3}(r.'::~>'* 
C .12r: lr-:+CC g .. 
C olé': 7F-t'"C <1J '1' 

C • 1 1 r, L F ,f :::: g. * 
C olC';ïf--tCC <1J" 
C • l ') '< " tee 1-1 ... 
('" .çf' 7 r l -C 111<'" 
C.C::;J,'4f- C1 <1J" 
o • f , 7 f 1- - Cl:> 
('.t 2,'ï [.-': 1 • .-1 * 
(.h lt,-CI +J ... 
(" • -; 1 • î f_ - C 1 «1 ". 
(, • ( ': " t f - C 1 ~ "?r 
(.(<) '_"1--'- t p:f. 
(' • ~( •. ,,-. - Cie 
C./I'~':rf--'::1 olt 

( .- 4 J r ~ 1- ~ Cl'" 
t' • .:,~'(r-Cl .' 
C.:~'.l'--:l '" 
C .;: 7 Il ;: f- - C t * 
t:.::lrf,I-'Cl .. 
::: • 1 f' (. ~_ ,- -" 1 ." 

'" 

ExperiJ.11en t No.: 39 

Gap Length: 250 microns 
o Temperature ( C): 22 

Pressure. (Tor r) : e .125 

Avg. B.r;eakdown Volt.: 10.34 kV 

Stnd. Dev.: 2.03 kV 

Skewness: -0.247 1, 

Saniple Si ze: 100 "' 
Ramp rate: 0.3 kY/sec 

ASKAREL 

/ .., 

, 
.... "* .. * • ,., lIr"'*. 
" 

• • 

'" 

'" II< 

"i< 

'" 

'" ... 
... 

.. 
'" 
il: 

",. 

"" 
"" '" ... 

t .. 
* .. .. '. ;Oc ,.. 

,. 
* • 
:1< 

<# 

... 

... 

.,. 

>t ... 
• 

lit 

.. 

... 
~""'# 

*'" " 
,. 

,. 

, .... 

* 
+-

~ 

'" 
... 

... 
* ... X· 

** ...... 
* 
~ 

, 

.. '" 
'" 

r 

'" 

,.. 
.' .. 
.. 
-Jo 

" 
" 

.,. 

" 

'" 

-* 
~ *) 

.:: • 1 C '- If - (' 1 
:.~t,~"~L-:c 

C • ': 
'" , Breakdown Voltaqe kV r 
~.~~~~tt+~t+~tt++t++t++t++t~++~t"t++.++++++++++++++++++t+++++++i+.~++++++++++++++++++~ 
.i~*.*.~~~._*~.- •• 6.*.** •• ~.~"~*.*.· ••• ***z~~~*~*'*~~ • • ~ •• ***~~~* •• *.~.~.~."'.*.*~~·D.'" 

(>..: :1 .J~ I~ ('" C, (' t ~ ( ( C C r: r " 0 ') C. (' ("" 0 r f) C (" C J ( r: r: ,... ,... 

.: 
-' 

r h 

'. 

.'~ 

:: 
'l­

l 

o 
4 
ft 

. 
"' 

(~ '- c-

l 

r: 
'-

X-f)(I' (I-CP r -':flrl- T'Il -/\)« S) L )(Pf'~ 1-r-..1 

'r 
Y 
)C 

). 

~flXlwLt" 
f.t 11\ 1 ft t PI 

rvl\.(I'ILrl 
"'1 " 1',1 L '/ 

,.... ,.. i" J r. ,- +- ,... 
;:..~-- --~ 

(" • 1 "~t ':: --. - ) 
C. 4

' -~"f-:-t 
, ?' 

~~ __ ~:JIoJ""'~"""'"_,, __ ,,,,_-- ........-.::-~_ .. ~"'--

...- , l\ 

.: 1) 

': t. 
P - 1 

;: 
.\ 

. 
r .; 'J (' 
t "-1. ;t 7 
4 7 

~ç~ 
f 

<; 2 

. 
,; 
7 
.~ 

C 
7 
1\ 

c ~ 
R - '1 
1 1+ 

') 
,~ f~ 

b '} 

t"" \ rJ 
J 

'> " '- , 

FIGURE 4-=10-2, 

, f 

P ~ 
o 
1 

1 
C 
(, 

,., 
Cl 

1 
1 
cc 

1 
1 
7 

" 

1 
è· ? 

1 
? 

" 
~ 

--,-~.~~~~--

1 
l 
4 7 

• 
'1-

e 
lI­
-~ 

Il 

<) 

1 
1-' 
0\ 
111 
1 

~~----

; 

~,~ .... -... 

!_> - ~ 

'" 

------------



,1 "' ~ ~- itÎ' _ .. .-~ - - .... ~ ___ 'II"!"'-r~~""'~ ~ 

'" 0- -
',", 

..... ~*.~****"'***"'** •• **~***** ... *** ...... * •• * ••• * ....... **.* •• *.**."'.*.** •• ******.*~**** •• *****~* 
O .. 2778E+')0 • .,.. 
O.2712E+OO ... .*" 
O.264f:E+')O .. ~ .;,.. 
O.2~79E+O/')'" Experiment No.: 33 ,.. * 
O.2513E+OO .- dl '" .. 

0.2447~+OIJ -. G l h 1* * 
O.2381E+I')O .. ap engt: 250 mircons ' ,.. 
O.23tSE+"QO" T 0 --
0.224çe+oo .. ernperature ( C): 21 
O.2183E+OO '" p 
0.2116E+OO .. ~e~sure (Torr): 0.12 
0.20St)E+OO" A B -k 
0.1984E+OO .. vg. re~ down Volt.: 10.92 kV 
O.19t8E+OO .. St d. -
O.1852~+OO • n • Dev •• 2.05 kV 
0.1786E+OO -. 
O.1720E+()O, • 
0.16~3E+/')("I • 
O.I'S87E+OO ... 
0.IS21E+OO ... 
O.14I<:SE+on • 

Skewness:- 0.209 

Sample size:99 

* 
i ,. 
J 
* 0.13891:+00 >t >Ir 

0.13231.::+00 0 '" 
O.1257E+Oft s::: 01: 
0.11 qC-F.+OO GJ ... 
O.1124E+OO :l ... 
0.10 58E+OO g' ... 

Ramp rate:l.0 kV/sec 
ASKAREL IV. 

'

* ): 

*\;1 
.7 .' 

- O. 9921E-tH ~ lit 
~O .9259E-O 1 ra. '" 
O. 859AF.:-Q l '" o. 7937E-O 1 ~ ... 
O. 7275E-Ot . .-4 '" 
0.66 14E-O-! .aJ .. 
o. !i9~2F:-OJ IG ... 
O.!i291E-OI ~. 
0.46 30E-" t ~ 01: 
O.3968ê'-1) t '" 
O. 3307E-O 1 ... 
O.2646F.-Ol '" 
O.1984e-O l '" 

/ 
l. 

* *. 

" 

• 
'* * 

*:fI< 

0' 

*** 

* 
* ** '" '" 

* 

,.. 
'" -* 
of-
~ 

>1< 

* 
'" * li< 

* * .... 
"" 

* :1< 

*' 
* "" '" 
* "" ,;., 

* 
- '" :;-... 

'" * 
* *-

** .,. 
• .,. 

• '* * '" * '" ,.. 

* "" 
'" '" '" 

** • .-* '" li< 

>1< .,.* / 
,0.132311.:-01 ,.. -.,. 
O.E614E-02 .. Breakdown Voltage kV * 
0.0 .~+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++* 

. -., 

"'**"''''****'''**********************************************.***",*r.*** •• ****.**********~~* o 0 0 ") ('I n 0 0 1) 0 CI 0 0, 0 " 0 0 0 '-0 ., C (1 t'! v r (1 C 0 (1 0 r: 0 0 ~ C 0 J () 0" () ) l~' 
• • • • • e _ .... • • • • • • • • • • •• • 
o 0 ~'o ~ n CO" 0 0 0 0 0 0 000 0 0 0 0 
3 3 3 l 4 4 4 5 5 5 é 6 6 7 7 7 7 8 P ~ c 0' 
o 3 ~ c 2 sel 471 A 7 0 3 é 9 2 5 0 1 4 

• • • • • r. 1 1 1 
o 'J (' 0 ')-
7 1 3 t 9 

• • 
1 1 
1 1 
2 'S 

• • • • • 
1- 1 1 1 1 
t 2 2 2 3 

Q 2 ~ fi 1 

• • • • • 
1 1 1 1 1 1 
? 344 4 4 '5 " 
471360;>5 

X-AXIS (HC~!ZC~TAL-~XlS) FXFCNENT 2 

y "'''XIMUM 
y NINIMU~ 
JI M" li( t MUN 

li( NINt"'UN 

f).2777~F+t')(' 
0-.0 
C'-15j1t~nE+(,,2 
n.·3t')C'OO~+Q 1 

FIGURE 4-'11-a 
~ 

r ~ ... 
.'t1-tf-.' Ï'r!I,.. .. !"""'"'~--~~- -'- ~._----~~---

_ --.fl<~'"::17 

1 
t-' 
0\ 
0\ 
1 



'Î ,l1t ,.$PO 38[ US 44_ * ~ b4 di ~ lU) .... ~,,; .... c .... _ .... _ ... ,,~.: 

~ , 
___ ~ _,. ____ -...;r>'''::r~~·~ 

~ 

(} 
'-..r ~f ",_ 

~~ 
~~ 

r.2:- 'J,:"r='.r;'" 
.).?"3 7';!<= + .')(' 
'='.?r;cf"lc+(· ... 
~ " 24 4 f- r= +." c 
#\ .. ~,3q.o.r: .. rc 
,.. • ?121 r .... ':' r 
r:.2?~P"'''~C 
.~, 2 t Il ~F" + ': ~ 
" .. 2 1 3.1 ~ ... C C 
e.?f\ 7 c r .,.('" 

'" >1< >1< ~ *' '" '" *" '" ... '" >'< *' *' '" * ,.; '" :Jo ~. * *" '" '" .. ,0( * >1< .. '" '" :Jo "" .. "4<'" "' ..... • ......... .,. '" *YF .... '" 11 ... ,.. -!o '" *, ,,'" * '" "" *' '* >1< * '" * ...... *" ~ .. ~ '" *' ft ,. '" ... * .,. * .... ' . 
,.. , :Ir * ,. 
t- # ,.. '" • ________ • t-

tj • 2': ,.. 7F J',": ë 
"'.1 ";lA")"".",: 
.) .. 1 R ,",:>r ... C ': 
r.. 1'31 cr ... ,:,C 
!J.t7'''''''+('C 
.,. l "'''I,r+C ': 
<: • 1 " .J 1 r .. '" ,~ 

* • 
* 
* 
li' 

'" ~ 
*, 
* ~ 
* "" 
'" 
'" 
'" f~.I-:;~,,~ .. ":,r; :If-­

r.l'50""C"~'" 
~.l~+C': :>."" 
c. l, '''~ ·:t- + 0 r:' 0 *' 
" • 1 31 7": +('1 (' C .. 
C.12<":':I"'+('C lU '" 
;.11C)2t::'+'"'~ g.* 
,,. IJ 2'7F+"r Q) ft 

".1 :"'f-'-+nr: w * 
C .. l~('I\J"+"r·rs.. '" 
C .. O~. (' <Jr.-' (1 t· T 
,~ • ~ ... ,,:? c - (1 ~ lit 
1:'.81"3')":-rl .... ft 

;). 7-=-2 P - -""1 +J '" 
('. ~:::r.(" C" _,o. l' ct! ... .. ' ..... 
\!" li 2 7 .JI? - ,"\ 1 lU" 
(' • e;"- 1\ '= ('. - \' 1 c:; >1< 
t:. • .,. ... '1~[-Cl "" 
t".~3<;)1 ... - .. )t *' 
"'. ~.7 ~ 4;- -,' 1 >1< 

.... , Experiment No. 38 

.Jf -
.Gap Length: 

~mperature 

250 microns 

(oC): 22 

Pressur~ (Torr): 0.125 

;;Ayg. Breakdown Volt.: 9.44 

St~nd. Dev:"1.5 kV 

. Skewness: 0.381 

Sample size: 99 
~ Ramp rate: 3.0/ sec _ 

ASKAREL 

., 

.. 
>1: 

'" 
:.313~C"-01 '" ~ * ~ 

kV 

'" 
** '" .' ** 

* 
'" .. .. 

~ 

• 
* 
'" 

... 
*** 

**>/;. 
>1< 

" 
1< 

.. 

" 

ë 

** ** '" 
'" li: 

#. 

*' 
". 

;. 

* ,. 
.>t 

'" 
". 

* 
'" ... 
'" 

'* '" • ••• 

'" * 
* 

'" .. 
*-

'" -1<. 

>l-
f) -

'" 
* , 

" 
'1-

... 
:;. 

'" 1-

" 
+-

1-

~ 

7-,.. .. 
,. 
,. 

,... 

'" ,-
,-

~, 

r 
>1-

" 
" 
1--

"'"?,,,')rr-Cl >!< 'iI 

').I.9"12 c '-('1 -1< \; * .. 
C.t;>c::r-r--"t >1< *-* ~r. 
~."';>"'3~-1)?- * ' R "'ri, ., *** kV ... 
::. ~ ........ + ...... '+ ... + ++ +-+ + .. + ++ ++ + ++ + +- + +- ++ .. +- ..... ++ t-+ ++ ++ +,++ .... +++ + ..... r..~é\-.)-,.q\t(.ll .. "q.:J..~él.çt.~ .. + .... + ++ ...... +" .. +4o + + ..... 

**~****.***.*.**~.~*.*.*.* •• ~.****** •• ~*.**~**.*.****.*~**.~***.*~~***~*~ •• * •• ****.*~. 
, CCC (' ,. C ( C " 0 CCC C ') '" r' l' r: C' f' C '. ( ~ .~ '. ((. (' :) i ,~' ~, ( C ," C· 

• • c 
~ :J 
, :3 

. .-c;-'-

.. 
r:: 

• ( ,.. 
] L • 

A 

r 
L. 

l 

• • 
r C 
A 1. 

~ A 

• • • 
': C-

~ c 

J l 

• • 
C 
5 F 
f'{ 

1 

" (' 

F; 
~ 

• r ('1 

,.. f-

I!' r. 

• 
7 

• • 
1"\ I~ .,. .., 
t... f-

• 
~ 
7 
cc 

• 
\) 
P 

1 

• i' q 

~ 

. . '" . 
,,'" (' (' t"'-

e"' 1-:\ c: co C. 

7 () 2 c· 7 

" 

• 
() 

c ;> :;; 

1 
( 

• 

7 C 

1 
1 
? 

! 
1 
1 
<;; 

• • 
1 1 
1 ?. 
'7 '"' 

• • 
1 1 1 
2 2 ? 
.i c.;: ô' 

• 
1 
J 

• • 
1 

:1 1 
~ (-

x-A,xY<: {Hnr:~T 7nN T AL-A xI:==l x,CrNf-I'IT ? 

y J.'\X!"IJM 
y "'[NI"'"~ 
le lIA A >t l "" l'A 

)f '" 1 Pol T'AI 1'4 

0.2f-34.,,~+;:r ...... 
~ ·0 ~ 
1'-... 1 i' q ,~- + r. ? 
r • 1-: r ~ - +" 1 

.FIGURE 4-12':a 

'll'ç ... .t"',.c'".,.< 

40 

1 
1--' 
0'1 
-.J 
1 

~""'~--iIl:Wqvf=)1 ~---- .. .-- -~ -- ~",~ .. ~iI'M'-k':i""'" ~ .. ~ .... " ~1Il. ... ........,~,~L~ ~~--""""'-;:-....... \, ~ ... >~~---- ~,--"'-"--

1. 

~ 



III' l - • , ..... _ ~H~"" • __ ..-- -"". <-1>:'_ ~ 1 
,f-, cl ••• :1 i ,It =t sua! 'oIU lU M"~"_r ... ........,.", ...,.--.,- - 1 

-~ 

.. 
" '-, '--o~-

~o 

- C • ~ 'j ù U-: .. ,. ': 
.~~ •. ~~~~ •• ~~~R~~~~~P*** •• ***.******.**.***********~*******.*.***.*~~**********~* •• *.* 
*' ** * ,.. 
:~ 

C' .=4 ,!":E+I"'C 
c.!; '-:r~+CC 
r. .. ~ l'7rE tCC . ,.. 
Ci'" ,. , 7F ... '" r.. ._ 
C .4Q-:!"Ê .. ëé * ,.Experlment No.: 46 
c • " 7 721': + CC. 
C.'IfJ',CE+"C • 
C .",r;C'7E+CC ,. 
O.437'=~"CC ,.. 
C • 4.' il I? F + r: c .. 

Gap length: 2!?0 -mïcrqns 

Temperatu~e (oC): 26 

Pressure (Torr): 0.021 '1: ""'1 ,:,c~+C( * 
(' •• : f. 77'" + CC. 
C.:!·44~+t;C • 
('-o';71.?Ei''''C' ... 

- C • .;~. 7 C; E + r: c * 
C.Vl47("+I'}C • 

Avg_ Breakdown Vo1t.:6.14_kV 

Stnd. Dev.:0.79 kv 
C .::' l '.e .. c C "<: Skewness! 0.295 

li 

Samp1e size: '102 
r • :! 1 ., 1 E .. 0 C ~ 
("'. ':"I.("~"O" g~ 
,r:."C:;lf·F+CC CV'" 
o.::rH4r::+cc ::ln 
C .·;tJ~ 1'=+CC ~ 

'Ramp rate: 0.3 kV/sec-· 

C .2~,1'lF:+I')O CV"t MINERAL OIL 
C • L ! F ( r: .. c c ~,~ 
c • <:;) ·~/. C .. 0 C '" 
C. é 1 c: lE+vr: CV"" 
C oll}'~"'l':t':C .~. 
r • 1 p" ( ': + c C .... * 
o .,l/~"r-+;C cd'" 
C • 1 '. if l '': ... C r: .-4 • 
,c.l'l':lPr:+CC ~. 
".1 IlLF:+:: C 11: .. 
r: • 1 1 .~ ~ r- + : -: * 
('. 1"" r',: + ,.,~ ...... -

(-

c ' •. ,; > 7·.j F. -,... 1 .... '\ 
r • 7"'~ l, C - C' l '+ 
-(."",'''';=--(,1 .,. 

, 
.& 

,w 

: 
~ 

'" 
* * '" 

* 
* '" 

---

.*** 
* 
'" * 
* '* 

* 
* 

* '* 
~ 

, 

'" 
• ,,; 

**** 
* 

(:). 
* ,. 
• 

•• 
* 

-

• 
* 

* •• 

~ 

-
* * * '* 

* ,.. 
-* 
• • '" • '* 
'* '" ,.. 
* 
* • * ... 
... 

* .> "'"' '" * * '" ** '" * '* 
* * 

* • '" 
* '" '" *, 
'" * '* 
'" *' '* .. 

-* * '" 'II< 

'" * * *. '" " ** .* * 
* ,.. 
'" -

'" •• -~ 7 c :f~ ::: r:- - ~ 1 ... 
C.::(;71r:-~1 .... " \. ._ ** ,.. .-\ " 
('1 .;;,. ~ 1 F-" 1 .. * >1< 

~.1~2(~-Cl * Breakdown Voltage kV * 
r.~ •• ++t .... +++++++~++.++++++++++~+++ .. ++~ .. ++ .. ++++ .. ++++++++++ .. ++ .... ++ .... ++++ .. ++++~+++~++++ .. + .. '" 

• **r.~*~-*.*~.~* •••• ****.~****.*.**.***.****.**.*",**~****.*.****_************ •••••• **** 
C C J , 0 0 ccc cet 0 C ~ ~ 0 0 1') , 0 , C 0 cao 0 0 0 0 0 ~ 0 1 C C 0 C 0 C C 

• • • • "'1 u';a ~ 

(\ 2 
\ - f~ fr".. t') 

• • • • • • • ft • • • • • • • • • 

~ j J -J :3 A' Il 4' Il 4 ,. 4 4 5 5 'j 5 '), ':J .-, 
~ S 6; 7 J) t:: .1 ~ 4 5 7 8 Q l 2 3 5 6 7 A 
'.3 I:.j ? ~ t- ? 5 f' 1 4 - 7 1 4 7 ., - 3 .;, 9 

. . . . . . . . . . . . -. . . . . . . 
fi 6 6 fi 6 6 0 6 7 7 7 7 7 7 1 8 888 
n 1 2 4 5~ b A q C 2 3 4 6 1 Rel 2, 3 
l ~ ~ ? 5 A ~ '5 e 1 4 7 C 4 7 0 369 

)C-'f'(l~ Ct-f"I-J/f'UT'\L-A)(JS) rXfOl\Ft,T 

..,. IIII\'rlJ AU'" 

... ~ r " l'AU''-
]1 .. ,\ 'Il 1 lit l. !W 
'JI "1~lf·.U'''' 

':. 5~,t ",1~E+ f'J 
" . ~ 
... ,.. tH ~.: r- .. ,... 1 
'J • ,,( : '_ • , L 

,FIGURE 4-13 .... a 

?F ~ - ---...-- e M' Ut: «ft 2 1 ;Nr.......-. .. ..........,... ... -~"" ... ~ r', e. 
\,' 

1 
1-' 
C1\ 

o 

CX>~ 

1 

-j 

"0 .. 

... 



• & kiL & U1 (!if( t "Auza; iiZ.J1UiIIII'4ft$ .,.,.,,.., +_ ....... ~~_. __ ..... ," --"""""""'-;"'"'''''''''' -. ,; __ , 
+ • .-

~ 

~ ---. 

••• * ••••••• * •••••••••••••••••• * ••••••••••••••• **.*.****.*"'* •••••••••••••••• ~ ••• * •••••• 
o .366<;E+OO * - - * ~. 
O.~5e2E+CC • *. ~ . 
o .~495E+OO - Experiment No.:' "47 * * 
t.~407E+CC • * * 
o .~32CE+CC '" • ~ • 
O.~233E+CC '" Gap Length: 125 ~~crons 
O.3145E+OC • 0 
O.30S8E+OC * Temperature ( C): 26 
O.297CE,foCO -
O.2983E+OO • Pressure (Tçrr): 0.025 * • 

~ O-.2796E+CC • ' 
O.2708E+OO • Avg. Breakdown Volt.: 7.82 kV • 
o .2621E+OC * , . * 
O.2S34E+CC •. Stnd. Dev.: 1.37 kV • 

* ** 
o .244éE+CC ." *. '" • 
O.23sc;e+cc • Skewness: 0.057 * • '" 
o .2271 E.+ CC"'. •• • • 
0.21 e4E +c C·. Sarnple S~ze: 98 . • 
o .2097E+OC >t. • ~. • '" 
O.20CC;E+CC u. Rarnp rate: 3.0 kY/sec '" 
o .1922E+OC c. '" ••• .,0 
0.1 J3SE+OO ~'" MINERAL OIL . ' '" 
O.1747E+CC'tJO· •• ••• • 
o .155CE+CC CIl '" • ., • 
o .lS73E+CC-t:. • * •• '" 
C.14ese+cc • *.. '" 
C.1398e+ocCII* *. -*. • 
o. 1310E+O~ >* * ~ *.. .. 
O.1223E+OC:;1* * *. • 
o .1l3éE+OC lIS- • •• 
O.11J4er:+oc r-f* '" .-:. 
o .Cf610E-Ol QI. *.- . * 
O.E737E-Ol~. • *. 
O.786~E-Ol - .' • '" o .5989F-O 1 - • ...... 
O.6116E-Ol * * * • 
O.~242E-Ol .. • '" * 
o .436~E-Ol * ** l' * • 
O.349SE-Ol "'. "'* * 
O.2621E-Ol • * * '" _ *. 
C.1747E-Ol .,/ •• 
o .e737E-02 :+ " \., ~ Breakdown Voltage kV • 
o.~ - •• ++++++++++++++++++++++ ++++++++++++++++++.~++++++++++++++++++++++++++++++++++++++++* 

.. 
~ 

* ••••• **.****** •• *.**.*. *******.*************.*********** •• ***.** •• ***.* •• * ••••••••• * 

~ ~ ? : ? ~ ~ ? ~ ? : : H? ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ? ~ ~ ~ ? ~-? ? ~ ? ~ ~ ~ ? ~ ~ 
\) 0 0 0 0 0 0, 0 ccc C 0 C C 0 0 0 0 0 0 0 0 0 0 C 0 0 0 0 1) 1) 0 0 0 0 0 1 1 1 1 1 
3 3 3 3 ~ 3 4 4 4 4 4 S 5 S 5 6 5 6 6 6 7 7 7 777 8 8 8.8 e 9 9 9 9 9 0 0 0 0 0 
o Z 468 9 1 3 ~ 7 ~ 1 3 5 ~ 8 024 6 A 0 2 4 679 1 3 S 791 3 S 6 8 0 2 • 6 8 , / ~ 

)(-,AXt5 (HC~IZONTAL-AXI~) EXPO~E~T 2 '--" 

y ~AXI"'UM 

y '''l''I~U~ 
)( ~AXI~l;'" 
X ~["[MU~ 

o .'36t:93E+ 00 
c.o 
O.I0880E+02 
O.300COE+Ol 

~~d;'1\. ~i!::& .. ~*"i~-~ -~~~-

.. ... 
FIGURE 4-14-a 1\ 

i .. ""'"~ , ... \; 

., 1 

fi 

/ 

" . 

1 
...... 
0\ 
\0 
1 



('; 
't-

~ -'- ~ 

..". 

... ~~** •• **~~~.**************** ... ****.*************.*~*~***~**~***********.*****.* ... ,. •• * •• 
).57"l~E+-:;~ * -.- ... 
~ • 5':> 0;; 5F + ,) C '" ~ • 
:.~517F+OC ~ -
;.5,79F+OC * MINERAL aIL '* 
'.S241F'-4--"C .... 
'; • ., 1 0 31": H~ -:: '* 
". A':)")C;~'-4--C'C' *' 
C • 4'3 27E -4-- r:' (." .... 
""\. t:.( '3-9F+00 '" 
~.4"lr::;1~+CC >1< 

':'.4.0.1.3':+')':' ,., 
t). il 2 7 ~J:: + 0 C *" 
,... .4'1 :3 BE +c 0 -1< 

~.4000F:+(lC * 
').3'3~2F.:+CC .... 
-.~724"'+~C ... 
'.35p,:C'+O" * 
- • 34 ~ AF.: + (' C *-
-.331C<=+CC * 
-. .3 1 7?E + c" :>."" 
.,. 3~ ,4F+Ot; U .... 
:. 2"OE<="+CC c. 
'.275~E+~(, ~ .... 
"'. ?~OF+ cc tJ1"" 
'.2~83F+0C <V * 
-. ~345E+nc ~ ... 
- .. 2? 0 7'- + ç cp., .... 
,'.2069F+Cr: <V* 
'. l011f:+('Ç :>* 
~.179~F+OC·.-i* 
-.11"~5<="+':;C +1. 

:: • 1") 1 7F +0 0 ~ '* 
.1 '7Q r:-+,ei.' 4J* 
• 1241 C .. .'~ C ~ ... 

".1 t Q3Ft00 * 
'::-.965l\.F-t;1 ,. 
- • R 2 7 C;F - C 1 "* 

.::-4 

~ 

'. . 

'" 

'" * 
* '1< 

* ,. 

* *" 

• '" 
* 

'" 

* 

'" ,. 

'" 

'" 
'" 

** ** ,.. 

,. 

*'" * '" "'*. 
* •• -. '" *'" ** .'" 

Experiment No.: 49 

- 'IL 

Gap length: 250 -microns 

Temperature (oC): 26 

Pressure (Torr): 0.02·2 

;";g. Bt;eakd~n 'Vol t. : 7.6'8 kV 
"'1 ' , 

.Stnd. Dev.: r 53 kV 

Skewness: .1. 51 

Sample size: ~ 8 

Ramp.rate: 3.0 kV/sec 

\J 

'" ... 
* 

'" '" .-'-
'" 

---

~ 

• 
'" • 
'" .. .. 
'" '" • 
-1< 

• 
* 
'" >Ir ,., 

* * 
'" '" ,., 
... ... 
10 

* '* ... 
• 
'" * 
'" '" '" 
'" '" 
* '" "'.ryq')fF-Ol *" • >Ir. * '" •.. ' '" * ,>Ir* 

'.5<:;171""-1"1 .• •••• *... "- * • 
'.A13R""-,)I'" * ... ** ,. ... ... ... ***** 
'.275RF-Ol ... ~ ... • *- ... '. • (; ... 
~.1379CO"-·CI >1< Breakdown Voltage \ *, * * kV'" 
- .. C * •• ++++++++++++++++++++++++++++++++++++++.++++++++*++++++++++-4--+++++++++++++++++++++~+* 
, *********~*.********.***.*"'***"" •• **.**~."'***"'*"'*"'****.** •• **************************** 

f) (' C .... r ccc' 'c ~ c c (' C" -:: ,... r:: l': C C 0 (1 '? () C (\ (1 0 ,) C C >0 0 a C 0 0 0 0 C 0 0 .. .. 
~ 0 C 
:\ 3 3 
-: 2 '" 

.. ~. 

cc': ::. C 0 
1",\4 AlL 4 
7 q 1 35 7 

4 • 

C ç 
'5 
C 2 

x-AXIS (H('t;IZntl~AL-·A'l<.TS) E.XoPCNENT 

y .I,UX r~uo,A 
y o,ATNI U l1 ... 
'J( ~A.xtM\J'-1 

x t-4INYlAU'" 

r;.~70?",r+('-:" 
(j.: 
(1. 1 2-0(' (' r +.:? 
r:.3'JC('C'I_+( 1 

~_ ...... --~~'<,. ....... "'"""'~ ... ,_.' 

• • 
C ,r ') 
:; :: C; 
4 f<. P 

;> 

• • • • 
C c- ,) t:- e 0 ·0 0 0 0 
6 f- ~ F f 7 7 7 7 '3 
C 3 c::; 7 Q 1 3 M ~ 0 

FTGURE 4-l5-a 

- -----... .--- ....... ~...,.,........ ...... "" .... $ j '!'JJ~#._ .... 

. .. • • • • • • • • • • • • • • • • 
0 CI C 0 C ~ C 0 C 1 1 1 1 1 1 1 1 
f' B 8 ~ 9 9 9 <:> 9 a (1 c 0 1 1 1 1 .1 
2 4 f. 9 1 3 5 7 9 2 ~ 6 ~·O 2 5 7 9 

,. 

_ r-r;;;;._ ...... ~-...~'-__ ....... ' 

..,., 

~ 

11. 

1 ..... 
-..J . 
0 
1 

'V 

1 
1 
\ 



~ $f CM J •• ~ 4 w, mou .... ____ ~~ .'" >-y. __ ~~ ......... ..- ___ .......... - .... ::.. - ___ ~.,..r~~ .... ... 
~ -,""""" 

r .. 

**ft.*$.**.~.**********.******.****.*.********.~********** •• *** ••••••• * •• **** •••••••• ** 
O.fl12E+CC 
C,.!:'>f:l7E+CC 
,O.~A21E+CC 
0.=67(:E+CC 
0.55301:+00 
O.!:385E+CC 
O.!:23';E+OC 
o • !: 0 94,E + C C 
O.4948E+OO 
C.48C3E+CC 
o .46-57E tCC' 
C.4~1~~+CC 
O.4166Et-IJO 
C.422CE+CC 
o .4~ 7=EtOC 
C.~92C;E+CC 
O.~1A4E+CC 

... 
• • ... 
... ... 
• ... 
'" '" ... 
'" ... 
* ... 
• *. 

O.::é3EEtCC • 

'" 
1 

/ 
* 

o .:!49~E+CC * 
C.::':47E+OC >t* 
a .22C2E+CC g* 
O.~05tEtCC cv'" 
C.<:~11E+OO :1* 
C.2765E+OI) 0'* 
n • <: é 2 ce: + CCcv '" 
C.2474E+CC t::* 
C.232<;E+CC • 
C .é:le2E~CC cv· 
C • ;: 0 :: 7 E .. 0 C '.~ • 
e .IJ392E+0C +J* 
e • 174!JE +,0 a IlS. 
O.1601E+oa ...... 
C • 14 5 ~E + C C QI * 
C.IJICE+OCtJ:* I~ * 
O.1164EtOO * 1* 

• 

... 

* 
* 
.1 

'" 
~.", 

* '" 
'" 

'" 

.. 
>II: 

* 

Experimen t No.: 48 

Gap 1ength: 250 microns 
Temperature (oC): 26 

~ 

Pressure (Torr): 0.024 

Avg. Breakdown yo1.t.: 8.7 '2 

S tnd. Dev.:' 2. 3'2 kV 

Skewness: 0.929 

Sarnple Size: 102 

Ramp rate: 1.0 kV/sec 

MINERAL aIL 

kV 

'"' .. 
... 
• 
* ... 
'" ... 
... 
'" ... ... 
'" ... ... 
* ... 
• 
'" • 
* ... 
... 
• ... .. ... 
!l' ... 
... ... 
• ... ... 
'" C.IOlgE+OO • ... 11<. ••• 

C • E 7 ::! 2F - C 1 * / "',. '* * /' .... J. •. • * •• $ • o • 7 277 Ë - 0 1 • ;1 • ' ...,.. /.\ ..... ... ~. •• 

C.=821E-Cl * * * ** < • ... '",-*/* • ***'. * 
C.43éf:E-Cl * ,. '" .. * *. * / \ * .. • 
C.:2Ql1E-Or .. ..' ...... *. __ •• ... 
o 1455 E - a 1 ... > ,. • * . kV. 
c~ . *.++++++++++++++++++++++++++++++++++++++++++++++++++++~f~~f~~~+Y9J~J~ft+++~+++++++.+. 

**.*.**.************~***** .. ****.*** •• ****.***~.***.********* ...... ***"''''***~** ... *** ... * •• *.** 
o C 0 0 0 0 cac CCC 1) 0 C' C t) C 0 0 0 0 0 'J 0 0 C 0 0 bec C 0 (1 (1 n 0 0 0 cO C . • . . • • . 
0 C c a 0 0 0 0 c 
3 j 3 3 4 4 4 (~ 5 
0 3 5 A 1 3 ~ <) 1 

. . 
c C C 
5 c~ (; 

4· 7 C 

• • 
C 0 C 
6 ,6 (; 
:2 5 p 

C 
7 
C 

C 
7 
:3 

0 0 0 0 ::> 0 
7 7 8 8 8 A 
n H 1 4 6 9 

. • . • • • • • • c 0 0 1 1 1 l' 1 1 1 1 1 1 1 1 1 1 1 1 
9 9 <} C C o ta 1 1 r 1 2 2 2 2 ~ 3 3 4 
2 4 7 0 2 5 8 1 :3 6 Q 1 4 7 Q 2 5 7 0 

X-AXI~ (H(~[ZONTAL-AXI5) f.:XPO"Er-..T Z 

1 

FIGURE -4-16-a, 
.Y ~AXIMU'" C •. 611~4E+OO 
y ~INIMU'" c.e 
)1 flAXIMt..M a .1414 CE + ':>2 
x ~INrMl.M ? • 10 (' :J 0 F * , 1 

1 ..... 
~ .... 
1 

~ '" ,.I • .oI"J,;:L,~06. ..... ,&i ... ~ .... ....-.. 
, .............. ..,.,~-, ....... - ~ ...... -

&<-J-"""."" 

...... 

" 



-.. -.... --.. -- -.-,--~~~---..... --""'"'--+ .. ~ .. __ .- .. -..- .. 

--o 
\ '" oh -r ";' ....... "'" '" .. , ~,,, "" -A , ~. >1: .. '" ... lit ~ '" ...... .,. 1t",.. .. "" ... "" ....... '" r • >1< ,. .......... '" ~ ~ ......... * .. '" >li: ..... * .". * * ........... '" u " '" ". "' ... ft ...... .,. ............ JI. '" >l-

r .~r:l Ct+(~ \.!:....:--/ #r. * 
C.;q~~E+CC .. • * 
C • êA qF + (' C .. ' Exper-imen t No. 50 ,.. u: .2"c~"'CC 
(."11~F+ÇC 
C .;?=-'{~4E ... rr 
C .il }:>f~+C(, 
r .;::1 '?F+CC 
C.~'C7;':::+CC 
r .2JIIF+J:C 

-C.I'#:-:(<::+CC 
C'.I-jH'":::+O::l 
C.l,<:";::[+(( 
C.t7,7F=+CC 
C.l1Cfr::+"C 
( .1',·.·.)~+0(' 

r • l' t. 41,: + <: C 
C • 1 c) ) 2 E '* ': «'" 
C.lr~·"~L+r:,: 
C .1/1('1'-+C( 

* ... 
'" ,Jo. 

"" 
:10 

'" .". 

'" '" ... 
'1< 
1lt 

... 
... 

MINERAL OIL .. 

.. 

'" 

** .. 
>1< 

~ 
'\ 

'" 

>le 

Gap Length: 250 microns 

TemperAture (oC): 26 _ 

Pressure (Torr): 0.0184 

Avg. Breakdown Volt_: 9.70 kV 
Stand. Dev: 2.48~V 

Skewness: .727 
Sample size: 74 

Ramp rate: 3.0 kV/sec 

• 
* 
'" .. ... 
'" li:' 

". 

'" ... .. 
r ,.. 
'" .. 
... 
'" (l-

i< 

1 

:>,'" 
o~ 

c • 1.- " C F + :: (' c,.. 
C • 1 .... 7 c; r=: + r:: c (1) ..... 

('.l?l',C+~C ~ 
c • , 1 co i:: C + -: c <1.1'" 
C .1 c ,7 t +r:! 1') ~ 

·(.IC·O=+(( ~ 
C • r, 7 Il F' r: -" 1 ~ (1)* 

( • <. 1 .: l, ': - CI:>" 
C • Q,., ~ C f=" -1] 1 .I"""f* 

C.7'';21E-(1 ~ 
r:: • 1 SIl E - 0 1 ~* 
C .(7r:~r=.-C l -4)"10 
C • é C C -21': - ,. 1 ~ 

,., "4< 

... .-­.. 
· , ..... 
... -..1 

IV 
J '" 

C.C:4'\':f:-Cl 
E./'<>7 IlF-'::1 
(' • II ) l' ~ 1= - C 1 
C ... ( 'l'- c: - C 1 
C .:'Î(,( ':-01 
c • ;::: l, H' - C 1 
r.v!."'''::-C'l 
o • 1 .> 1 t~ <= - QI' 
~ • f " " :: ! ~ - ç ;: 
c • c 

... 
'" 
'" 
'" ... 
* 
'" 

* :ft 

* .. 

c, 

'" '" /. 
'" 

:::--,,\:, 

* 

.. 

'.* 

" ... 1 
• 

/ "* 
-..... 

* 

'" 
'" 
•• 

'" * 'i< 

'" * 

.. 
/ 

/ 

/.,-- . 
• "'/ * 

' . 
• 
'" '" 

\* 

'" 
>le. 

'" 

~ 
• 

'" ... 
... 

'" '" • 
* 
'" 
* 
* 
'" • • • 
'" n: JI< • ' • '... kV. ... 

11< * Breakdo Vol t - ",,ri. ... 
",.++~+~+~++++++++~+++~+++++++++.+++++++++++++++++~++~p+++++ppç+++++++++++++++++++++++* 
**~~ '*-*"'~~~.*~*~~+**1t"* ... ~***~**** ... **.*.********** .. ***** ... ** ... **********.**********.****** 

C r ~ 0 , 0 20 ('c CCC C c 6 C 0 0 n 0 0 0 0 C roc 0 C 000 0 0 0 000 0 ci 0 

c, c 
~ 3 

"' 

C "! 

"1 '. ( -:: 

é) 

0-
~ 

• o 
4 f. 
h 9 

:) 
'c> 

2 

r C 
~ 5 

<;, 

• • 
C C 0 C 
1': b 6 7 
2 ~ R 1 

. .. 
c C 
7 7 
4 R 

• • 
C :J 
Q A 

4 

• a 
'3 
7 

• • • • o 1) C 1 
Qg,')') 

) 370 

• • 
1 1 

li 0 0 
~ 6 q 

• • • 
l '1 1 
1 1 1 
2 (, 9 

• 
1 1 
2 2 
2 '3 

• 
1 
é 
A 

• 
1 

..... . 
1 1 1 
3 .3 4 
~ 8 1 

1 
4 
4 

1 1 1 1 
4 !::- 5 "i 6 
7 0 4 7 0 

x-rx'(c: C/.r1dlIJ,Ti\l-AXISl f~Xpnl\rl\T 2 '-

~ fJ,\"ç't·."u'." 

y '" t " 1 r~ U" 
)0. :II,\l(IHl'" 
)1. /<l, '-1 'lU 11/ 

~.?r;~. ~qt-: .. c') 
':. . ~ 
,:.lbl·.'C'''+'''~ 
~ • F' t ',~ + (' ~ 

_iIzrD'*''''-' ~-~ ........... ---

FIGURE 4-17-a 

,.4l 

w,", 'Go. l #*".1'" ...,., .... " ~- ...... ---~~, ... -. , --.. ..... --.--....-.............. ---
",; 



1 ..... ___ _ 
iW4W .... JiQijL ....... :;::q;;_~* lAi"! . .,.."'"' 'Uj ... AA~- ,,",_*.,..._~ ____ 

r-"1 
,~ 

C .':'5 ~~)E+~r: 
(,.!:4C~E+O~ 

C .!:27;:E+t:C 
(" .~l"CC+(:': 
C.!:f')':PF+t:C 
C.487éE+0-: 
C • 4 7 4 /t F + 0 0-
t::.461~E+CC 
('.44 Q IE"+t:t: 
C.434C;F+~C 
c • 42,1 7 E + C C 
C .40"!:'E+CC 
C.~q54E+CC 

C.~~?2F:+I),= 
C .:!t:<;CF+CC 
(" .~'5~PE+CO 
Co"'4?7F+C( 
(' • .3?<;~F+CC 
C.::1E3F+CC 
('0~1)1IF+0C 

('.éeC;<;F+':C 
(" • .,76fF+CC 
r: .26.3éE+C'= 
C .~5C4E+C': 
'c • 2 ~ 7? E + O-ç 
C .224CE+CC 
r021':'<;E-tOO 
C.IC;77EtCC 
C.184C:E'+CC 
C.17r?F+CC 
O.l'3HIE+OC 
C.145C"E+CC 
ColHFE+OC 
C 011 PtT +Cy 
C.ICS"tE+CC 
C 0<;?2'~C-( 1 
C.1QÇ7 r -CI 
C.ES/ocF-CI 
r: .':27?F-(1 
C .;9'1"tF-C 1 
C • 2 f) ~ f· E - Cl 1 
C.I11PF-Cl 
C • C 

," 

••• ~tt •• n~.w •••• ft •• *.*~ ••• *_~* ••••• *.*.***.**.**.~~~.** *.w~.*.* •• *r.*'.~*r.~*.*~r*-~ if"--' .. 

.. '" ..,. ASKAREL ' 

.. * .. ... 
• ... 
:$ ,. 
... 
..­
... .. 
• .. 
'" • 

• 
* 
* 
• ... 

* 

... 

,. 

>.* 
0* 
C .. 
Q) ... 
::l 
0'. 

. ,. 
Q)* 
I-t. 
lZ.. 

Q)" 
>. 

• ,-i * 
~* 
III 
r-l. 
<IJ+ 
p:;* 

• ... 
• • 
* • ... ... 

'" 

'" ,. 

.. 
• * • 

'" •• * 
* ,. 

. * 
... 
• 
:10: 

~ 

'" 
* 

* ,. 
.. 
* 
" .. 

• • 

. 
~ 

.. 

** • • .. 
'" '" 

* ... 
* *'" ,. . ...., 

.,. 

Exper imen tNo.: A 

Gap Length: 150 microns .. 
o _ 1_ '" 

'Temperature ( C): 21( ~r 
pressur~. (Torr>.: 0.1 (avg.) 1-

Avg. Breakdown Volt.: 5.02 kv 
Stnd. Dev.: 1. 24 kv' /_ 

'" Skewness: 1.234 » 

Samp1e Size: 121 

Ramp rate: Mixture 

.. 
..... 

" 

'" 

~\ 
. ~ 

". 

, . 
.... 
,. 
~ 

'" ,. 

.. 
... 

.. .. '" ** .. .. ..... . .. *. '* '*... • ... ,...~ 
't* * ' •• ",*. .~...... .... Breakdown Volt , ky t-
•• +.t •••••••••••• + •••• + •••••••••••• ++++++ ••••• ++ ••• + •• +++++++++++.+~ ••• &", ......... ~ 
*.**-V •• ~ •• ***.***$*.*.*.**;********~.* •• ft~*.****.*._ •• ~.*.~*~* ••••• ft.**~_W~ •• ~ ••••• **~ 
. ccc 0 ') C' 0 C C ( ( C C - r; 0 0 -0 (' 0 L' 0 .; (1 ,., ç (' 0 (" cc-.... C 1) C r< C. 0 (' ~ • . • . • • • • • • • • • o •• • • 

? é' 2 .5 3 3 :3 3 ~ 4 4 4 ,~ 4 4 S c: 5 '5 5 5 ':> (, 6 6 é () - 7 7 7 7 7 7 7 q ~ FI i' il il ·1 <J 
c; 7 q C ;:> 4 5 1 ç C r --3 5 7. R (" 2 .3 5 7 B'" 1 1 C) f, 8 f) 1 "3 I~ f: 1'\ '1 1 ~ 4 (, q ') 1 :' 
q () ? "\ '5 1 7 I~ C 't ] '.9 <J ? FI 1. 1 7 :3 o~ 6 2 Q <) 1 fi 4 ~ 7 '"i .. ? F3 -,'3 .7. " 'J F- , 

" • x-/lxr~ ( t- C J' J zr N'" 1\ l - A )( 1 S ) CXPO"E"T l 
y ~AXIMl.'" 

y ~T"r""L'" 
)C "'I\)CI"'L'" 
x -~ r 1\71 >A U ~ 

........ '""""-'""" 

C.O::'J3'.lr+~'1 (,." 
C."37?"F+')1 
C • ;: r) ( L) 7 f ... ~ 1 

FIGURE 4-18-a-

, 
- - ~""""':;''!l,~,,'''1 > ..... ~_'!"..-I_-~fi.;""" ..... ' ,..' -~4". ~ ____ ~ ....... ,, ___ _ 

Q 

'" 

1 
~ 
-.J 
W 
1 

J 

~ 

j 

\ 



" 
IL C :ai li eSCJ42 '.'I$ ........... ' .......,~~Jft ........ "*" .... _~_.~,....",~ ~"'-~ ___ .. _ ""-"~ .... ~ ___ ! .. _~ _ ... __ ........ ..- .... _ 

J~ 

~ 

"...... i • 

r 
-, 'lit ' -... ** •• *.~~ ...... **** ••••• ~.**.~"'*~.~* •• *.*** •• ~ •• ~* •• ~~ ••••• ~.*-r.~ .. *~_~.~.~·n.~ ~ '1:: .,. ~ """ "" t" 

,. .~P2tfO+CC 
C.'56P2F+CC 
C .~'3/lqF+CC 
C' .!,,4t'1'lF +')0 
,. • '5 2 (: 7 C +. C C 
::'.~12eE+çc 

,.. .. ' 

'" *. '" • ••• • ,.. 
... 

C.4qACE+'::::: ... 
c.4eC:1E+r:c ... 
C.4712E+CC • 
C' .4S74ï-+C': * 
C.1\4~"'E+CC ... 
(' .42 c 7F+Cr: ,. 
,. • "II-'"i f> [ +''0 " '" 
C.4':1c:;r:+ce ... 
c .:: 8 ~l 1 L + Cc. 
r:.~74;:E+Cr: "" 

... 

><-

" " .. 
* ... 
• 

'" 

~. 

'" y. 

... 
<Jo 

"Jo 

*' • 
'" 
... .. 

c .3~C'4[+O'J .. :ft .. 

C' .34t''''F:+CC ,.. • • 
C.2~?(F+~C ... • 
Ç.21P~F+CC ... ~ ... 
C.~~'lcE+('C ... .' 
C'.2<:;III"'"+CC .... ... 
r .277i=F.+CC • .* 
C.~~]~F+CC ~. • •• 
C.;::4-1~E+Cçs::* ... * •• 
O.L':l,:rE+CC ~.... .* "' .• 
: .;:?I ~F+CC 0'* .. 
0.2IJ7C;E+CCCU* ... 
C. lq4([ +e C '"'. '" 
C.IAC2F+CCIZ.. ... 
C.166:'E+CCQ). ~ 
C .152':F +c.~ :> ... ,.. 
" • 1 3 P ( F + C e'ri ... ,.. 

J 
Col2/~7F.+OC~. '" 
C.ll .... <;F+CC!:* .... 
{'.<;7-:rF-~lQj. ** 
C.P)lfF.-':'IO::'" ...... 

.' 

Ç.f9]CF-CI '" ...... ,..~ 

ASKAREL 

Experiment No. B . 

Gap length: 150 
o Temperature ( C) 

microns 

21 4 

Pressure (Torr-): 0.12 (avg. ) 
Avg. B~eakdown'Volt. 

Stnd. Dev.: 0.76 kV 

SkewneS5: 0.;793 

Sample size:'120 

Ramp,rate: Mixture 

"'" \, 

: 3,.97 kv 

r..~5~4F-Cl '" ...... 
'C.415PF:-':'1 ... ** • 
C .é.77é.F.-C 1 ... '" •• \ 
c. 13n(,È - Cl" Breakdown Vol tage * * ... • kV, 

-{ 

"-

.. 

-t-

.. 
,.. 
~ 

,.. .. 

.. 

... 

r 

" 

r.c '* •• +*+~++~++.++++.++++++++++~++++.+++.+++ •• ++++++++++++++++++++++.+++++++++.++++ •••• ~. 
*~.*~ •• ~*** •• *.*~.**~*****.***.* •• ****~ •• *.**~*~* •• *-~***.**~** •• ~* ••• ~** •••• ~.~ •• *~.~ 

IJ C S ç 'J 0 (' c' cc') CI)': r: ,... -C ': 'J ., ccc 0 C Î. C ,.. t) r 0 ': 0 C 0: C 1"-- r , "'1 ' 

;:> 

f­
R 

? 
9 
7 

• 
3 j 

C 1 
'5 4 

3 
2 
2 

• 
1 
.3 
1. 

• 
3 
:3 
'~ 

. 
~ 
4 ,~ 

A (" 

. . 
.." .. 
t: 7 
S. ~ 

. . . 
~ ~ ~ 
p q a 
2 (> H 

• • 
4 4 
C· 1 
7 <=. 

• 
4 
2 
4 

ft 
~ 

2 

4 
4 
1 

• 
444 
45" 
q " (, 

4 4 . ~ 4 ") 5 
q (' (' 
? ô" t:; 

. . 
c... ') 

? 
7 t) 

c., C; 
3 .~ 

4 ? 

. 
'" .. 

. 
<j , ") 

<, " 7' 

. 
~J 

'i 
~, t..., c=; 

'" 
<) 

:1 

t-
" 
;> 

(. 

1 
(' 

• 
fI 1") 1) 

l ,? -. 
Cl 7 '" 

X-~XI~ (~(nIzrNT~L-AX[~) rXP~~,-~T 1 

y ~AX[MU'" 
'V 1\1 [~,I ML'" 
X ""XI"-U'" 
X 1II11'\1~UW 

C .5A~1 1 E+"') 
C • (1 . 

0.(,,jQ 1 flE+':1 
C.?HPl3r-+:'1 

FIGURE 4-l9-a, 

r'" "'-"-.. -~:" .. --~ .. , 
.. _..-.- ..... i'd ..... ""~'-" 

"l. 

1 
!-J 
-...J 
",. 

1 



Il 

.-"~J!O!',. ....-~ ... ~-,~~1<..> ~ 

,.-.. -, 

l.4 C4 : ~-+ 1 

).-14?2~+-.Ir 

'. 4. 3 1 6'- + ) " 
'.L?lrC+"'r 
~l '" LJ 1'-" r; ~ ... ) , .... 
". , J ~ 1 r: t- '" 
l • 1 A q '\ - +- 1" 

, 177"''''' +- 'h 

.. _~':;':' 7 r + .. ".­
) .. ,,,,l''''':;~nr-+ ,r 

• ~4<=1-+ \,' 
J.311'l.4r:+)~ 

~.3?~.<..-+-'r 
., ~ 31 ? Of ... ),.... 

"."".)';!r-~+ 

'.?'112-t­
"., ';JO "'li' .... 

," 

.... , ?,~ "}~'- ..... r'l~ 
'. ;>'C::Q:r""'-+ "'1' 

).;->6"1'=+ l,' 
'.2 17,r t-:\,', 
_,.?",:.-,+,r 

1 ? 1 c- 7" +- ,',­
.;:"~It":[ .. ~·' 

• 1 G "- 1 r +- " ': 
'), l " 3 ~ ',' t- '" 
, • 1 7? F 10 t-' , ',' 
"'""'.1 r .,1f3r-- ... \,.... 
...... l '":: 1 1 ~ - .... t .., 

.1é\?Ft-I' 

- . 
If" ~ 

4- ~ ... rr ~ ..... ~ *- t- * .. ,... .. '*' .... 1;- l": r ~ r lt-- .. * * .. *" ... *' .!Ir:. *~ ..... *.., ~ ... * ........... '1> If" .... * ...... '1('" ""1'1:"" -; * .. ..".,. 1" * ... *. * .... * * ............. -. 
.. .-+ ... 

'" .... .. ... .. 
... .,. 
.... 
... 
.-
*" 
'" .. 
'" .. 
t-

" .... .. 
'" ... 

>t" 
u"" 
CP 
(j) ... 

~ tr' *0 
QJ~ 

'-1'" 

r....* 

t-

.. 
t-

,.. 
* 

t-

.... 

,;, .. 
,.. .. 
,.. 

" '" 

" 
ft 

,. 

... 
.. 
... 

+­

• "' . 
* 

.. 
..., 
'1-. 

.. 

'--.. 

... 
~ 

.... 

ASKAREL \. 

E~pe['iment No. : c ..... 

Gap Length: lSQ microns 
o Tempel:ature ( ç:> 21 

Prezsure (Tor r) : 0.12 ( 

Avg. 
avg. ) 

l<v Bl:"eakdown Vol t.: 4.79 

Stnd. Dev. : 1.28 kV 
S~~wness:l.048 

Sample' Size: 96 
Ramp rate: mŒtl.1re 

... '"'>. 

;:,. 

.. 
.... 
'" 
'" 
'" .... 

.. 
'" .... 
... 
-­'* 
'" ... 
~ 

.' ..-
• • ... 
.... .. .. .. 
'" .. 

• 1 ? r: 4: t- \., (j) ..­
'.11 qr,Ft- if' :> .. .. • • 

t-
• .. 

.J,lî7r;r .... '-
"q'?"7:- '1 

- .~ R ~ (-.» Cf r - --: 1 
r.7c:.r..·~-'1 

'.~4"lr_-'1 

""l.~lr:lr-'1 

'.4 31 ~r-')1 
'1. '1? '1" <'"- ' 1 
..... ~1";7'--)1 
1.1"'7 C r"-)1 
," .. '\ 

.~ ,... 
-'-'­
tU., 
rip 
(j) 
~t- ... .. .. 

• 

'" * 
.. 
• 
** .. 

.... 

'" :(1 

... 
p 

". 
'* .. 

'" * .... * • ,... •• 

l' 

:t 

.. 
l' 

- '* .. .. .. 
~* 

IF -* '* li" ,. 
... .. • .. li' lr' ... 
~~~.t-t-~+++++-t-+t-++-+t-~++++++-+++++t-++++++++++t-+-+-""++~+*+t-**~++-~~~~~~yph~+~~V+++t-+++-. 
~+~*~'.*"*P~**"**''''*~**.*.~**P* •• *.* •• *****.**''*~~***.****.** •••• *.**.** •• *.* •• ****~**. 

.. 
,~ 

Cl 

"1 

., 
l 

r' 

.. 
~ 

1 
7' 

.. 
~ 
l 

2 

.. 
3 ~ 
4 F 
l' 

& .. 

:1 1 
7 c; 
f-

• 
L' 

o 
~, 

2 

#""r.,. t_ d ... , l''I.~ r r \.~ l'" 1) "'1 V 11 C ~J '""'1 ,. <' t .. 0 ù ~ 1; ( J f~ 

s • 
L 4 
• LJ 

ç 

• 
4 

" 
I.l 

• • 
" 4 
7' 0-: 

Q ~ 

• • c:: ~ 

"2 
A 3 

• • 
.3 CS 
Q .? 

• 
<; 
f',. 

7 

• 
'" p 

2 

• :: 

q 

t: 

• 
l' 

1 
1 

• r. 
2 -, 

• • 
t ( 
L 5 
\~ c; 

• 
( 

7 
" 

• • 
f: S 
'3 q 
4 c 

• 
7 
1 
L'. 

• • • 
777 
? LJ .C; 

o 3 p 

• 
7 
7 
:3 

• • 
7' P 
8 'r. 
7 2 

.. . . 
A ~ " 
1 .,~ 4 
7 1 f 

• • 
f>. P 
f- 7 
1 t> 

• 
"1 

9 

" 
x - II, X. T -:: r H r ~ T 7 C ~, T ,A L - h X r r) t ,,-r C 1\ f. ~. T 

" v r-.'r..xr·~l1·1 

y ~ r N J "1 J .~ 
\( '~.Il '1( T "\ ,'1 

')(. ~l'I!··IJ'.{. 

~ ... 4 r- ,. _ f t::: +, \'-
r. ,7'= '1. ~. 

• ?H7,. ,...,1- .... ' 

FIGURE 4-2Q-a 
,. 

~ .... 

~"""'~ ,,."'" ;fi. ...... ~_.!. ... ,,-~ ..... ~~-

t p") 
.1. '\ t~ 

1 
~ 
--.J 
\JI 
1 

<' 



L ".' ] a ai Z 4 %L (ta ." ~&4''''''ii"""",,,,·Q $ 

!! 
,~~_~n __ "" ~ ~ .......- .. ~.,., ~_ ... 

;> 
r; -' 

""- ~~.~~~~~.** •• *.****~A~~** •• ~ ••••• *** ••• ' .~~~.* •• -.A.*.* •• ~*-**~~ ••••• ~~~ ~-~. 
"J. F7 ~ "[0+ )-: 
O.,I',c::r-,)::: ... ): .. 
r"J • '" Ar,' :-... )."') 

-J- "''''* P 
• "'****** ** 

.,.r;:>l1.;E ... ·'" 
C • r, ": q r; '" ... .., (' 
r.. :; ç ? '.: r: ... \1 ': 
ç.~7~r-:::+·l·':' 

,.. 
* ,.. 
~ 

'" ::.5(·~_~t:+'\r: * 
~.., " ~ A 4 C""'" + ) r - ~ 
') • ~ 2 Q t; r- .. ).~ ole-

n. ': 1 2'~ r: + ,) r: .. 
).4q(.t~F ... ·1"' >1< 

C.4~{)~~+ '\; 
~.4.54C·=:+~r: 
,) • A 0. Q r:' ~ ... f' J 

" ,. 
'" 
* 

" '* 
r 

t~ 

.; 

* 

• 

"" . 
'" li< 

>t­

*-
• 
~ ,. 
.. 

* 
'" "" 

<Jo 

,. 
'" 

* ,.. 

ASKAREL 

No. E Experiment 

f~~~~'length: 
~/ Temperature 

100 mJ:crons 
(oC) 22 

(Torr): o.11(avg.) 

,... "U ":'1"" * T , 

li< .. 

" ,. 

" 0.412"':+'1" 
0,41 FC,_+,)I) 
:.4._~I"''''F,,: le 
').~P4"= ... ,.· 

:>,'" 
u .... 
s:: * 
<1.1 * 
:J 'II< 
Of 

"" 
'" 

Pressure 
Avg. Breakdown Volt.: 3.98 kV 

.1. 1~ q:-r: ... ~-: 

1'), 1 ~ ;> ') ;- + !) ;"' 
;) ~ 3 ~ ~ ": /:: + ~ : ~ 
('1 • "1? ) :' r-... \ r 
C. ~.:" ~r· ... ,)'~ 

<1.1. 
",.. '" r...,.. 

C • 2 F n ') -: .... 1 ': <1.1'" 
..... 2? 2 " ::: ... ',' :> '* 
"'.2::~"'c;+·)r;·.-I li'­

.: • ? 4 ~ c': ... .J') ~ " 
1) • 2~? 4 "": '= + ' ) t) r-f 
i' • ? : P r: :_ ... C'" <li .. 
.) • l ": ? '1 F -+ '1 r, 0:: >1-

• .,. 1 7 f· .: co + ' .... 
. '. 1 F I~ ");- + .) t~ 
,). 1 4 4 : e + ) (" 

*' ... ... 
* 
* ... 
..... 

i< 
è 

* 
,* 

.., 

* JI! 

... 
'" 
... 
'" * ,.. 
* p 

"*' .. 
*" '" 

.. 

.. 
• 

". 1 2 Q a ~ + .) .' .Î. 1 1 2': ~ ... ': r~ 
'.le ç::;:: r;r::E-('Il 
::.7GCC;'-1t 
c. '54.,', c:- JI r ~ 

p * 
'* '" 

Stnd. Dev.: 0.48 kJ 
Skewness: 0.583 

Sample size: 121 

Ramp rate: 3.0/0.75 kV/sec. 

( .• 4 '? '/' r ~ - ,~ 1 
1). ~? 1) .; r _.) l • 
:.1 f- -,'r-'J 1 
(\. ) 

.; "'* ** ~* ** Breakdown Voltaqe kV 
**+ ... + ... +++++++++ ... ++ ... +++ ... +t+++ ... +-+++t+ ...... * •• ~*.** .... +++ ... + ... + ... + ......... +++++-+++ ... +++ç++++ .... 

'" 

++++++t ... 
r******.*.***.***.***",***.**",***.**·~*.~",*.*****~***~ • •• ~**~++ ...... ** •••• *~ •• *~~~~~* •. ~ •. 

.J f) ( .... t: G . ~t) ((... 1""i • .! \' J t"'\ r n t"l r'i ( IJ t' ./' ~ f"\ r' 1__ t ) 
, 
~ 

., .. 
:3 3 

1 
7 '" 

.. . 
... , 
2 2 
2 Q 

" .3 .. 
r 

• ., 
4 
4 

• 
3 

'" 

~ . 
1 3 
cs '"-
Q 

x _. ~ x T ~ (H C J=; 1 lT," ï 1-1. - " x ! 5) ~ x ~ C "F' " T 

V /<J fl. xl"" U'1 
y WI"IWUM 
)1 '-'A x l "'u'" 

'< /.,IIN!'J']/J 

~-'<'''~'~ 

') ., t=... 7 1 '"; c- r: + 1 ( 

f' e ' 

~. ç- ," 1 l" 1'... <- +:>.,. 
1 t • .3 \ :1 r :- -t ( 

• 
3 
7 
3 

• 
3 
f' 

• 
" 
(l ., 

.. 
~ 
--:; 

4 

• • 
4 b, 

': 
2 ç 

.. 
A 

1 
e 

. .. . 
4 <+ 4 

2 "' .3 
.3 1 .c;: 

• 
(: 

l>. 
c::; 

• 
4 

2 

• 
l 

r 

~ 

6. 
'-) 

7 

FIGURE 4-21-a 

-.. -- ~ ~- ..,u c,~ ... 

o 
4-

7 

" 

• 
<. ,., " t, 

'" -. 
~ 

4-
q 

f: 

, • • 
':. ~ 

Q 

• 
~ 

2 

e_ • 

3 :> 
2 ::, 

• 

'" 

• 
J~ 

.:, ( t­
:L l '1 

• 
7 

.. .. • 
.:> c -:: 

~ 

1 
~ 
-.1 
0'1 , 

'" 



t .c .. ----~- " - -4 

l-k 

.-, 

'" 
4 

.. " - 10' .. JI> \. .. ,.. ,... ... .. ~.,., ... "t ~ ... ..,..... f .. ~ .. ;;t[ .:Ir .... # "lC .. - "'- ... , .. oC. ~ ~ ...... H JIIt t .~ -.,.r .. -or 6' e ... r 1't * - .. "'W' Je: ... li: *''' 't:' t .... -!Ir • r ê rr T 

( • é Y <; .; Et: ~ 
c.;;r;;:it-tr-: 
C .. :;~~ ... fr+c() 
.: .é7r./If +rc 
C • Z 7 ? ~ l' t : r: 
( • ~ '·1 ;- [ ... "'" f) 

(..;::;ClftCC 
,:.r~")t;t-- .. C:: 
r:.ê/'("'Jf+':C 
,.. .ê:::!t...ïf-fCC 
C.2J'lf+ r C 
~ • r 2 r· Ij E- + f~ ( 

C • ;; 1 .; F r + C ( 
C."I.:"I.t(( 
C.':~(('-tC( 

~.éC'::Ç+ÇC 

C.l·',?FtCC 
e • 1 P (- ï r- .. ': c 
l.J .... -li:=t·:C 
C.17~,:::1 t:C 
( • if t • ,1 .. - r 

1 () = ~;I" ... J ~ 
..... • lc; 1e r .. "'': 
r:: • 1 i. 7 ,- ,- .. c r: 
( • 1 Il : 01 t- t -: C 
c 
~ 
'- . 1 ~ l Î' ... : c 

1 ? 7 J !- .. : c 
C • 1 .2 : : ,1: + r .: 
C. ~l ",1: tSC 
r • 1 n 7 r ,- .. C " 
(.lC-tF+:-: 
C.':',:_I-::--:I 
c • ~ 7 '. t' - - 1 
- • F .; 7 , 1· - C 1 

• 7 /, 1 _d -" 1 
C.f7<.1[-(1 
- • ( .: " ~! - C 1 
C.::4;:-7r-Cl 
C.(17f<.~-CI 
.: ./41 -<!- -') 1 
(.:/t't:r-Ct 
\' .;; 7 7; ~: - ~ 1 
·:.clltt--·~l 

ne 

• 

'" » 

" >t.,. 
U * 
C • 
aJ 
:J • 
tJ', 
aJ 
I-t 

~" .... 
aJ", 
:> " ..-t -
+J'" 

"' b ....... 
aJ-(­
p::;~ 

" .. 
... 7' .. 
* 
-l< 

-l< 

'" 

Experiment No.: F' 

Gap Length: 125 microns 
o Temperature ( C): 26 

Pressure. (Torrf: 0.021 
/" 

AV9· 

Stnd. 

Breakdown Vol t. :,7.25 kV 

D~v.: 1.50 kV 

SkewneS3: 0.430 

Samp1e Size: 130 

Ramp rate: 1.0/3.0 kV/sec. 

h 

'" 

;;, 

.. 
~ 

... 

~ 

"" 
,.. 

. \ 

"1< 

'" ** .. * ,.. ...... 

*' ... 
'" 

... 

... 
** ,.. ...... "t~ 

• 
.. 
.j. 

... 
* >0< 

'0 
.. ,. 
* ~* .. 

ft " 

MINERAL aIL 

... 
-x 

.. .'" :Ac 

* '" '" 

.. 
... 
* 

'* « .. -,.. 
"' lit 
J' lit 

01< 

""** ,. 

.. 

'" ,. 
lC< 

*" 
, 

'. ~ .. * 
"'* 
** ... 

", ... 
' . 

'" 

-< 

,.. 

b 
,.. 

-'li ..P 
... 

'<-, 
,.. 

:t- • • 
.- :J'Ir. ,. 

". ,/ 

• ... 
~ .. .. 

-'t ...... ~ '" ~ '( ~ -4t .. ,J:- +:,.c .... tI 

Breakdown Voltage ,kV 
..", f ,. .. ,.. .. l(" .... * "'t ;1. "* '* .... ft. * ~ ~ .. 'n -Je .. ~ ""= • t .. * ... "«:.. * ..... '* ... ..., ..... '* ~ ... JI,:; -.t: >2' ... ~ .. * .... * Jb <6' ~ "1 ~ .,. it f* 10 "~ •• "lr.1 *""~Y'<!' ... " 

) 

1 .. 1 
1 

-: 
,-

) ? 

)(-/XI'- ( f- r .' r ! ( ,... T J\ l - i\ )( l '; ) 

.., loi f\ < 1 '-~ l ~, .: • ~ J ( 

'( 1'w1"IVI;N (.'1 
, ( 

r~ C + J 'j - -
)( ,.. li • ! '-'c" cH' ... ~~.~~~:V' ') . 1 : ,'1 ." 1 

c r, 

C c: r 1) C C (' 0 C ('\ :; ': C r C ' ') C C 

.2 , 
r 
;:- ..; 

': c 
4- ( 

X i .1r>I\i-I'1 • 

. 
~ , 
'1 

4 

.' 

C 
4 
t" 

4 
F 

c 
~ 

C 
5 
3 

FIGURE 

. 
" 
• > 

") 

, " ,., ? 

4":"22-~ , 
.... ~ ...... ~ ~--- .. ~ - -.::.-~--,,~.;.--<-

c 
(, 

r-, 

. 
r 

f. 
7 

7 

. 
r: 
1 
,-

7 
't 

, 
7 

7 'j 

) - 1 

r­

I-' 

4 
~ 
(' , 9 

1 

c ,. 
,. c, 
3 

(C " . 
r 

'. " 
1 
r 
" 

" 
' . 

.... 

1 ..... 
--..J 
-.J 
1 

'" 



, ....... -

:AS; .. :~.(, .... ~tf.i'-"""~~~_ • <t ~,,~ ... , """ --",-t-" 
} 

~ 

..... IV '" - *'" 't 'r... »" '6 ~ :f. ,. ~ ..; • ~ X. :t. ... "t •• .., ................... .,.. 'Ik ... liiIC ,..;. ... -~. :r;t.... .~ .. ,... h. ~ ~ '" lf'" #- :lt ~ 1f' n". ~ T ~ JIll' .:~ , ~ , .. .$: la 1IIIC ~ • ~ ... s. ". 'Je '* t - .. 'II; ......... ~ ) 

C.J"'~-L~:( 

C.177I r +,:( 
C.17~~r0-t~': 

( • 1 t f L f + r: t: 
r • 1'_ '1 t r- -+ ': -: 
C • 1 f. 0 • ~ +- C <: 
C • 1 c .. ~ (~ .,... C 
C.l'dlf+C': 

Il,l:' +r( 
C.l t.;'rr-t-:( 
C • 1 o~ t' 1 /- -t C ( 
o • 1 l t~ .. 1 t ~ C 

l:,~flt~r: 
C.l~',·.r+-r'" 
(.I;:'I:f -te: 
C.llïcr~cc 

" • 1 l ,'~ f ~ r C 
C • 1

0
:: > -: r + C f 

." 

... .. 
... 
'" .. 
" .. 
"7 

li< 

* .. .. 
,. 

'. • ] ~ /, C ,- ~ c c ~ 
C.';~cl.lr-'èl >..,. 
'r C'-'lc_rlU"" 

• • 0 o. 0 • r::" 
r: • .; 0 j ,. r :- ('1 1 CI) " 
( • ~ ( l 't} ~ 1- ~ 1 :l"" 
" .' ? 'fi (. - ('·1 0' ... 

• ï7c"", _r 1 OJ 

C • 7 ~ t ,. L - ': 1 ~ • 
C.(C;-lf-Cl ... 
c • ~- 4 . ~ L - C 1 Cl> ... 
1 •• ( ç '. ':-~ - CIo;:; " 

.c·..::J~~C-Cl..tJ"'" 

,~ • ': 1 -: '. ( ~ 1 lU '" 
( • '4 7, ,0 l - C 1 r-! * 
'. • I~ l " F - Cl 1 ~ 
C.:::~(CJ-:l 

Q • .4 ft' , f: - C l 
.... .::)-"4{-Cl 
<..;:':L,l( "1 

.:::ltl(-(1 
" • 1 7 ' ~ 1 - ': 1 
1 .J!~Lr-:-,~l 

(. • ,.. f::. ( '-4 r : ;.. 
'.. • (~ "'1 ':; c 1 -"';;. 

"" 
., .. 
i< 
... 
• 

, ~ .. ~ 

~. 

.. 
'" 

10 

" 
,.. 

-J> o. 

• 
". 

... 

"'* .*.,. 
'" '" ~ .,. 

... .. .. 

... 

.. 
't' ,. 

" 

AS KARE L 

..... 
*~'" * r* .. * 

* ft. .. 
,*.M ;.- .. 

* '" +. '" .' 

•• 
" 

.,. 
........ 

'" 

ExperifTIent 

* -:* 
'" 

No. 

'" 

o 

Gap Lengt~: 250 microns 
a Temperature ( C): 22 

, 
Pressure· (Torr}: 0.12 favg.) 
Avg. -Breakdown Volt. 
Stand. De,,: 

Skewness 
2.10 kV 

0.213 
Sample size: 

9.76 
1 

kV 

" 

.. 
.,. 

.. 
le 

'" 
... 

... 
... .. .*.­

'" *.'" 

ç 

'" "" .... 

Ramp rate: 
126 

0.3/6.0 ~V/s,ec. kV). 

.. 

., 
... 

'" ,.. 

j 

:'1 

.. 

.. 
" 

*~ 

'" 
c • ~ :_.;~f~'~~?'9fY?l~'~'-t.~.+tftftt+'ft'~'+++++++" ++"~'++++ff+t.+.+~.+ ••••• ++~ ••••• +.+~ 

.~. ~~ ~,~ •• r~~r~6.~."'**"' ••••• ~ •• **.*~.«~***.* ••• ft.~ •• *.~.~a. * ••• ~.~~ ••••••• ~.~.·.-~t 

, ... 

~ ~ : Ste C cre c c ~ c ~ r ~ 0 ~ : c c ~ c ) r ~ r r C ~ 0 0 ~ ~ 

r: ,_ c 
(., 4. 4 ~) ~ 

o·, (, '1 r " 1 

• 
( c 
r 

f-

C 
f. 
1 

. ,. 
é 
4 

. 
r 

'" 7 

c: C 
7 .., 
C .? 

r ... 
7 
':J 

. 
c .., 

" 

• 
C 
K 
1 

. 
r: 
1-3 t, 

.:; 
1< 

r 

? 
'i 

" 

c 
q 

.! 

') 
q 

~ 

ç 
r1 

1 
i:: C G 

3 t.> 

,.. 
'/ 

l 
1 
~, 

< 

1 
l 
~ 

1 
l 

j.l 

è 
'~ 

1 
? 2 

t> 

1 
<> 
q 2 '" 

~ l. 
7' ,-

4 ., t. 
f 

)< - ~ )( 1 ~ 1 1 r fIl ( f' l t\ L - ., ,< 1 ;, IXPI_"1-1'1 ~ 

y "'II X ""U" 
y "1" [IV L Iv 
)1. IV")< J "L" 
)< /0 r" r " L '" 

~"'4->' -', 

,. • 1 )--\ 1 (~ . _ s ~ .. 
r ~ 
~ . 
C~. 1 Ij 7 
r • ~r- ( 

-, . 
" 1 + ~ 1 

FIGURE 4-23-a :.. 

1 ..... 
--.J 
(P , 

"0 

~ 

1 

~ 



fT i4JSP ~_ .... oi"!r __ ~ _,~ 

..-.... 
r , 
-" 

" 

..J 

or- .......... ..-.~ •• ~ .. ~ ~ ...... -- ~- ... .-...-~ ... } .. , """'l..-~~ .... _ 

--, 

c • i. \: : t t + C : 
r: • 1 l: (- t·;: .. :: r: 

1 • ';" y- -.t.. ~" .... t:: r 'lt: .., -'l ':!- ~ 'i ~ 11 .Jo ~ '(- 1( :0: - 1 ~ .-.: ..,. .,.. tr :- 1- .,.1 .... , 1:( * or '" y-"+ r.t q ~.TC:.,. .. ~. ""i. -.r T y ': ~ ~ ~ .. u ~ ... ,.~ c. .. ... _., _ or -X "C' ~ .... lit r ;t .,... ::l' ~ _ ........... .,. ,. 
C • 1 ri 1.. :, r, t : ~ 
C.IFt::I-+(C 
( • l 'f 1 " f- • ~ ç 

·C.17. ft-tC: 
C.171,-~,t:C 

l.I·'I I ."-: 
( .1f-,_,:r+:,: 
C • l', 7 t C' • C C 
.(.I,..··~f+CC 

C • 1'.,,'- (r .. CC 
C .14 ',-[+ce 
Î • 1::, ~ r ... C C 
r 1 j ! 7 f.. + r· C 
C.12''-t+CC 
(' • 1 ? '1 1 r ~ ,~ C 
C.tlt H +:C 
r • 1 l '. / .: tee 

.. 
'" 
'" 

'* 
'" 

- '" 
'" ... 

" 
,. 
~ 

C • l ': ,; t r: + r: '= ~ , 
r • l ')' ,.. r + r Cu" 
':.l'J.~I +:': C\ 
r • ':(.1" "'1 [ _') ~-----

\.. • <:: ::: 1 ~ f - CIO''' 
ç • t·) " .r' - r: 1 Q) * 
C."ll/r-(l ~ ... 
C .1<; '<."-: 1 Ii.-I< 
C • ; l ' <: ~ - C l Q)'" 

C • ": (. " ',f - : 1 :> ~ 
Î .f?: 7r-c l '0-1 .... 
- C? - f' - J +J ~ \.-., r,.-. lU 

C .",',,:-r,-( l' ..-4" 
: • 4 7 ï • !' - C 1 Col" 
C • Il?'~ " -.: 1 p::" 
( • :' 'i ~ r; f- - C 1 
('~;"rr--:l 
'_ .?'if ,~,_ ~'] 1 
C;~jl-(f -~1 
C • 1 -J 1 C 1 - r; 1 
C.1/+~r_f-:l 
(.c':'-4' c-::: 
(.1+77-[-(;: 
c 

Ir 
~ 

... 
1< .. 
• ,. 

~ 

,... 

1< 

'" 

'" 

... 
:1-

* 
'" 

li< 
". 

.. 
r 

II< 

, ~ 

. .. , ~ .. 
*"'~ .. ,. 
" 

.. oj, 

* 
'" 

,.. 

... 

.,. 

* >« 

,. 
? 

*' 
* ~.* -
•• 

*' ..... 

'" 
... 
'" ** "'* ** '" 

MINERAL du: 

Exper imen t No.: <:; 

Gap length: 250 

(OC) 

microns 

Temperature 
Pressure (Torr) 

: 26 

0.02 

Avg. 

Stnd. 

Breakdown Volt • 

Dev.: 2.35 

Skewness: Q. 795 

kV 

(avg) 

9.13 

Sample 

Ramp 

Size: 129< 

rate: 0.3/3.0 kV/sec. 

*' ,. '" * * 
'" 

* "* 
• ""*""*". 

\ 

! -

kV 

~, j-

• ,. . '" Breakdown Voltage >k <* kV 
~~~~."~~.++~~t+++··~·++++·++~+++· •••• +++++~+tt++t.t+t++t++t+.+++t~t.++++~++++++t+~+t~ 
• •• ~-.""~.'P~ •• *.~~i.*~' •••• '**~6*.~~~**.~~.~ •• ~** •• ~.* .. **.'*~ •• *~"".~P.~ ••• ~* ••••• ~_ v 

.~ ,~ ) .., .:; c .: ': .:: -; î ( ,- ': " ) J - \ c ::: :: r: ... .: !- t:: - C :: ~ ~ r: -: : ,. :' ,-
.\ .~ 

,0 

J 
r~ 

J 

,'" ') 

'4 i, 
')' 

)' - f- X 1 ~ ~ 1- 1 1. 1 L L !'- T ."\ 1 - ,\ )0. l ":, 1 

,'r :VII.." J 'L~' 
'r fil r" 1 r.' U W 

)< '" /1 )( l '1 L IV 

)< fil. l " l './1 t roi 

r'.?C: ~r ... ) 
r ,­-. -
:.1' 1 :. ~--, 

+- " 1 

~~~"'-'" .... ~> •• _ •• . 

... , 

;, 

.. 
:: 

" 

.­
c. 

'-

x·'C" ~r 1 

( , .... c c 
f 

" 
7 7 '7 
1 (~ p 

f­
t 

C 
fi Tl 

7 

. 
) ~ 'j .\ 
9 r} ) 

~ r 

FIGURE 4-24-a 

'"'-~fu,.-.".:,:,~H" -~~ 
~ .. ,..,.~;'l.~;"" 

--" 
l ' 1 
1 l 
? 

1 
1 " 
-J ? 

,'> 

-, 
~ ... 

.t 
~ , 

" 

1 
3 4 
" 1 

~----... ~ ....... --,--...., -

4 
4 

1 
4 
7 

~ 

" 

( 

1 
" c, 

4 '7 '. 
r 

~ 

1 
1-' 
-.1 
\0 , 

, 

-

1 

"t, 

/ 

;' 



a 51)4G Z $ ...... WPi 1}4>_ ... a;;.sJ tg Il lit '''''iI"t'"'''"",,,,,..- ~_;nr.~~ ____ c.-.."'~-'~"'~\.~ ! ... .. <" " 4 U ,045"" 

--< 

r; ---
.... 

• t ~;;:> co ..... ~ 1 
:' ~ 1 170 ...... ") 1 
ù.lèlLt· ... -:;1 
<:.l~qq,.. .. -:l 
-:: .. <")~2·'+C( 
,~, 7"l7C'C +.~" 
,~" 6S 1 Q.C +('C 
~.'5"'1'5l"c= .. )r: 
~; 3"?f)2 c + 1(' 

:.21 1\I'r- .. )':: 
-:-~~Gr:;2r--~1 
- ~ 7'; co::; AC ... t; 1 
-.?22?r:- .. '\.C 
-.:3"''''~F. ... ,,''' 
-. S1 '4<:+<'G 
-."'-:;'Oc"' .. o:" 
-. R :-"."''''+r''C 
-.~"').~;;O~+('(' 

-.I~~.:-c""'l 

-. t~tLtc+"1 
- • 1 ., q 71';: ... C 1 
-. l """3 "\r +,:, 1 
-.1"'-7FH~"::1 
- • 1 ~;:> to r- + " 1 
-.1<")';0""+01 
- • 2 1 l '" c + ':" 1 
-.??-ê:t r + I)1 
- • ? ~ ( ~ .-:; +'~ 1 
-.2"'':;2 r t''\ 
-. :?~t:;.7~:+f:'1 
-.2<\6.3>="+)1 
- • -~.~ q rH':: .... - 1 
- .. 11::14"-+]1 
-. J? q L ,... .. ,) 1 
.:.. 1.!'.?':F"+" J 
-.)~71r+:l 

-.'717;: .. ··1 
-.1" .... ?.-+"1 
_ • 4. (' ':' ~ r- + ... "' 1 
-.'-1-=-3r-tr:l 
-. 6.?~C"-"'~~l 
-.444-:;r-+nl 
-.4,QOr ... ::t 

<' , 

.. -#ot' +- *~ I:!. *- .. ft., 'Û ltl" * ..... *~ *"* .. ~ * ~ *" .. * .. * ~ $' * ':ft: "'l': * ~ ** * ~ .. ê":* * * *' '$ * 'JI- *- * *:1- '#" * "":*: ~ -e ~_ .. * *" ,,_'1ft ~ r"*. ~~ ~ .. * '* ... '+ ~ ... ' lit *.*"rI 
>!<" ..6 . '. ~.99-r" 
'" • .' 1/ - Experiment No .. 28 ' + -'. ;.. 
*." ASKAREL .. - '/ * 
* • Gap: 125 microns .... -~ - rr.95 *. '\ ... ;,,"-.... * * ' Il '1 , 0 kV/ • ..... • ' '" ,-'" " Ramp Ra te: .J... • sec. .. ........ f- * '" li. ... ,.... ... ~.* .. " , . .. / . .,. ... 

" .. " ... -.. .7 
·~+++~++ •• +~+++ ... t+ .. ++++ ..... ++~++ .. ++++++++++ ... + ... +++++++.+t ++++.+++++ •• -+++++ •• ++++ .. ++.+.J~ 
~ " * .... -
>1< ." - ***'Y'-+ 
~ " ... * ...... ' + 
'" " ** • .".:;;. • 
'" " """ •• ~~- + 
.. " **.;?"- + 
IC: " ** ... _- .. ,. 
>Ii 

'" * * 
'" ... 
'" .. 
* >l-
i'< 

'* 
'" 

II 

Il 

.. Il 

* If 

'" * If 
fi< 

0* 
~< Il 
-1< 

" , * ~ • 
" .... *y". /' + 
" "'*".,... ,,' ... " *.~ , . *.~ 

+0 
+ 
+ " *y ~ ~ + 

• 
JI. 

" 

• ... 

.. 
/~ 

'" 

-
>1< 

'" 
'" *-

t: 
+ .. 
+ 
t­... 
+ 
+ 
+ .. 
... 
+ .. 
+ 

':: 

.5 

_-( 3 
x -lJ.." 

.Q 

o 
L­

a. 

111 
:;:) 

..... 
u 

< 

• 2 

• 1 

.0 

* -J, Theor'eticaJ Prob. P(x) + ; 
,.. 

'" 
Q'" 
-. 

"J 

" 
>/-
~ 

r 

'" 
-1" 

(, 

f­

" ". 

... 

,.. 
,~ 

'" 
f-

t'fi 

.*"'*****~:t*"'''** 

.05 .1 .2.3' '.5 ,:.7 .9 .99' 
• +- 1 1 1 1 [ I! l '~ -0 1 J •. 

*~*~"'*."'***."'·* ••• **"**.*.****.****>!<.***~***>I<*M**>!<*.*******.***.~~*+~ ~ 
.01 

.. 
~ 

~ 

1 

,.. C r; r- C l 
• c: 

7 
2 

.. 
"; 

:3 

~o :: 

'3 
4 ·r 

ry 

t ... 

r'J 

7 

~ 

4 
7 

, 
~ , 

p, -=-

ccc ~ c ~ ~ ~ ~ C C 0 C ~ C " ( ~ r ~ C r r ~ ~ r 
• 
à. 

t. 

, 
4 
;:> 
1 

• 
4 
C 
2 

• 
3 
~ 
.3 

,~ 

" 

. .. 

.3 :3 
, 2 
(. '7' 

.. 
3 

" 

.. 
? 
Q 

'" 

., 
2 
7 

• 
? 

1 

• 
2 
~ 

3 

• 
2 
1 
4 

" 
') ., 

.. 

f-

.. . 
1 1 
.-,- 3 
7 ;:. 

.. 
1 
1 
-:. 

.. 
1 
(' 

! 

.. 
r. 
<> 
? 

.. 
r 
.-
~ 

" 
L 

'. 

• r 
;:> 

• r 

'­
r: 

• 
1 
3 

J 

'3 
1 

• 

" 

.. 
'~ 

'" r-

• 
" .J ... 
FI 7 

• " • • 
J. 

? {., n • 

" .~ ? 

X-~XI'5 (Hn r yZ 11NTAL AXre;) O=l(P("'~J~-NT 

.., 
y 

l( 

)( 

'AAXI'~'J'II 
MIN l '-"".\ 
M,\X!"U'-4 
',4 ! ,~ r 'A 1 l'A 

"'. 1 c.? <j ? ,- +- ,. 1 
-c .l.~r')C lr.'-, 

" .. lQ17p.- .. rt 
-. r: • "~ ( cr.":' +- - 1 

--_ .. _ .... -~,~ ~. 

,., 

.,. 

_ FIGURE 4.-8-b 

_ ~~J'A{,.~".......f 
,~. "" -... -~~ .... .,.... .. ~ , 

h ">'l'~ ..,...""<.,. .... 

. ..,. 

1 ...... 
Cl) 

o~ 
1 

A 



~ 

a: _ AIE 244 lat _~P'""1~"'>~<f't;~~;r-... trai'1' ~""~.-n:;>Io~......-~\ 

1 
i 
( 
4 

i 

! 
J 

,.-.:.. 
--.-' 

J .. l ":i2 o ,- ... r:' 1 
,J.l ~P3C="OI 
,. 12 pr .. ~ 1 
).1 "'<':lF+;)l 
::- .. a l'. 4 ÎïF ... ':' (' 
J .. 7')A4'--fV(' 
)'OIS-=;?3-"'~1" 
j.5C e.lc:'.r(" 
:> • 3<= ao;-: ""' .. 
:).? 1 "37' +'.'f' 
'). F""::-; 4r: /- ~ 1 
-.7"'F,1l'--rJl 
-.~?4P'-+C':' 
-'O~71(''''+O(" 

- .. c; 1 7 ;''': + ') r 
-.r,r11~F+C':' 
_ • n," ':) ~r- + ..., (" 
-.9=:~7r-+"r 

-. 1 1" 2r +) 1 
-.1241''''''+)1 
-. t ",,?I.F"~l 
-.l'""4.cr+'::1 
-,,1':9 7 <= .... '1 
-.1'>'31<=+.)'-. 
-.1'-79F"'''1 
-.?1?<~<="':'1 

-. '2271 "'''''~ 1 
• • 24 1 pr + r: 1 
- • ? <=. F à. ~ ... \' 1 
-.?71C~+')1 

• • 2 Cl "" F, e: + 1) 1 . 
- • 3': C 2~ +C 1 
·.31l'flf'+f'1 
'" 'l2oc;·-",) 1 
·.'~44IF+'Jl 
-.1-~7r-"'(\1 

-.3713;:+01 
-.197q-::"'::'1 
- .. .4" ;>Fr- +.;: 1 
-.41 7 ;><=+0:1 
-. 411 ~F. :'1 
• • 41\ r lA. F + ,) 1 
... 4 .... 1Ct"""+CI 

~ 

--... 

.P*h+*~.~.~+**~*~.r*1***.~ •• *~*.*~.***~******·.*C*.~*~ •• ~****~.*.~**.****** •• ***** ••• *' * Il 0 ... "" /.. .99 -1 »: 
'* '1 Exper l.rnent No. 26 ASKAREL + ,-. >!< J >l-

r " + ...,.1:-. * * ,.. 
>1- II Gap:" 125 microns + .. / *' .95 ",' 
* ") + .... -".. • 9 * 111# Ramp Rate: 3.0 kV/sec.'il + ,** 
* Il + .... '" 
+ Il + .... -

Il *.~ 
'" 1/ Il .• *./W- • " . 7 
~++++.++ •• +.+++++ .. ++ .. ++++++++++++++ .. ++++++++++ ..... +++++++++++.+ .... *~+++++++ .. ++ ..... +++ .... 
'* 

* 1/ ** *.,.. • 
ft • ... • + 

~. Il ** ". + 
lit "I/~ ....... ,,- + 
• 1/1 ... +. 
* Il *. .. + 
>1< • **... • + 

* Il ** ". + * .... -/ + "" 
'" '" .. 
* -
"(-.. 
;,. 
'i;-

* 
'" 
'" * * ,.. 
• • 
'" '" 

" Nil 

" ~ " 
" Il 

" Il 

1/ 
Il 

/1 

Il 
/1 

" 

" 
.... 

-.. 

** ... _~r + 
..... / + 
*,. / + 

"". '" ... /' + 
..... r + 

• 

-./. 
-f" - .. + 

+ 
+ 

--t 

- ... * -,," 
+ ... .. 
+ 

'" ~ 
/ .. -'"0' / 

+ 
+ 
+ 
+ .. / 

/ 

'/ * + 
.+ 

~ 

'* -l< TheQretical Prob. p{X) : 

o 5 

x 
~.3 

.0 
o 
1.. 

Q. 

lU 
::1 
o6-J 
Ù 

c:( 

• 0 

~ 

... 
y, 

"'-
x, 
.:. 
-1< 

'" >1< 

... 
"". 
9, 

* ... 
*' ~ 
... ., 
.-

* * 
'" .. .. 
'" ., 
'" .;, 

"' r .. .. 
*-~ .001 .01 .1 .2 °r· 4 .6+.8 'r .99 .999 

Y' 11 \ <> .... 1 Il! 1 1 1 ~ • 0 u '" 
.~* •• ***~.~~ ••• *".**+***"'+*"'*"'~~*** •• ********~******** •• *~~*.+.***-ft***~.*********.*~* 

C r r I~ ,: Î. -, C C - r.... :;.: 0 '; ç 0 .: - c ") C ,.. (0 '1 0 C '" r: r, (: CeG ( (} C . • • " • .. . .. .. . . .. . .. .. .. • • • • .. .. • • • • • "'. ~. .. .. .. • • • .. • 
Cl '3 7 ... "7 7 

'" 
c. ~ c:.- (: r- 4 ~. r, , .. '" 3. '3 3 2 ? ;.> 1 1 1· 1 (\ 0 -c . ( C C C ( 1 1 1 2 2 2 

4. 1 " -i ,- 7 ':> ? ") 7 l ~ e.. ~3 1 Ç> !:'; '3 C 7 '" è 9 () !l 1 '" S 3,C 1 4 '7 q 2 r:y 7 0 '1 6 
.~ f, .... ? '" "'1 2 ~: ~~ ? '" t. q 1 '4 7 1 3 .... ," :3 t- e. "3 F- '~ ? ? 0 e ':: 2 Cl< F. 2 9 ~ .,\,_ C 

1 

(-AXI<; (Hr Rtl r, ~,,7 ~ 1 - '\ X T ':; ) XrJt~'ff f lT 

f 
r 
( 

( 

VAX r ""U·~ 
""1 T '" 1 IV' l ,.~ 

~'\XTMII'1 

~~ l "1 r ~ ... tI·1' 

c. l"3;>q~' +'"1 
- C • / .. ,:. 1 (; ? -, + - t 

C • ;:> '7 '" " 'i ~ .. ~ 1 
-:;. '1 t""",,r' +('1'· 

FIGURE 4-9-b 1 

" 

1 
1-' 
co 
1-' 
1 

Ir 

~ lIii.iT .... J_tm ............ ~~..r-.-.... ---·~~r,.~~-- _ ... ""~ ....... ---...-~-~~ ~-.,.~ ... "~_ ..... 1:>;:<>0 ...... - c; * ré!'ii'!lt Gi ... ~~, -
_. ~ .~, ---<---,_...-~--- --



L_.l ...... _~ __ .,,-

~ .................... ~ ........ ~~~~ .. ~ .... ~~ ..... ~;:~~-~;~.~~~_-. ~ #~-~~r-~~-~~~_ 

, 
'-

O' ) 

.. 

C'.l'j?C,CtCl 
C.l.!~::r.Cl 
C • l '" ~'1f t: J 
C.t';:"'lF-+:1 
C • c'I\ " 0:: r- + t" C 
,. • 7 <; /. l, r • C C 

........ '* '" 

• 
'" t 

... ~ ~ 
1: 

.. . . 'lof ~~~'I- #0 * lo.' ...... r ." .. ".. ~ '(- ~ .... ~ '" ............. $: "" ~ • 

\~periment No. 39 

Gap: 250 microns 

. "* 'l, ... .,... ..... * ... ')( '* ~ "'" *: * ... *c 'r( ,." :tI: * 't' • * * t.' ... 01- r 2 .... ' 'f'r, 7 ... ~ * .".. .... 9\' "t- ... 

+ - • .99 -r r 

C .(:5t~ ~r te' r: 
G .;O"'I! tCC r • ~ .. ) y \,~ r ..... ') "'; 

C • ;. l ',r • .: c 
1.: .'~ 7';''if -':.' 1 

• i ~.( '1 r - ( 1 
• ;:: :~ '1 t- , •• :: c 
• ::71~t:+,:C 
.~17;'·+CC 

-.f( IF,r-.:-: 
- - .cC J: f:::+':C 

-.<;"S)7f,.(:C 
-.11:;-t":l 
- • 12/P'f +e 1 

• '1 ~ '.: 4 r: t ,. 1 
.1":/,':I::+C1 
• 1 (, .' 7' -+ C 1 
.l~ ''::.tC 1 
.' 1 ... ''''', .... ': 1 

- • ; 1 .' ~ l- tel 

_ft 

... .. 
'" .. 

11 
Il A$KAREL 
11 

% , 
< 1 

Ramp Rate: 0 ~.3 kV/sec • 

" "fI " - . -

+ 
f­
t 

• 
t 

+ 

-.-
TT 

" .. / ~ .* + .... 
+ ",..,." 

?'­
il 

.'" 
'" 

.,0, -... ... 

,.. 
.95 

.9 

,. 
.. 
" 
" 

• ••• ,,,.+ •• tt++t •• +t.+,.+.t+t •• t+.t++ •• +++.t • 
+ w-~. .7 

• t++ttt++++.++t .,,-* ••• +.++++t.+.++++f-+t+r ...... il' . 
.. A' · " * " 
1< " 

ir " 

... 
* .. 
... 
~ 

" If 
Il' 

" Il 

" " " 
• 

--" 

..... 
•••• 

, ....... 
,~... + 

;... t 

' .... yf< + 
.............. ..... t ........ . 

.... ]Ir/' + 
.+~ + 

." .. 
-·f/'* 

. ' + 

" 

'/ 

• 5~ 

";.3 
...... 
b.. • 

.2 

..0 
o 
\-. 

y-

.. 

-.2?71Ft r l, 

.. .... 
... .. 
f< 
... 
... .. 
... 

" /1 
-/:-.) r 

-. ek . 
t 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Co , -
-.~·ll~r+CI 

- • f: ':: ,= I~ t-: t ': 1 
- • " 7 l ': I~ + C 1 
- .;:"';t '. te 1 
- • .:: ') '" ;.. !: • : 1 

• -:; 1 ,t-" + ,) 1 
-.:<!;~f .:1 
-.::::",/ll~.""l 

• ;;0:" ï ': .. (·1 
• ~ 7 l.~ 1: .. ~ 1 
• :: <: 7 q 't C 1 
• l, ) ,~ f- f' tel 

-'.lill;".Cl 
- .".3 1 " r· -+ : 1 
- • " '1' 'I 0::: + r: 1 
-.'lr)l':ï +::1 

)1(-1''<1''.. 0 

'\' 
V 
>­
)t 

"lrx [ ·1 LY 

f\.J"J"'U'" 
~ j\ ( l'~ t, 'J 

"r~T'/L"" 

il, 

" 
ft 
Il 

... il 

t il 

'" ~ 
<CH 

• 
*' 
'" 
'" "'11 

" 
• 
• 

. .. 
• ... 

-« 

./ 
/ ". * 

:r- + 

/

... - , + 
/ 

10 
::;) .... 
IJ 
« .0 

, : Theoretic.al Probe p(x) + " 

.01 - .05 .1.2 -r - 'i ;.7 .9.95 .99,.999 
• ,., 1 1 1 l ,1 J (III. 0.1 

,~~ ~ ~ .'(" L
-· . . ~ . : 

~~~ft ~ft •• ~**_~ •• u~.**~9.v* ••• ~w* •• ~_.**_*.n._.*~ .... _.*.*.4 ..••• - ....... -.~~*r-
~ " ... ( ') C '- r:. c c (" C C ç <: r-. ,- 1) ,., 0 1"1 JI)') C r- c;; ,~') (' 0) -:: C - r IJ r) .~ ".:, 

r. 

t· 

" 

• 
l, 

'--

,J 
<; 

• 
') '1 
1 ') 

-:> 
'. 7 
1 

.. 
r, 

• 
I~ 

i 
1 

'1 

-; 

• 
l 

C. 

" 

1!r-t.fAL-I\-«'» l X!=l~"f:"l 

..... 1 C,;.- ,2 t_ + ..... 1 
- r • Il h 1 2 l, + r, 1 

C • ,'" {~t ~ 7 ri- .. ,- 1 
_"\ .COl)1 7 1 f-f' 1 

• 
7 
r 

• 
2 
t 

,< 

• ... 
J 
! 

. , 

-~ 

2 
~I 

li 

• 
:~ 

7 
'1 

2 
'-. 

:.., 

• 
2 

') 

• 
~ 

l 
'5 

• • 
l 1 
,~ 7 " 
6 f-> J ... 

FIGURE -4-10-b 

• 
~ 
or 
7 

i . '.; 
1 (' 
'7 7 

7 
'i 

c 
5 
H 

• 
l~ 

'~ 

H 
1 
C) 

.. 
" 

C 
1 

') 

? 
J 

C 
4 

• 
( . ., 
,'" ~ f ~ 

• • 
") l 
') l 
}- n 

• 
l 
~ 
f' 

• 

" 
"J 

• 
1 1 
7 '} 
H .7 

• 
? 

1 
l 

• 
? , 

"'r.tdt?hSctr' Ji /Xmi$I~""'.U iii ... ~~~-.,.."'"- --... ... __ ~d ______ ..,_ ........ ~--.-:lt~~"_ oe ad! fi .. 'IIIl1ooo'I--",x 

\ 

~ , 

... 
'., 

'" 
>l< 

... 
~ '. 

..... l!'I:.'-."~ 

1 
1-' 
00 
N 
1 

'" 

r 

'. 

.. 



l' ,~ ,..", -._-~-_..' 
" 

r---­-..../ 

• 1':' 1" c:; -:0 + ': 1 
.isor-+Cl 

;.l'~A'=+"~l 
~ .. 1 1 .., ':) r +') J 
':. J ~ ~ lr"" + ,~ t 
:. 8""17"f:': "'''Ir 
~ .. Ç.. 72'-'-':'" + Cil r:' 
". '" '''l''()~+''r 
'.j~lA-+"r 

").17")Q~+·.,C 

~ lClLr'=-~l 
..... 1 ~c;l-+--r 
-.3?'"'-:"'+r" 
- .. l: ~,~ 1 r= +("1 (" 

- ."=' ~ l" '" +0'" 
-;. H t 7 1 <= .. ,,~ 

- .. '"'tllii"-= .. ,-.(' -, • t Il. ., c- +e 1 
-. 1 t- 1; 1 
-.lA7t:""'+~1 
-.l"Ac:;r+Ol 
- • 1 0 l ':' r + ': 1 
-.1"17":=+('1 
-.?lfll""+~l 
o.'?,~-r-:+'''l 

- • .?~7'2r::+)1 
o •• ;::>, "'1 Qr+l"'t 
- • 2r1 C' 1'= +,) 1 

- • ? ::l;; Cl 1=' +C' t 
-. ll,br.+':'l 
-.~""'I"C'ë+CI _o. lAI"r::,+",1 
-., .. ,""1P"' .. C'l 
-.1- 0 fr-:+OI 
-. 3:l1!.?~+""1 
-.L..I?7-=-+01 
_. • ll.'~ , ~:- .. ("'1 1 
-.û.':'Snh+()1 
-.b"2 Il '+,)1 
•• b 7 ~(")r- .. 0 t 
-./l .... 'Sc:;':+"1 
'·,-=:1;:>("'+01 
- ~ s";> 0 f:'~ + '2' 1 

* f >1-:0 .,.. ... lI<:t"""~. ~ .... *- (' ..... .,.. **:iI<:iI< '" '" *:t" ........ * "':<- ... * "' ........ '* *~ '" * *i< *' '" "'~ .... * ", ... f, >1<'" * .. >1< *>1< '* '" * * "'. "'. '" ( "'* rt '" * '!Y** '" '" '" '" '" "' ... * 
>1< " - + / • 
'* ~ + 
>1: Il Experiment ~o. 33 ASKAREL + 

~ " + 
,., ~ G 250 0 + -. 

• 
• 

• >'< 

**'* *. 

.. 
'" 

*,9 

09 
09, 

>1< .. 
*' 
'" ," Il ap: ffil.CrOnS + ~ 

: : Ram,p Rate: 1.0 kV!sec. ! .~; •. * ~: 
• - - < + ~~.* '" * • 0 • + .... "'* . 7 >1< 

*+++"+II++++A+"++++++"+++++++++++++"+++"+++++~+++++"."+ ++++ •• **t+++++++++++++++++++++ * 

,., 

*'" " .. ** r 1111 ..{.* . -·5 '" .. 
* ,., Il •• *+ 

>(- Il ,- •••• + 
'" Il .,#';'.-. + 
~ 

• 
* 
'" ,.,.. 

* >1-

'" "1-

'" ft 

'" 
>1< 

'" '" * 
"" ~. 

>1< 

., 

Il 
Il 
li 

Il 

li 
N 

Il ,. ... -

" ~F*-
Il / -.4."'-

Il ~ \. :.*h 
" --" Il 
Il -1 

/ 

• 

.. 
• 

• ./ 
" ./' '" .,,/ 

'" 

* 

.~ 
*-

* 

• it­

* 

+ 
+ 
+ 
+ 

-+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

*' ~ ... + 

- + : ' - ~ , : 

• 

\ 

x- 3 
........ 
~. 2 

..0 
o 
Loo 1 ' 

0.. 

ru 
~. 0 
U 
-=:t:-

., .. 
'" *-
7-

>1< 

'* 
'* 
* 
*' 
'" *' 
>1< 

'" '" '" '" >1< 

* 
* 
'" '" 
'" . 0 li *' 
*­

'" * : h Theoret ica 1 Prol:1. P (x,) -! 
: _ 4' • 0 ~ • ~ • 0,5 ",1 -t -r 1 • ( t· ~ , . r 0 9 ( 0 9 ~ 9 • '" "" 
.*ftrtP~~*~ ****.~rtr**~.r**~*+r~*~~***r~.*****~**.***r.******+~************************'" 

C ~ r C r 0 C r~ c r < ~ r r ~ ~ ~ 0 a 0 CCC 0 r CCC C 0 C 0 ~ ccc 
• ::., 
~ 

n 

• • • c; ~ c-

P k ,~ 

7 ~ ... 

• 
<: 

? 
L 

• 
~ 

,-
? 

• 
lJ. 

8 
1 

• 
t 
r 
Co 

• 
" , 
(") 

• • 
t. ,:\ 
1 9 
P ~ .. 

• 
~ 
7 
c 

• 
l 

'"" 
! 

• 
3 
~ 

.3 

• • 
l 2 
1 ~ 

? t 

• 
2 
7 

• 
? 
{J. 

p 

• 
2 
? 
7 

• 
2 
..: 
t 

• Il 

1 1 
f', & 
e:; A 

• 
4-, 

• 
2 
1 

• 
1 
c­
c 

• c 
ç 

• ç 
~ 
Q 

• • • o c C' 
3 1 C 
7 1';, ,n 

• • 
C C 
2 4-
7-'" 

• r: 
6 
q 

• r-
~ 
(" 

• 
t 
1 

• • 
1 
3 '5 

3 4. 

• • 
1 

~ 'Z 
• 
2 
1 
7 

• • 
2 2 
:1 6 
q C 

X-'lXY<:: (H"'~!7~"'TeL-~XIS) f-XP('tJr~l-

y '" 1\. )( l" UM 
y .... T"'I~U"" 

/)( " .... '1( l MU~ 
x '4r~'r"""4 

~<I:"" 

c.t~~~r,-+rJ 

-r.S2~SQr4(1 

r.?~r2~r+rl 
-~.~"p.?rr+~] 

~ 

FIGURE 4-11-b 

-......... 
A 

, , 

1 
1-' 
(Xl 
W 
1 



L_~ '"' 

;. • +6 œ .""""'-~~~''''''''''''''<;'''''''1!\'I'Ir''"*",,, ... .,~_,,-.. ~ __ 

r~ --
.. * ... ~( i, ........ 1 * * '" .,. ",'.,. ". '1<'" * >1< li< li< *- >1' >:< ' ... '" .. '" * ~ * .,. '" li< "'" >1< ... "" 11< ... -+: ~, ~ ... '" l' " -Jo ~ """' *,. ...... 'h." ... ,. * '" ... li< ... * il' ., "',. t- -9 * *''' ... ri"" ~ ... 1< .. ~ .. ,. 

".1 "i?-~+--: 1 
r, t 1"qr+-1' 1 
\~.t2,1~t:""·:1 
:'~-t .)c('r+- ~l' 
,.. • G II ~,::.. r- + , .... C 
,-.7''')7'7'r:-t''(' 

0 .. -:'''1'1F.: .. :~ 
C. '5~r:;...,rt '(1 

0:.3"''' 11- +0" 
"' • _? t '!!. ?: +- :' '; 
-;, ..;. n2R~ -:- 1 
-·.77~lr-Gl 
-.??1:e ..... C 
-.J"Q4 e .. ()C 
- ~. C; 1 r:; ,1'= ... 'C' r 
-.6"'12~+-"'·0 
- .FO(' 71Ç"+')f' 
- .-<"l <::: 3" r ... ; ( 
-. 1 ~""ClC:- .. C 1 
-.1;:>4"'t:"+')1 
-.l~""lr+')l 

~ -. 1 .-:; 1 ~r + t: 1; 
--.1"-"1;:><="+"'1 
_ • f l.~ 2 '"" r:- !"" t 

-.l~lJ.C:-+Ot 
-,212Cr-+)T 
-.?? ~~"C'I 
-. ~lt 1 ;;>r-+- (' 1 
-.2,,:·~pr+r"'1 

-. 27·~Lr·+-:) 1 
-.2'1C;(1r+~1 
__ .?c...,-::~+" 1 
-.~ll'·lr+"'1 
-.3;:>Q-r+-Cl 
-. 1 tJ. "3!:' +- 'J 1 
-.}""7C't:"+fèl 

' •• ~ 7' 2 <::; r .. ,"' 1 
- ~ l ~ 7' 1 r: + ': 1 
-,llCl"7~+Cl 

-."-1r-.1f+/"Il 
-.41 I"1A:+')1 
-... iJ.l..~4""+Cl 
- ~ 4 I!. :- ': .- .... C l 

*' .,. ., .. 
+ 

.. .. 99-· -;-

*' .,. .. 
* 

" • 
Experirnent No~ 38 

Gap: 250 microns 
ASKAREL +-

... 
~ " , 

/'~! ... 
" Rarnp Rate: 3.0 kV Isec. + / T. 

'" ,,~ +- .. ". 
.... " .. 'ft".."'* 

* ** 

... * 
"'* 

** * 

-95 
.9. 

iI''' _ . + "1' .... * . * "If ' _ +"..+* .7· 
.... ++-,,+-+- .. + ..... +-+-+ .. ++ .. +++++++++++++++-++++-+-+-+-+-+++ .. +++-+ ... +-+-+-++-++.+ +-+++-+-++-+ .. +-+- .. ++-+++-+-++ .. +++-

* • ..' ~ " ~ * .. ~+ :of<' If ...... _, .. 
'" If .... ~ 
* " •• , +-*' Il'' ,..... +-,., " ·t. + 
li< 

'" ,., 
.,. 
'" '" *' ~ 

'" '" ~ 
~ .,. 

#1 

• 
#1 
Il 

#1 

" 
" '* fi 

'" ... Il 

'" 
* "'11 .. 

" '/.~ " , . 
" . " - ~ 
" ~... F 
" - r$ 

7 

/ 

" 

/.* 
-.. -< '" 

• ,,~~/' .ale 

, -,. " ** '. // . *' 
-,. 
/. 

'" 

*' 

-.. 

'" '1< 

--

.. 

+ 
+-.. 
+ 
+ 
+­
+-
+­.. 
+ 
+ 
+-
+­
+­
+ 
+ 
+­
+­
+­
+ 
J 

-.. 

fi' 

/ 

'-

,. 

: / Tneoretical Prob. P(X~ : ' 
'" ' .01 / .05 0. 1 .2 ·l ' . C· 1 ·r .99 .999 *' If. ~ 1 ... 1 1 1 1 1 l , 

**"'*.~~*"';~*~***~*~*'****"'****.*****"*.*.**,.***4*:of<'*~~~**~"*~.*&"**"*"'·i****"*~ 
1'" ("1 r' rel: ccc r: r:- C') r., ;- C (' i) (' :" r- t" C li 1 (: Ij ,; 

• • r ,., 

::? C 
(, ~ 

• 
") 

n 

• 
':-

"" ... 

• 
'" 
J 

• • 
{J. 

r 

3 

• 
4 
7 
1 

l 

... 

.. 
;;> 

" 

• 
u 
( 

l 

• 
_1 
F< 
? 

• • • 
'1 ~ J.? 
r. 3 t ,., 

ft I:J "1 

? ? 
7 a. 
\ ~ 

.. 
? 
? 
7 

• 
2 ... 

• • • 
1 1 
p r.. , ~ 1 
~ ( u ~ • 

• 
C 
() 

. 
r 

7 
? 

.' 
-::; 

(' 

2 c 
'" "7 

• r 
3 
c:. 

• ... 
r 

1 

• .-
r 

3 

.. 
r, .. ? ~ 

1- r 

. ~ 

1 1 2 
7 ~ 1 
? l f 

)( .3 ........ 
lL. 

..0 
o 
1.. 
0. 

10 
J 
.jj 

Ù 
<1: 

.. 
? 
J .. 

.2 

.-0 

. 0 t 

~ 

r 
h 
l 

~ 

'" 

,.. 
~ 

-;-

.,. 

r 
,>-

.. 

~ ,.. 

cf-

" 
>:-

r 
r. 

* ... 

.. , 

l(-·AXI C; (HflCy 7'lN"'~1 _·f.X· ':;) t XPCN[ ~'T 

V "'AX T··HJ·~ 

'( "! tl! "'U·" 
)( ""·".XTMII'" 

'<: "" 1 NT"" J VI 

,"""", "-', " ~""'...,.......~ .... ~ 

-C.l-=27'2C::+Ct 
_ .. r • ~ rJ 1- ... ? ~ .. ("" t 

r:. ?", 1-'; .... .- 1 
- r .. r 2 r, 7" 1 ,- +- C 1 

FIGURE 4-12,b 

l ' 
1-' 
00 
..". 
1 



li 1! 1 A .a:l"'o,,-: ,11"'- '''Ii. 1. .'" ...... _'_~H_~~ __ ~"'P"""",--·~"-
~- .. 

o 

,.t)~7·:+~1 
(.l~ll!-=.(,l 

-::; .Ij'·~ 1..:+ 1) 1 
.~ • 1 ~ ') -, f r 1 
r: • C;/a. .c. :.:.~ .. t'''~'' 

C.7'77r .. ~C' 
C • r', \. ,. r- .. ~ C 
C .~""',c-r.+,:t:' 
-:.~'·.'lr:tCC 
('. él /.;::f-_+CC 

• (- ., .~ p c- - ') 1 

.·7 '" l f - - CI 1 
_".::::,-' 4~r~+,=c 

• """2 f~ '-. ' .. f: """ 1] t; 
• C; l..!" ~ '- + :: c 
.(·;I<.r+cr: 
.['71c+"r 
.c,):,~C"CC 

.1"<l"Et')\ 
t ~, 1. :- r: + c- t 
li'11':+':'1 

• \. J ;'~ rc 1 
.1-,·;r-+':'1 
.II''-'f--+('1 
.1-.ll.r"'=I 
.:'1 )"':+~f 
.;:?tl'- .. O,} 
• ;; /. 1 ;: L +- :: 1 
• ;'1 r... Po t: + ~ 1 
.?l'4r.:Hll 
.~",r.:r·:+:l 

• r ~ r: ~ :-:- + r: 1 
.::l f,lc+':l 
.2~07,'- .. r:l 
.-,:. ~'E.C'l 
.:~7Çr-+Cl 
• 1'''',(+''''1 
.::Pltf=+'.:1 
./~;t7c"CI 

."\I-:>rtCl 
• fj \ ) ~ ': + c t 
· ~,,':; 1. t:: -t C \ 
.{j,,'CF+" 1 

.- . 

**n~- -.T.~***.* •• ~*~.~.~**********~*~*********~*****~****.* * •• *~******.**.****.****"'*. 
fi, + /-, •• 99-** 
fi + /-. "'* 

II Experimen-t No. 46 MINERAL OIL + /~ -** 95 .. 
Il + ... ** . ... 

.. 

... .. ,.. 
411 Gap: 125 microns + .-'11 * .9 '" 
• + • • " 

:: Ramp Rate: 1.0 kV/sec. :~*,z. : 
.. 1111 **..... '" 
... If .*.,r' .7 ... 
~.+.+.+.t++++++++~++tt.+t++.~+.++++++++++.++++++ •• ++++++++++++.+~-++++++++++++++.+++ * 
... " 1<. )6- '" 
0' • • ..... + '" .. '/" ** _ ... + JI< 

.. " ... + JI< 

.. II ....... + * 
>l: Il ....... + ~" 
.... " .... "... + ..... * 
* " ** -... * 

-III> "'*-.. + * 
" .*-.• / t -g * 
If *-. + .... .2 ... 

... 
'" 
* .. Il *-. + Q.. '" 

" .... + '" .. 
'* ,.. ,. 
* il 

Il 

Il 

" " Il 

.. " 
'le 

'" Il 

'" ,.. Il .. .. 
'" li 

'" '" * .. 
*11 
.. **,.." 

n C' 

~~ I:l 
, C 
'J ~ 

'W\ 

! 
/ 

,.. 

./ 

.. : + 1'0 '" 

.... ' + . ::J '" 

... / + -..... . 1 '" 
./" + U,.. 

y */ + ct * 
-. 
* 
* 

.. 

+ * 
~ 
i­

+ 
+ 
+ .. 
+ 
+ 
+ 

Theoretical Probe P(x~ 

'1' .05 * 
*" .. 
* * .. .. ,.. ,.. 
'" 
* .05 .1 .2 .3 --- .5 :.7 .9.95 .99 .~99 

....... _______ .-.1- '" 1 1 - l-= 1 1 lIt 1. .0-1...1* '" 
• 0 1 • 0 0 l 

*"'*****~**~**".***.*-"~*~******~*****"'********""''''******"'************"'*********** 
(' 0 C 0 C 0 CCC C 0 0 (' 0 C C 000 ) C ~ C C 0 (' 0 C 0 C C 0 C 0 CCC 0 0 C 

• 
7 ,7 7 7 n (, 
'=' ~, ;> -C 7 /. 
2S'i?SSl 

. . 
é ~ !: 
;: q .. te 
2 5. t-

. 
C" 

4 
2 

5 4 
1 f-, 
5 A 

4 4 433 
6 3 ,C 1:.1 5 
2 '5 e 2 5 

1 3 
2 0 
El 2 

2 ? ? 
7 t4 ? 
1') El 1 

• 
1 1 1 
Q 6 4 
5 ~ 1 

' . 
1 C -C 
1 A 6 
5 ·A 1 

• 
O'C 
3 C 
"5 e 

o 
1 
9 

. 
o 0 
4 7 
~ ;:> 

• 
C 1 
9 2 
q ~ 

1 
5 
2 

1 2 
7 0 
9 5 

2 ? 
3 5 
2 9 

)(-11><[0:: OW;J[Z{)NT-"II-A,X[~) xpet-F .... r 

y r. '\ l( 1 VI U 1\1 ) • 1 ~)? , ? .- t .') 1 
Y vr:'<I(-1uy -:.4hc'?r+Cl 
)t 

;. 
"-tl",VljV 

" r .... -1 'J L'II 
"" • " 7 2 ' ~J 1= + ,"" 

\ - r:. l .c ~) - ,~, .. : 

FIGURE 4-13-b 

# 

1 
t-' 
CD 
V1 , 

~~ ......... ,.~ .. _...,. - ....... __ .. "lQo.~ __ ,.:; .. o;t/ 
~~ .... ~ .. ~~ .... ~'l __ ~~ ___ _ 

1Iiilûiîlt1f ...... -"" 
'" ~ • .,o!Y-'''- ..... ---

1 

1 

fi 



~ 

,----' 
" 

,.. .. _ 11 ~ ..... ("" r: .. r: 
(".1 '7'-~+r:l' 
C • 1;; .., (. '" + ': 1 
C • 1 ~ 'l .. [ .. ~ i 
r • Ç/.'( 'e: il)(' 

C.717'(r:+~,: 
': • ( .~ 1 l, <= .. : c 
C.~)~~t=:-t~C 
r .,""h';C+').: 
c • .' l"" f: + Cl'" 
(.", ',' ~ 

• ~2.-r'"', 
• ;f';''''';F= ... ~C 
• ~ t~ 1 w ~ .. ': r: 
.':l':{,"'+,,,:(; 
• f [, f'" r C + ... ~ 
.'U'J.(L+I"'IJ: 
.sr:r:;-r..+r::C 
• l "" ,,_ '- .f. r: l 
.1;:'1[".'-1 
• l " •• ., f' + C 1 
• 1') 1 ~.: + r; 1 
.1'>7-1~.Jl 
.1n;I,.- .. r-J 
• 1 r_~ l ( • L .. ':' t 
.'ll<C .. ~1 
• ;; ::>.- l ,- .. C J 
.;:I .... ff:+Cl 
• li:: ;;: f- +' (' 1 
.ér·,7f:+CJ 
• ;; '" " :: r- .. c: 1 
• ;' .; q " c. + r 1 
.~l"J/.E"'Ct 

• .!.? ) ~ ~ .. 0 1 
.':' • .:~t::+Ct 
.'·,7JE+e! 
.':717f--'+CI 
• lQ, .. ?r: .. Cl 
./I'J~E':I-Cl 

• '1 1 .' :: r= + r: 1 - • l, 2 1 C; '':: .. 0 l 
• /, 4 If L_ 1= .,..Ie 1 

-./1" .([+r'l 

.' ~ 

,. 

, ' 1 

" ..... ,., .......... -,,,. ... '" •• < * .. ~ >II ,. ... '" "'" ""' ,,"' .... '" '" "'.1< >1< .... * * '!< ....... '" '" '" ... '" '" '" *""' ..... '" Jt '" *,., '" *:rte '"' "' .. or: ... '"' "'"* '" *"'"'" .. '" "',.. .... "',.. >Ît '" 
fi '. ... - , ' • 9 9-* '" '" 

'" .,. 
i< .. 

Il • .. -~' '" J* 
" Experiment No.47 MINERAL aIL .. ~.'. *·95 '" 
Il ... _. ",. '" 

'" '" ,. 
*. 

;111 Gap: 125 microns + ~~. *** 
" + -:-'. * 
• Rarnp Rate: 3.0 kV/sec. • .~~t*·* 
,,~ + 7'"' ** 
• t- .1 •• ** . 

o!< .,. .. , .. ** • 7- -
~+~i~t.t+"++it+++t+t+ .. ++tt++++t-++++++++"t-++++++ ... ++++++++tt+++ ••• *+ •• ++ .... ++ •• ++ •• ++ ... ... 
-~ 

... 
*. 

":< 

" '. ..-+ "fI ..... - + 
11 :., .. ...- t " *.~- + 11 "'.~- + 
• *.." + • 

* 
'" 1111 ) .... - t-• N ,~ .... - + 

'" ... 
• 
'" 
'" ,. 
'" 11/ 
1< ft .. " 
'" Il 

'" ,., fi 

'" fi 

'" Il .. 
* Il • ... 

" " $/ 

Il 
/1 

, 
/ 

• '" • ... 

- '" 

... " + ... ~ + ... +' 
Tt/i + 

-t, / + 
-'f ' + 

-.* t-
.* + 

'Y. **. + 
/~ + 

+ 
'" • • 

+ 
.+ 

+ 
t 

• 
.ft '" + 
'" / . 

x ......... 
LI... 

,.e; : 2· 
..:::l0 

L. 
a.. 

ro 
::l ... 
U 
< 

* ,., 
-* 
* 
* 
• .. 
* 
* * 
'" 
'" '" ,.. .. 
>1< 

'" 
* ... 
* * * 
'* 
* 
'" * 
'" 11< ,.. 
* 
'" * 
* * ... 
* 
'" 

".' . // Theoreticar Prob~ P{xt 
: .01 .05.1 ,~.3 .5 +,7 .9.95.99.999 
«" _ • ?: >:. 1 1 Il! 1 t 1 1 1 1 1 1 .Ol...J* 
***~~**~.*** •• ~.~ -.**.~*~*.~"'*********.****************-** •• **********'"*.***.******** 

~ l n 0 ccc r COQ 0 r,c 0 0 0 0 0 0 C 0 CC 0 C 0 0 0 C C ç CO CCC 000 

'" 

b 
;> 
fI 

l 
( 

7 

') 

~\ 

f, 

'~ ") 
U 1. 
" 4 

. 
') 

2 
:1 

:-. 
c 

• 
!~ 4 4 4 3 
H-~ 9 
l ,.. q p 7 

3 
7 
f 

• 
3 
"0 
5 

3 3 
3 1 
/~ .3 

é' 
ç 
2 

;:> 
7 

1 

2 
5 
o 

• 
2 
2 
H 

2 
o 
7 

J 
'3 
.~ 

1 
6 't 
<) 4 

1 1 
2 C 
:3 2 

o C 0 
8" fi ,1 
1 O-g 

r: 
l 
A 

• 
1) 

o 
~ 

C 
? 
4 

. 
r: 
4 
5 

o 
ô 
6 

1) 1 
R C 
7-8 

1 
<' 
q 

1 
5 
C 

1 
7 
l 

1 
9 
2 

2 
1 
~ 

? 
3 
4 

)1_1\)([< (t(r;17nNT\L-f\)(IC r. x r> [l ,... F 1\ T 

y 
y 
'< 
,< 

IItI\><;l"'UI>! 
NI'J ""LM 
r.I\X[NU'" 
1\1 f ,_ 1 \~L 'if 

".1 ~)?')';F+,)l 
- ~ • '1 ~ <J etc .. ,~ t 

o • " f, 4 ., 1 ... + r; 1 
-:.(, 7r',r~:1 

F:IGURE 4-14-b 

r-»>"" 
I~-- . 

;- . 

'1 

1 .... 
CD 
0\ 
1 



a...,1i 4 4It __ , lS'f' ~~h, ~~., ~- ~ 

-
).lf~"-+'Jl 

':. 1 S 1 4 :::: + tJ 1 
'" • 1 "HL""": +( 1 
"'.117PF+01 
r • 1') l " C +') 1 
n. '3!L::>CF+(',C 
r:.";74('c+JO 
n • 0; 'J '5 C':' + C ç 
".3~R('r:.+no 
'.1 7 r.1C""+r:'1) 
". ;:>O~7""'- r, 2 
-.16'SCJ=+,,(' 
-.13~pr+~ç 

-.5CI"""""+)') 
-."'I:t')o"'"+0C 
-. A37f1;=+()~ 
.... lr:~FE+"1 
-.J17d=+:'1 
-.13~?r+'Jl 
-.lo;l"<:+'Jl 
- .. I F 7Ar+01 
- .. 1~4F-F+{' 1 
-.2':IQ,F+~1 
-.21<3::>1'""+(:1 
-.::>34'<["+01 
_ ... 2c-I 7""""+"" 
-.2f-9c.: c +:Jl 
- .. ?f\'5 ,F+\~ 1 
-.1)?11'""+"1 
-.~I~f")r+"1 

- .. "1 V=7f"+ (' 1 
-.3r:;2~c+Ct 

- .. ~ ",,0 ~f" + " 1 
- .. 3"1"-l r +Ol 
-.o.<;2')F+Ol 
- • 41 Q7C + ~T 
- • .1.36"'1"""+01 
-.4""_L3r=:+Ct 
- .. 47':tF+C'1 
-.4."1"-0'+)1 
-. c:;r 17r+ Cl 
- .. r;;>("'j~C" .. r: 1 
-,')17~r+çl 

.***~*.·*** •• **r*.***.**.****.**~*************.*****~****~.**~********+*4*.,~~.~" •• *~. 
* 11 + .99 .'+ 

: MINERAL OIL : Experiment no. 49 : ' '''- " " 
'%. 1/1 250 ' .. .. ... - '1'.95 * • Gap: rnlcrons ...._ * 
'" 1111 0 3 k 1 ..... .... -* '*' * .9 .,. • Rarnp Rate: • V sec. + •• -**'1' 
"'. ... ,.** *. + •• -'* ~. * •••• / .7 

,.. .. 

*++++++++++++++++++ •• ++++++++++++++++++++++++++++++++++ •• w. / +++++++++++++++++++++++ 
~ . 
* • ·5 ,< 
* • •••• ' + >!. 

* • 
*~/:w. f~ 

.-. + -'" • • * • 
* • 
'" 1( 1/1 

* • 
* Il 
* 
* *-
* ... 
... 
1("" 

*-

"* 
* 
'" * * $: 
*. 

'" * 
* * .. 

1/ 

/1 

• 
" ft 
Il 
fil 
1t 

fi 
Il' 
Il 
Il 

• 

.... + 
••• / + _ •• 7 + 

.... J + 
-.~ + 
-~ -,' -... 

-/e * 
/ -.* 

".* / ,-. * 
'... * ... *-.- * >k 

* 

* 

Theoretical 

+ 
+ 
+ 

, + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+Prob. .. p (x) 

• 3 x 
u. .2 

..0 

~ • t 
t\.. 

nJ 

~ .05 
u 
ct 

· a 1 

.... 
'", 

~c 

* 
~ 

* ". 

"" 
.... 
>""; 

'" .... 
~' 

~ . 
.... 

", 
* 
*~ 
~! 

'" • . 001 .01/ .05.1 .3.5 t.7 .9.95.99 .999 
: - , •• _1/ ' / ~ 1 [1 1: 1 l " , ~ 
********.*.**~."***~.*~~****~.*.*** •• ************* •• *.*~~ ••• *.* •• *-*.* ••• **~**.**~~**~* 

n pee 0 C r ( c ~ ( ccc 0 C 0 0 (' 0 0 0 ç CCC 0 C ~-0 C 0 ccc 0 0 ~ c ~ r 
7 
"4 
'1 

7 
2 
4-

. 
ç.., 
Q 

P 

e 
F, F 
7 /. 
? ( 

• 
Fe.. 
::r 
~ 

'. 

. . 
r:; c: 

.-: é 
{j p 

• 
5 
l. 

"3 

~' 

1 
7 

4 
<, 

11 

• 
4 
é 
~ 

il 
j 

Q 

4 
1 
"1 

3 
p 

fi 

• 
3 
"-
? 

• 
"1 
3 
t; 

3 
l 
l' 

? 
p 

4. 

• 
2 2 
S .. ) 
~ 2 

.. 
2 
<: 

1 
Q c:: 

s 

• 
1 
2 
c 

1 
t) 

""l 

G 
7 
"7 

• c 
;:, 

? 

• 
J 
2 

"" 

• 
C: .... 

• 
C 
? 
E 

• • 
(' t' 
'" "7 

è. R 

e 

.:. 

.. 
1 
2 
r 

c:: 

'" 

.. 
1 
H 
l 

• 
~ 
(" 

7 

• 
2 
::1 
3 

• 
? 

~ 

• 
,~ 

il 

• 
3 
1 
I~ 

X-I\)(I<:; CHnpT7rNTAL-AxtSl f"XPONfflT 

y \1A XI 'Hl..., 
Y M PIT \1\JM 
x ~AXTMfJ\1 
X MI N! ""J'1 

\r...-~ 1 

C .. l",o,IP'+~l 
-:'.')373r~+rl 
,~. 3? 11 r: r +r l 

-0 .. 7t3.<"")Ll.?· .... rt 

FIGURE 4-15-b 
-: 

1 .... 
CP 
-.J 
1 



t 

I~ ---. 

O.1671F+Cl 
C.15C~E+Cl 
O.133EE+Cl 
1) • 1 1 7 2>E :t 0 1 
O.lO~éE+Cl 
o .e39.3E"+OC 
C.t73CE+CC 
O.~06éE+CC 
O.':402E+CC 
o • 1 7"3 ç E -+ C C 
C.7581E-O;;; 
-.15BeE+CC 
-.::251E+CC 
-.491::E-+OC 
-.~57et:-+CC 
-.E24::E-+OC 
-.S90!:E+CC 
--.11~7~+Ol 
- .1323t:+0 1 
-. 1/~<;CF+r. t 
- .165bE+t; 1 
-.1>32.2E+Dl 
-.IQa<"E+Cl 
-.~l=~E+Cl 
-.~3~IE-+Cl 
-.é49EE+Cl 
-.2554Œ+Cl 
-.;;;~2CE+Cl 
-.2gr7C+')1 
- • 2 1 :: 3E: + C 1 
-.3319E+Ol 
-.:!4eéE+CI 
-.2é::2F.:+Cl 
- .:: ~ 1 Sc: + C 1 
-.29R':E-+Cl 
-.4151t::+Cl 
-.~31PE-+(,1 

- .44 e 41=: + C 1 
-.46 SC E+ Cl 
-.4e17E-+CI 
-.4ge::E+Cl 
- • !: 1 4 <;t:: + 0 1 
-.5316E+Ol 

*.~.**.*~._ ••• *~9.~*_~******* ••• ****."'*** ••• *~.** •• "'*.*******.*.**_* ••••• ** 
'" Il -+ 
: MINERAL OIL Z Exper imen t No. 48 : 

: " : Gap: 250 microns : 

• " /-+ '" • ,Ramp Rate:. 3.0 kV sec. + 
** • 

'" {fil + .* 
'" /1 -+ ..., .... * 

** •• *****. 
'" ~, .99 -' •• 

.* 
* '" "" * '" '" . ;, • 

. 7 

"'1* ,. 
'" :t-

,. 
'* 
'" *++++++++++++++++.++++++-+++-++++-++++++-++++++++++++++*.... +++++++++++++++++++++++++ * "'". •••• + *" -... + 

"'" ••• + * /1 -.... 
"'" -*. + ." --..-+ 

"'" - • + 
"''' -of'''-+ 
,.." ;-/. + 
'l< ." - ., + · J. _..-+ 
... Il /' •• ... 

* • ,/ --.. + '" ~ ,/. * ... 
* # 

'" " '* # 

'" • 
'" >1< 

'" '" >1< 

'" * >1< 

* 
//' 

fi 
/1 

Il 

--a 

-. 
... * 
.. * 

• - + 

* + 

'* + ... 
'" + 

'" + 
+ 
-+ 
+ 
-+ 
+ ... 
+ 
-+ 

'" . 5 '" 
'" : 

'" _.3 ,.. 
)( ....... 

lL. .2 '" 
'" '" 
'"' .0 

~ • 1 '" • 
c.. '" 

'" ,.. 
~.O5 • • 
~ '" u 
0« '" '" 

* 
'* * 

" * , 
'" 

.0 1 '" 
'" '" * /: Theoretical + Prob. p(x} 

: .01 ~5.1.2 .? ·5 :.7 'C .95 .99 .999 : 
'" ' fi ._ - , 1 *! ! 1 + ! , * 
**~~*"'**.***.**~.*~~.**"*1******.****",.***~*******.*.*.* ••••• **********************.* 

o C 0 C 0-0 0 ccc c c ~ 0 0 0 ~ 0 C 0 0 Q C Q 0 0 0 0 Q 0 0 C 0 0 0 C 0 0 0 0 ~ 0 
• • • • . • • . .- . • 

5 t:> 4 4 4 4 4 .3 • .3 3 2 2 2 2 2 1 1 1 1 C 0 C C 0 0 " " C C- l 1 \ 1 1 2 2 2 ? - - " .3 1 9 7 '3 3 1 r) -, 5 ~ ? () 'l (:- {~ 2 0 A 6 4 2 '= H 6 5 3 1 0 2 4 6 8 0 2 4 6 A 0 2 1 5 
2 2. - .4 4 ~ 6 7 7 t' ç C tJ 1 2 -2 3 4_ 5 5 6 7 7 '3 9 C C 1 ~ 7 7 (', 5 5 4 3 2 2 1 0 9 9 

"-./IXI:: (H(~IlGNTAL-AXI~) EXI=Or-E"T 
4

1 

y "AXI~UW 
y fotlNIMUfo/ 
)1 ~AXl"'L.'" 
x' ~("rI\lU'" 

J.16711~+:)1 
-C.531':>7E-+ül 

O.26H40r:::+Ol 
-O.531'S7E+01 

c FIGURE 4-16-b 

" 

.1 

"f-

1 ..... 
(x:) 
00 
~ 

" 



___ ~ ___ ~------------- ~1 

14': •• J4h."~""""~"'''-''' -:-

( • 1 .' .:'~ + c 
r:. l '"rï-+ Cl 
( • 1 l 'II' t. + (' ( 
( • 1"', C ~ + C' 1 
C.clr' c f:+CC 
(.17",,~r+cc 

(.(-'7<:[':+(( 
C • ~ 1: ~ " ~ + C C 
C • «. 1 CF'" r {" 
(.;:2,:~r+CC 
r • f .1 ~ ,7 F - Î 1 

• t,'; " /-4 C - C 1 
• l" >-., C. r + - ( 
• :! ..., l', /~ t=': + 'J ç 
• ',.- 1" l ... 00 
• c:: r: C; :;j c.- + C C 
• 7 '( (, r. .. CC 
• ."7/,;::t- +CC 
.1"I~C+')1 

Il'1'-:+(1 
J ;; .1 7 r + ': J 
l'I">/,:O+CI 

.1 1,.1;; .... +': t 

.1dQ'r .. r:-l 
'- • t,. .... 1 ("1-< ... "j 1 

• 1', 7 4 ,- .. t; 
.;:: 1 1 1 ~ + -:: 1 
• ; ? I~ q C + ': 1 

-.;:"1'tr+Sl 
• ,~ ~ :: l, r:: + r: 1 
• ;; 1 (. 1 r:: .. ( 1 
• -; ?qt,r.0 1 
.,'11/1=+;\ 
• :- 'J 7 4 F- + ': 1 
• ~,' 1 J:: + C 1 
• .:"'1<;':+;1 
• 1 l, '1 Fe .. r: 1 
• : l' ~ "r +- C 1 
o~r(,lr:+')1 

• :: iJ ç 1": + C 1 
.'.,) 1er: tl" 1 
• 'l 1 l'r ... C 1 
o '" • 1 1 c= + ': 1 

--- ".. 

*' """t*~. 
)~ 

- ....... ,. «. '* ... '" '* ..... '* ,.. '" ... ~. '* '" '* .. '" '* :t' " " ,.. '" ,. '" "" .. >1< *' * >1< .. • .. if '" '" .. >1< • * n " >1< * ,., O<!<,.. * * '" "" *' '" * "'7* • * oJ<. '" ., * ,. .... '" ,. '" ... '" ... * .-
1/ ' + .99 -.* 

• +.. J'" .. 
'" ,.. 

'" .,. 
~ 

'" 
"< 
-Ir ....... .. 

* ,. 
'" ~ 
... 

.* 
"" i< .. .. .. 
~ 

*' .. 
'* "-.. 
"" 
'* 
'" 
'* 
* .,.. 

'" '" .. 
.~ 

'" • 0 1 

fi Experiment No. 50 MINERAL aIL ... 0,/ ,.. 9 .. 
Il + " ,.. ft • 5 li< ., . . 
Il Gap: _50 ffi1crons + ..... ,..", • 9 
II + .,.., .'W' ** 

:1,_ RaIllP Ra te: 3.0 kV Isec. ... ",/ .-
" ... Â' ... ;4< 

** ... 
" + /~ ... ... 

:tif' .. "" .... -... * . 7 
Il _____.y *" " 

+++""++++"'++i+t++++t++~+++++++++++++++++++ •• ~+~+++++++++++++++++++44++++++++++ 
" ••• ~+' 

"'. • • ./' ... ·5 
" • .... /' + 
" •• / + " -"'. ' ... 
" -<ft" ... 
" -.. + 
" --'t + 
li _. + 

J • + 
H • + 
~ -.~ + " ....... 

.'1 >1< .. 

" ft 
11 

" /1 .. 
. ,. 
*' 
'" '" 

- If' / -. .. 

+ 
+ 
+ 
+ 
+ 
t 

+ 
+ 
+ 
+ 

IJ .. 
... ~ . 

" .. + 
• + Theoretlcal .. Prob. p{x} 

/ .05 

\ 

2..3 .... 

~.2 
o 
L.. 

0.. 

<11. 
:J 
+-' 
U 

c::( 

.05 

-./< ... 
'" '" ... 
... ... 
'" ... .. 
* ~ .,. 
• .. .. .. 
'" ... 
'" .. 
• 
'" ... .. 
* 
'" .. .. .. 
... 
'* .. 
* 
* • .. .., .1 .2·3 .5:.7 .9 :95 .99 .999 J'" 

.... L..-,.--.;::"-' [ À 1 1 1 1 t 1 .01 ... 

.~ ... -~.*~.**.~*-.~~ ••• ,...**.*~.******~*** •• *~*.**~ •• ****** •• ***.******._.************** 
o c cr 0 0 r 0 ~ CCC 0 C CC CC 0 0 ~ 0 no 0 0 0 C C 0 ~ C C 0 0 O~(' 0 C C n 0 . • 
4 li t. ,~ J ~ 3 :: 2 ? 2 2 '2 1 1 1 c: 0 " 0 C C 0 0 0 0 0 1 1 2 2 2 2 2 2 - J ., C, ) , J 1-' b I~ ? 0 ,3 6 4 

.., 1 (") 7 5 3 '1 <) ., <'> l, 2 C 1 3 5 7 q '= 2 ft F:y ~ C ? 4 6 7 ,q -
'.) 1.- 7 ;~ ~ 1 2 3 Il h .f- t> q ç 1 ? 3 ') ,> 7 ri 9 1 ? 3 4 ~ 4 2 1 '1 ~~ !3 7 5 l, ~ 2 1 " ~ 7 -

Je - '\ '<1 ':: ( fJ r J; 1 7 rt-.J T '\ l - (1, x t c"", ) '".xç( r-.rl\T 

~ '" '\ X J ~ lJ ,~ • 1 l, t ~ 7 C + :: 1 
y iIIll\l~\"''' -~./lq~'H'+;l 

FIGURE 4-17-b 
>< v '\ \( 1 ., l. :.'1 ' • ., - f ,) 7,' .. : 1 
'( t- t ,. 1 VU N •• - ) • /~ 7 (1 ' " 11: .. " 1 

~~'4~..,<;. ";. ..... 1{ ~-,... .... ~-~-r , > "" 

, , .... 
CP 
\.0 , 

'-



F.. :"0.4 tZJ44t .lIiS tt IN U, • ~ ..... " -""~ .. ** 

.,-...., 
1 
-' 

" 

b 

0.15' <;Ft-O 1 
r.141fr+Ol 
. è .1<'('(F+Cl 
C.l1\4Ft-Cl 
C.Çto?f'Ft-CC 
C.E112r:+:,:C 
C .é5Q~E+t:'C 
C .:'C7 c E+CC 
(.::5é~F .. ("C 
C.20~H=+CC 
(.'52Qlf"-';1 
- .S9711!"-O 1 

.~.~~~*w.*** •• a*** ••• *.*** •• ***.*.*.** •• *~** ••• **~ •• ~*.***~.***~ •• *~.* ••• **~.~*.~~ •• ~~ 

.. If 0 .. • - .99 _. ~ 
• Il +'.. 1" 

t ExperIment No. 1-6 "ASKAREL + • 

- • <: 5 C Il E +'t; C 
-.40211::+C( 
-.<:5-'7F+~C 

-.7":,"/lf+CC 
~.f'''i7''E+OQ 

-.10 r c..[+'2'1 
-.llrJ:E+Cl 
-.1312E'+CI 
-.1464,+('1 
-.161'.":F+Ol 
-.17f"7r+Cl 
-.lGlSC+C1 
-.2,)7<:F+C1 
- .222é..F+O J 

.;:.:!74 E +CJ.-= 

.25~'OfHl~ 

.2677F+C,J 

.2F12 c E+Ct 
-.;::qoCF+Cl 
-.~llrF.+Ol 
-.:'2P."::r-*Cl 
-.34~~F.'+Cl 
- .::SP7f-+C 1 
-.37~flF+Ol 
- .::Stll'f +C' 1 
-.40't2F+1J1 
-.41<;3F+Cl 
-."134':'E+1"1 
- • 4 " <. 7 F- + '= 1 
- • (, fo 4 Il C + r J 

.. ." +- '.~/ --

.. Gap: 150 rn1ncrons " t- ., * -

.. R . d· .. • ** '!t Ramp ate: mIxe II. t- .... __ .... 

.e. • .. ... ... 
~ " .. * .. 

'" 
.95 

. 9 

* -'". **... '.7 
*t-++t-++.+t-++ .. + .. t-++t-++t+++~+.++++~~++++t-++++++++++t-+++*.w ... +++++t++++++++++++~++++~+f 
# " fr •• y. .., II. ~ .. -~. + 
ft " .-- • + .... -. *.jo- •• + 
'" " ... - •• + 
.. • •• -.. + 
'" • .- + 
'" " • • • + 
"" Il ""_ • + " ~-
,. 
..- Il 
<Ir Il ,.. 

" ~ fi 

'" If ... Il 

* " .. " 
/ 

/ 
1<-

-* 
fi 
1/ / 

~ 11 ,. 
« / 
'* If / 

>4C / .. Ir / 
/ .. 

/ 
/ 

"" fi 
,. .. .. 

/ 

/ 

/ 

/.: 
/-; 

/' -* 
->Ir - .. ,. 

'" .. 
'" '* 

)Ir 

'" 

• + 
+ · . + 

• + 

• + 
+ 
t-
+ 
+ 

• + 
f-
t-.. 
+ 
+ 
+ 
t-

'" t-
t-

a 

" 
"~ 

-' 
~~ 

e;[ 
,,1/ 

..-

'" • 0 0 1 
TheoreticaI : Prob. P(x) 

. 05 . 1 _ . 3 . S +' 7 . 9 . 9 S : 99 . 999 

.5 

x 
-;:- . 3 

,.. 

- .4"C(['+': 1 *. 1 • _ • ~ _______ "'\ - 1 \ - [ 1 1 1 l 1 [. 1 1 

.. ~ * Xc fr Y't ft::t "k * Xl- • * *. *' ... *" * .. ~* * ... r .... * * * $' * ~ '* "fi: ........ * ~* *- *' *' ,")"C * ** or * • '#1: «"": "" ~ *' ~ I!c' :IIt)'t k Je '* II!( 0: t ... i~ * * *- -J.r .. '/( >fi; 't'" .,." ~~ 'Q! ., .. .,....:J-
e: r: r e: ') c:: ) ) C C r: (' r: 0 0 f) r: ::> r; !') " " 0 " C 0 CC" r :' c r (' ,. 
., 7 
1 3 
4 f 

., t>- f) 
c:. , ':::; 
FI '1 

6 S 
2 9 
3 c; 

':' 
(, 

7 

5 

<; 

;(~ 
1 F 
J 2 

x-~xrc (~C~JZaNTAL-Axrs, FxPO~E~T 

y 
y 
)< 

X 

/>IAXI""U/J 
NINIMU"" 
/>11\;0: IM\..,"" 
III [t\, P"'U/w' 

r~~"-

r .lr>h,/~,F+l"l 
- ~ • 4 f-< C ~ r r- .. f' 1 
ç. tt-: ~,,1 r ... r +--'1 

-.':. 7{, {.l..-:'': ~., 1 

4 

= 4 

If 3 
2 <; 
6 f3 

"1 
7 
C 

• 
3 
4 
? 

, 
1 
4 

? 
A 
"i 

2 2 
"> ,2 
7 9 

? 
() 

1 

\ 
7 
~ 

FIGURE 4-18-b 

" 

1. 

CO 

1 
t 
7 

· r-

~ 
9 

. 
r 
<, 
r 

. 
c r: 
3 (1 
? 4 

. 
C 
2 
4 

r:: 
'" ? 

~ 
f) 

r:: 
R 

:3 
7 

1 . 1 
r) f-J 

"i " 

? 
" C 

. 
? 2 :: 
l, 7 r-

(j ., "i 

"i -. 
~ ,. 'J 

4 ., 

'1 



1 J!I!e!i14Q A" _ ..... """ "" J .... ~.M"Y __ ~,, __ ,_:_· ~~~- - -, - - - .--- c. 

,"'" " ~ -"" 
1'.1'S6fF+Cl 
C'.141f-C+Cl 
C.I?f-~T+Cl 

C • 1 1 1 :'E + C 1 
C.<;6?lF+r:C 
(' .el~7F+rO 
r .i5<;.:'E+C':: 
(' .~07el+(C 
1".~'5é/;Ft~C 

C .20C:CT +CIJ 
r: .~3(·O::-Cl 
-.<;702F-Cl 
-.24<;;:I':+(C 
- .40UE+t:C 

."'** ...... * ............ ~* ... *** ••• **,..*.**.,..* ••••• *"'-*"'*.**** ... "' .. * .. ... * .. **.~ ....... "'+/"' .... *" ....................... ù"''' 
*c fi .'. - 'Ir • 99 _~ ... 
... -fi Experirnent No. 7-12 ASKAREL + ~ _.. 1 ... 

". " ., + L'" .'" '" 'lit If Gap: 150 microns + . .... 1-~ -95 
.. " .. .- ... 9 • Ii" Ramp Ra te: rnixed + ••• ", • 
.. " + •• ... If" .. "' •• -.. . ...... -

.... ." lI<Y<**."" -7 .' 
t 

.++.~+",,+.++~.++.++++++++++++++++.+~+++.+-.++.+++**+t~. + + + ",+" ... + + ... + •• '. + + +- .... + + ... + + + ... " ....."'. T". --1 r-

• "" .* -~ + ,., 
" *. -y;. + .5 

-.~521E+CC' ,. Il *'" --T".. .. 
-.71J'!:r+,:c 
- • f S-t~ <; F + C ': 
-olIJ':(F+Cl 
-oI1~PE+Cl 
-.11f)<;f+~1 
-.1461F+Cl 
-.161ZE+Cl 

olH2'F+Cl 
-.\91C,E+CI 
- .2Cf)(E+C 1 
-.:::21eF+CI 
-.21(<;E+Cl 
-.25?CE+Cl 
-.2672E+Cl 
-.2A2~F+Ct 
-.297'3E+-<:1 
-.~I?t-F:+Cl 

.::27I':!E+Gl 
-.::42<;[+Cl 

.:>'SPCE+Cl 
• ~7~2F+Cl 
.':l'if>:;f+Cl 
• 4.1) j~'E te 1 
.41PtEtCl 

-.4337E+Cl 
-./~4P<;F+Cl 

-.~6"r["+OI 
.47Q;::F.+C 1 

.. " •• -, ... .. M" *** -"T· + 
;.: " •• --.~ + -.·3 
'" Il 

;;?~/ 
+ 

'" Il fi ... X 

* " + ...... • " . - . + • 2 .. " ."'- . + y .. lUI >1,,"., .. ch 

.,; .0 .. • + 0 .. / .. fi / .. +, 1-.. " + Q. 

/ * Il //. i-

'" " ,.-* + 1'0 

'" fi 

./~=: + :::J 

* Il + ~ 

* + ~" 05 1 ~ 

•• .- '" + 
• + 
• .. l " 
*11 .. + 
,. / + 1 ". 

~N // , • • + 
'" 1 • / ' + .. b!J Theoretical ·Prob_ p(x) "\ 

!N ~ _0, . _0j.0:"'_. _,1 - -f' 1 ·l~ 1 -I~~I ",8 -f ~95-19 -?99 _01 J: 
------~JV~ - , 

••• _*fr*R ••• * ••• *~ ... ~** .. **.*****.~~~ •• *k*.*.*ft.**~ •• ***~~_.p*~.**w~*.~.~*~***.**.~«.~. 
o ( 0 r ) 0 C 0 ç ~ C 0 C n 0 0 ~ 0 C ~ ~ C C ~ 0 r r ~ 0 ,.. r nec C r r r r . . 
~ ~.> :, 
F- Il ? 
~ (; 4 

G) 4 
C ~ , 1 

4 I~ 'II. 

': J 1 
ç -l n 

. 
~ ~ 
<: 7 
4 2 

. .. 
'" 

~ 3 :' 2 ? 
? (1 R ('; il 
ç 7 n 4 2 

. 
2 1 
2 q 
': Q 

l 1 1 
7 C; ~ 

7 5 4 

-c ') ,... C 
'~(,4'? 

?C<i7C, 

. ,... ,., ,., 
1 4 

.3 FI (' 

. 
r-" 1 1 , > ? .? ? ~ -, 

h fi r ? ri 7 <l ~ '.,. ;( r ') 

2 ,~ r. 7 q " ? I~ (- 7 r, ., 

x-JlXIS (t-Cf:IZONTA\ -AnS) [XI-'Ol\F:I\T 

y N A,X 1 M IJ N 
y "r"'l"'u~ 
)< "A)(l~L~ 

)( o~If\.Ir--U~ 

C.15C77'2+-0\ 
-O.47~llr:+"'1 

c. 33_~è 3C-+- 'J t 
-(" .c..f>7 J2 r'."1 

FIGURE 4-19-b 

~, 

1 ..... 
'-D .... 
1 

~~~;..., ~~-. '"' 0.1.::. ...... __ ----..- f'"' .. '" .... .",..~ .. of_~_ .. <- ~,< ... "";.. ....... , .... ~...-~'"""""' .. -. 



~~----~~~~=-------~~---~l 

~ -, . ...... ~ :;... " ~. "".: .... , .. _ .. _-_ •.. 
, ,......., 

" 

, 

J 
'.'. l '" 2 J - + 1 1 
".1 37"-'"'+ '1 
·'.1?31 7 +'1 
,'. l'A {'-'.' + ) 1 
\'"".91:\t""r:..-::+ '\n 
,..~ 7Ql:)e:.r-.-.,,,,: 
) .. r. S ': c;:, • + , • 
n.c; ,,::;:::r+ l" 
"\.. ""1 p. 1'"' ~ r= + ... r: 
1 .. 71"''''''':-+)( 
,1,7""'1'-- '1 
-.7Ltilo.--"1 
-.21 ')C;<= +"" 
- .. ,'1"'45':.1\ 
_ .• c:: ) c::: r- -+ .'\ t· 

-.~)4C)r:+)i 

-.7'1'1 c -=:+-,: 
'-. 944O:;"'.'~· 
-,l')G~:-::-t)l 

-; 1? ~~t+·ll 
-.ll~'.'!':"-t'l 
- .. t ~;>~I'"+-'H 
-. 1 ~l7 .... r-+r' 1 
-.I~tc:r-+-lJ 

-. 1 ~1 .:' ~ r +- '1 1 
-.21. ~"'+"'1 
-. 2?'" ~~.1"11 
- • 2 ~ r;s F + \ 1 
- .. ;>"',4,,-,"'+' 1 
- .. ?<;Qc::,"'+'l 
-. 2 ~~, ~ + '1 
-. 2Î7~r--f- ,"", 1 
-. H 2 f; ::' +- ," 1 
-. "l? F,:; .-: + ' l ' 
- .. ,41"-.'1 
-. -.3 oC) ~ r.: - + 4"\ 1 
-. ,7"""'+) 1 
-. ~q.,\C-=-+ ~1 

-. l')al~~"'· 1 
-." 4. 1- 3 r' ~ +.1 1 

, -. 4? F"- - + " 1 
-.4~2~F+'1 
-.4'>7-r-+"'"1 

: '" "< ....... ,- .. '" 10' ... ,. ..... + .. , « "''''' "" ~ ,.. ~ ~ ... '" ~ • * ;r ... ' * ... * -l< y ........ ." '" .. '" ..... if .. ,"''' " '" ... ,. :,. .. ,.. "" "' .... "' .. lit .. * : ** "'I.~"" ~ '" .. : 99 .. : ::-
• . • '1 ....,. '" .. 

... Experiment 'nO. 4-10 ASKAREL Il +.-.. 95 ~ .. 

..t- .. ,,-+- -..... * 

... Gap: 150 microns <'fi' "... _... 9 '" 
":- " + 1.- * . " 

• li- Ramp Rate: mixe.d lib +- .... .. , '" 
* Il +.. .... 
i< • " ... , l '" 

* < " " •• .7 .. 
i< .. + .. + +, ........... + + + ...... + +- + + ... + + + + .. + +- ... + +~ .. + .. + + + .. +- + .............. + ... + ........ " ........... + + + .... + .. + ...... + + ..... + .. + + + .. + .. + • '* 
*' < Il " , *." ....J 110-

* " .--.+ 
~ " ••• + 

... " *." + *" " .... + 
.... . ." ' ... 
~ " •• + 

~ " *-.... . ~ H. •. + 
... ~:-y Il ..... + 
* . II .. .. 
~ II • .. 

... 
'il< 

'" ... 
'" ." 

'" 
* .. ,.. 
.... 
.... 
*, 
y ,.. .. 

• r' 

l 

• 

Il :.. + 
Il ':... + 
Il' j.!' ... ., .;. .. 
Il 'Y * .. 
II 
Il 

Il 
1 

Il 

1 1 

tt~/, 

, 
1 

1 

w ,.-.. 
.-

* 

* 
'* 

* * 
.. 
+ 
+ 
+ .. .. 

A­
+ 
+ 
+ 

/ + 

'x 
'-" .... 

.0 
o 

J>-o. 

III 
::s 
..... 
u 
< 

.5 

.3 

.·2 

.05 

'" • 
'" 
'" ,.. ,. 
'" *. 
<0< 

'" 
* * ,.. 
,.. 
... 

* 
'OC .. 
'" '* 
'" ... 
'" .. 
'" 

* 
Theoretical Prob# p(x) / ... 999 .. .001 .01 .05.1 .3 .S+ .9.9~. '" 

: '" ..' - < - ! . ! 1/'_ - -'-.' 1 1 1 1 1"\ Il! 1 • 0 1 J '" 
"'*v~*~***~*r.~~", ... *********~*~.**.* •• ***** .. * •• ****.~~**", **~~****.***.**.*.*."**"'***.***P 

) Il 1" .f \~4 l,) 'J : .. t"" .; r- lj (" r ..... _) J" '1 ,.,~ 1'"'\ (. (" Cl C, C· " f'\ 4- V (\~ C '" 
' .. • ~., ~ •• , ~ •• ~$ S 0 •••• 0 •• 0 ••• • ••••••• 

1 1 1 1 1 1 1 1 1 1 l ,,, . .,. J " .. ' .:: ,.. .: '=' '- 1) ,~ " l (' t.. C. (' v (' V i) IJ .- Y ~ 1.' i 

~; -:, ~ 6 lJ. 3 3 é:' _ 2 1 1 il c; c; <> 9 7 7 (; ':; 5 '" lJ. <+ :J 3 ? ~ 1 lot "" L??.$ 3 
~ C. LI ..., c: C "': '" 1 F- 1 ( 1 f:, 2 7 2 7 ~ 7 2 F " ;:. 3 ., '3 H 4. a 4· l "~., ~.) 5 ( 5 

x-AxTs (I~rr:ll~"n-~-.'\XT:Ô) 

V ·AAXy,.'U'-1 n:l"'?I~':';-+ 1 

é xPCNi- t,'" 2 

FIGURE 4-20-:-b v ~r"lr,.-/t'J~4 -1.4'-,"-0~r.:",f"1 

)( PI.' ~ x: l .... U 'A '.(' ft 373 'S l ' • '. 1 
)( -VI r "" J • .... H J 'A - ,-. t r .. 4 }., ,- .. ' ;-

-- . ...,. 

~ 

1 
1-' 
\0 
1'..) 

1 

~ 

> 
~ 

_~ ~ '>J,f' .. _" _...,.. o \. _\o\..~_,,*~ 
-- ~, __ ~~~..,:.,o.- .... ",,_ --. " ~_l ................. _... _____ .4..Moo __ ~--

~...r~'~'}.oi-r ...... - .... ,~'" ""- - ~ 

~ 
~ 

-----

..., 

' . 
. " .' 



1-__ _ 

r-, 
,_f 

-~t: .. ~ ......... ~~~_~ 

" .~ 

.. 
" 

* '" .. * ... "'.., J, 11- r. .. '" ,.,. >1 ,... .. ,. * '" * "":+ "':t "t ? '" ... -1< '" -1< '" .' ... * + '" '" ~. ". '* • ~,.,... ... *- -, 11< ", .. ~ e. 1..:::: * Te -. *.: "« 

+ *""Y"'*-"""""~ 
r* T -,'" .. i"' - -'J .." ~ :(-:;" «.:&.. - -t 

'\ .. 1~f'<"'=+)1 
c..ll'l>lr:+)l 

- ,'.1?,::.:.:::t.)1 
".1.114<= ..... 1 

~ ~ 

7.­

*" .. 
~, 

~ 

.... 
>1< 

" " " "11 
... '.' " 

Il 

" Il 
Experiment No. '21-24 ASKAREL 
Gap: lOD mic~ons ' 

Ramp Rate: 3.0: 0.75 kV/sec. 

........ + ::- ':\ - ~ ~ \ ... 
\ "'1 ·~;t. • 
\!'+' -",',- *­',+ * ... 

+ *~" .... " .*. -' " 

.,. .99 -> < 

.95 -t" 

,9 

.8 

. 7 

. ~,' t; ~ 2 u ~ + .J '.J 

1,.S>112'ë:+),) 
('\.'S,:,<:=~+')r 
). c:; J 7 ç t- + .... 1;­

') .. 1-cf.2":. ,r, 
" ... 2 ~ lJ f': f: + J Ç' 
C,"'2'"}1~-~1 

-.9P74"'-~1 
,- .. 2 7.14 F + j ( 
-. 4'W? 1 =+ ;('l 

,... Il, " ~~W 
.... .f. ..... +." .. + + ++ +.f. + + + + .... + + + .. + ~.f. + ++ + .. + .. ++ ++ ++ -+ + .. + + + ++ + + ++ **+ + + w4o+ +++ + .. 
'" Il'' "..* . W 

·++++++++++~+·:l+· 

-.SS37f: •. "~ 
-.7"C:4E+r.-: 
- .. 1"1 r; 7 ,; F ... _~" 
-.1 )1"-?"+11 
-.11-:-1~r-.,)l 

-.1:312~+)1 

-.li''':4E+Jl 
-.lfl!:E+'11 
- .. 17F-7t=+Jl 
-. 1 s 1 0::;. r.: + ') 1 
-.2 t' 7 J F +.; l 
-.22221;:+" 1 
-.?3:74"':+,1l 
- • 2 ~ 2 S.: .. 1: 1 
- • 2 6 7 7 F + (.J 1 
-.;:><=\2<:;:-':+ '1 
-.2 G S> '1::+.:1 
- • ~ 1 ~ 2::: + J 1 
-.32A3t=+.>l 
-. "!4-'5E+"1 
-.3'""'71=+')1 
- .. 373 P E+rll 
-. _. ~ C CFt J 1 
- .. d'4;:>::+)1 
-.~1<;1"'+'1 
-.. 4 1 4 ':' :: + ') 1 

,+ Il "'''' 

'" Il *. 
• Il *t 
~ Il • 

* Il .• * * 111/ • 
* Il *"' .... 

"., -... ~ 
-,.~' 

~ - ** 
"""'y· 

" -... Il \. '" 
'" II. ** 
... Il '" • 

""y -" . " / ~ If *v _./ 
'" . '" ~ - ... " 
7- fi "'"" ... ,-

* " •• -. 
'1-

* * 
'" " *11 ... 
,"tt 

'" ,. ,. 
* '1-11 

Il 

Il 
fi 

• 

*",-/ 

* .... "Ix.,," 
*1" 

;.:= 
,...-

-li<-

+ 
+ .. 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ * 

'" r 
Theol'1etical + Prob. P(x) 

,1 

, 5 
-;; .1+ 

u.. .3 

.Q 

0.2 
1-
a. 

tU­
:::J 
~ . 
o 
'"' 

.05 

... 

"­

'" .. .. 
,-.. .. 
.... .. :.....44t';7E+ ',1 

-.4F-4<>::+"1 
-.4 Q 

.... f'F+ '1 "" 
"'II 

Y ' + 0.001 .0 .05 .1 .2 'r .5+.7 .(.95.99 .999 
. 1. 1: __ * l ' 1 1 1 1 1 1 1 1 \ 1 1 .01 --'-* 

.**-***.*~**** •• ***~*~~*.*"'~~**~***.~.~"Ix._.*7.-*~*.~*~.****~**~* •• ***.*~-,***~**~*-. '" *' * "" .. n • ~ l) ,. f' S:".J ,..:': L "" r') " f)': ~ ·C:" \" (; ~J ~ ( :J ~ .. .. • 
" p A 

" r ~ 

• " i • • 
7 7,.'7 t é 
7 [, 1 .<- .~ 

2 1 ~ c 

.. . 
f- 5 
1 e 
fi 7 

X-AXT~ (Hn~I7~NTAL-~XIS) X ~crJLJ~T 

y ~~ 1\ X 1 MU"" 
Y '-'1"lo,IU'll 
l( "'L\1(I~U" 

x IIItt-.y'-"j'.A 

1"\. tr-,:.~~'::+t.l 

-, "L:. P. ~ '. r' ,::; +:: 1 
,,:; .. '1 1 P', ,10 -+ r 1 

- r, • r. -:: r, 1 l ,; + (" t 

~_~~'tSl...'>L~~ -.-_ .............. "" .. - '"" - ,~_.~ .. ,.,"" -- .. ____ ~-~-

" 

• • 
t; 5 
5 2 
7 (' 

1 

• 
!. 
ç 

"\. 
1 

• 
4 

'" 
4 

, . 
il 4 
:3 '; 
., '" 

. .. 
3 :3 
7 L: 

l '. 

• • • 
~ ? ? 

7 l!­
<;' F 7 

. \') . 
2 t 
l '3 ::: 

4-

FIGURE 4-21-b 
,; 

- ~-~ ~_ ........ " ... ~ ::-:;-'-;;;: ......... -~~ ... ~ ...... ., 

• t •• 

1 (' 
2 ~ é 
3 ::> 1 

--~. ~~~ 

• 
" .. 

, .. 
3 
2 

• • • • • • 
!' '. 1 ? 
ë .:: ;> '" '" 1 
"3 LI. '" :; r 7 

- ___ ~_~ ... ~.,"'_ .. .L 

. .. 
'2 2 
/). 7 
~ q 

.. . 
:1 ;; 
1 ii 

l' 

• • 
"' '* 
2" , 

1 
1-' 
\0 
W 
1 

:-



~ 
\,' ' 

, " , 

, 
~f 

~ 

~ 

l 

.' 

{ 
t 

f .. 
~ 

" 
~ 

,"" "''''~~':»~44~4:~}'''' ~t'it. ...... s "'-f """*- ... < 

,-:: 
( 

-"'sr"" 

- -
" 

, , .;. • ~ < " "- ~- '* ~ .. "t :(- .. JO. 1l, ., - 'h ...... "-t "11 .. ):" y. .. '" ~ -!r;. .. -t '* ~ . ~ ..... ~ ~ ~ ..... tt 10"- r.. ~ ;1 "1: - t '1 "t ""t '1'(.( ~ ""t '1- .. ':!r • 't- .. ~ _ .... ..,. ~ "'It" 

"'_. / . 99_--. 
; - '1( ... +r '* :oc. 

'=.1'::>4'.(1 • 
(:.1/~~.1·':1 ~ 

~.12'7' +:1 ~ 
ç • 1 l ,0 ... r + :: 1 
C • <: f' " ~ L + : r 
(;."ICtf f r : 
0: • E /) l ': r + (' c: 
( • r:.."'l ù Zl . ':' ': 

.,. 

.,. 

" .. " • 

.'1 

... 
Il 

• 
III> 
Il 
Il 

" 

Experiment No. 46-47 

Gap: 125 microns-

Ramp Rate: 1.0: 3.0 

MINERAL OIL 

kV/sec. 

,.. .. 
.+ 
+ 
+ 
... 
.. 

7~ 
7T 

,,"" ~ ..... .... 
.... *** 

'"""" 
** 

."'''' -. =* 
-;95 

.9 

t, ... , ... " ", 

".~.- ~ • 7 
( • : ( .... '$ t.. ~ .. ~ C 
('.~':' .. Jf-.~( 

(./l71rf-~1 • ... f ••• ++++++ ... t ...... + of .. + .. + .. + .... + ..... + + .......... )- .. +," ...... .. .... + .. + ....•• z + ...... + .. .. .. + .. .. + .. .. .. .. .. .... .. .. .. + .. t t 

• IClf~"':: 
• ;..:(c· r .. rc 
.~IE.::",,-C 

.r:..,~77· .. c-: 
• i'? 1 ·1 r .. ': .: 
• F' 7 ,; l f .. ~ : 
.lr;{ .... f .("" 

.11')..:r+Cl 

.I~'!F .. :I 
-.ll,c--L-i.Cl 

.1""f,,"Cl 
• 1 7 ,', f' + C 1 
.1'f"II.+[1 
• li l " ~ r + r: 1 
.<.," fr+Cl 
• ,,41;.':'+(1 
.;;:;-'l'l+(1 
• ~7.CI-+r.:l 
• ; " 7 ., f- -+ C 1 
• .: ': '. '1 r .. C 1 
• :: 1,,. 1 r. t ( 1 
• -: ~<1: ~ l'" f: .... ( l 
.-=/~,~f-f""~l 

• 2(1,;/.f:l 
- '. :: 7 ,_ ( '. + C 1-

• .: 9 l', L r +:- 1 ~ 
.41-.'''-+("1 
.{.?' ]r'+Cl 
• l;41\:~+(1 
• ,~ r:f' • '4 f- • -: 1 
.47lH .. t r l 
.413 ï 1 r tri 

". 

7 
.... 
/. 

;. 

" ,. 

>­

* .. 
~ 

',. 

"'II 

." 
* i-t: 

... 

." 

" 
~ '" 

Il 

/1 
Il 

" li 

" 
/:1 
Il 

/1 

.--
" 
l, 

• 
" 1111 

" 'II 
111 

1111 

" Il 
Il 

" Il 

'.. 
~ 

7 

: 0 1 
, ... 

'1'0:; J". C "* .;,. t. 
J ). r:: 

.. 
'I 

" 

' .. 
1. 

,~ 

,~ 

'1 

t. 
3 

4 
1 
l 

-. 

-%? 

..... + ... ,..' ... 
**.w " .. 

*.""" + 
*T~' + *...... + *... + ..... 

-<t 
.4' 

-". - .. *"'$ --."0<.+ 
- •• /,.*' 

t 

+ 
... ... 
... .. 
+ 
+ 
+ ... 
... 
... ... 
+ 
... 

--a ,..-
7 • 

'" 
,... 

. ' ~ 
-' 

'* 

'" 

... 
'"' li: 

Theoretical Prob • 

+ 
+ ... .. 
... 
~ p (X) .. 

.05 .1 .2.3.1J .6+ .8.9.95'.99.'999 
'1 1 _L , 1 1: L .. I_ ....... 1_..&..-_ ......... _-' 

.5 

)( 

I.L. • 3 

..a 2..-
0'-,\ 
'-

0.. 

cv 
::J 
..... 
U 
« 

• 1 

"".0 

.01 
.'*~~~~.~.-.~.*~Ld~~W"'~· "." .... X"I' .,..~ ~ * " J'X 11:- ft. * r q... ~-\:: .:0' .... "( ~ ...... ~ ... .,. t- .ot,. +- ... ~ :.\ * & * .. ""( Ac' ......... , .;. 

, 
é.l 

cre",) 

7 <C. 

<- " 
3 
Il 

. , 
2 
l . .., 

r" 

7 

r;. 

c 

2 
5 
7 

? 
j 

F 

,. f~ Il 'J 

c 

,..t 

q 

" 

,1 
H r, 
f' 1 

) 

t. .., 
-, 

") ( 

.~ 

I~ 

,.. 
t 
il 

4 
" 

o ,--. ,.. 
? 
h 

C' 
r , l 

3 

r 

,.. 
J 
? 

'} 

r; 

7 
i) 
r:: .-

r; 

.:: 
,; 

1 
? 
:J 

Il 

7 

r 'è 

-;; 
Q r: 
(. '" 

)r,-/l!-IC (l-fFI7r"rIlL-il)C[::') t >fI ' .. 1'-1 t-.r 
. . "-. 

'( 

y 
)< 

)l 

~A)(IVl," 

'" p, J "Il W 
.. /1.)1 l,iL ri 
'''l''I''LIV 

~ .. """"""-.;ll'r ...... "-." 

r: • 1 f l ,l ~f ~~ J..:;. ~ 1 
- • {l '1 7 l " .. +- • 1 
r _ :_' " ~ (4-- L ..... - 1 

4- ' l 

w~,_ ......... ~_~_ 

FIGURE 4-22-b 

~ 

,,~~ ..... ,*~ ..... '~->ffI;o.,""".lo~-.r .. ~""~"-...,.,, " 

,. 

.. 

' ...... 

1 
1-' 
l.O 
.c>­
I 

~l 

" 

, 1 



1· m'UI#!!'I!I*'AIiII': .. _~, "~'_""",,".~_.A--""''' -->'~-~---

o 

, • 1 ~ 7 f_ r • r 
(.14;;", .. -.( 
,-. 1 r 7 f ... r:: • ~ 

1 1 1 c. ,_ • C 
(.r~or!~I_,,:': 

C.i-l;ïJ-+':( 
': • é ~_ : { ': ... : '= 
c • ': ": ,. 1 ,- + C r: 
l .:: '5 : .. _ .. l- .. r :: 
( • ;. .... ~ r r: •. : ( 
(./.Çtl'-:1 

• 1':'\f~r:r 
• ~ t) • .; t- ... r o

-

• l, C .' ~ l .. ': C 
- • ~ (- 1 ( [ t r:' c 

• ï 1 fi fi r + ': r: 
• c ,~ 7 ;; f ~ r 1;: 

1 S ;; : ': • C 1 
• 1 1 1 :: (- + r: 1 
.13,_t(f(1 

14ïCj +Cl 
If-! 1,_'+e 1 
17'>'1,: .. '::1 

.'11.'1'-""1 
• ~ I~ ,r: r: • r 1 
• ;; .) t. <-- ( +: 1 
.~~S':t"':::l 
• C 'lI, .- [- f C t 
.r7.IL+:1 
• ..-- ~:; L ~', f:. ... C 1 

- ~ '_ 7 te: + C 1 
.:I":-'+CI 
• :: ., 1 ;. r .. ..: 1 
.::(,-,.~F":l 

.":C~f-E"-+C1 

.:77H .':1 
• 1 '1 r~ ~ r + €' 1 
.4:7<!-'+C 1 
./I~<,ÇF+"l 

• /~ :: Jo) ;. t-= J+ : 1 
• /1'::-:CêtCl 
./~'f-ïr~.Cl 

~ It ~- • .4 ,- l • C 1 

,-, 

.­
)"-,')(1:' Ct! 

-~ .. ;-

.' " 

jfI' 

... 

-" , rr ~ ~ ..... - J' "';: Je '00 -It. .. ,..,'" ~ ]'( ,.. '- Tt ....... 'R ""X * ~ ..;.. ~ * ~ te . " , fi J-r fo. Tt: "oc ,... ).( Jt- '1- * n ..;c","" .. T ,*.Je "'le "C­

-+ 
;: ...... " ,. -, 1< 7 · '" .., >1< • 

.t. ~ .. 1'" _"'y ., .... 

:'. Il .99 _,",' 
-<­
t, 

.. , 
~ , 

-<-
... 
." 

" Il 
Il 

" lUI 

" " " 

Experiment No. 39-40 

Gap: 250 microns 

Ramp Rate: 0.3; 6.0 
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Experfment No. 26 

Max- kV: 8.87 

Min. kV: 4.77 
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APl'ENDIX l 

IDENTIFICATION OF PRINT CHARACTERS OF COMPUTER PLOTS 

The following legend identifies the print characters used 

to represent the different probability distributions in 

the graphical plots displaying,several different curves 'on 

"the sarne axes. 

* : fP First Asymptotic Distribution 

# 21> Second Asyrnptotic Dist-r ibu tic!) 

" 

.. 3C:P Third Asymtotic Distribution (Weibùll) 
l , ' 

the Log-Normal Distr ibution 

\ 0 , 
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APPENDIX II 

Derivation Concerning Ghapter III, page 81. 

'It can be shown that in genera1 

n li 
-P. 

m 

= CC Vt1 
m 

where the li and Vtl represent 

derivative. 

Proof: Assume that: 

~ p)) '= a 21+1 
m m 

the V,th and V-J.-1 th order 

1" - • 

holds for certain V. It will noW be shown that i~' holds 

fo~ ])+1. 

P V+l 
rn 

Differentiating with respect to p : m 

pli 
rn 

p 
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1\ 

'( 
Dividing through with'p: 

In 

V+l 
Pm 

(l) ~l) p! P~ -, 

p' 
m pVp rn rn 

= (V+1lCX V+1 
rn 

,;" CC 11+1 
In 

Thus, p v +.1 = C(1I+1 p 
rn In 

= -!L CC 
rn 

1/+2 
rn 

Hence 

which proves the proposition. 

" 

( 
, 
~ 
~ (\ 

" 
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APPENDIX 'III 

TABULATION OF STAT1STICAL RESULTS OF THE EXPERIMENTS 

~xperiment nos. 1 to 44 done with Monsanto (7030) askarel.' 

Experiments nos~ 45 to 50 done with mineraI oil~ 

Identification of columns in Appendix III 

a :::: experiment nO. 1'/ 

b = gap length (microns) 
-1 c = ramp rate (kV sec. ) 

d :::: number of breakdowns in the experiment 

e = aVerage breakdown voltage of experiment (kV) 

f = standard deviation of breakdown voltages (kV) 

g = average of logarithms of the breakdown voltages (see p.lOI) 

h :::: standard devlation of the logarithms of the breakdown 
voltages (see p.lOl) 

i :::: 

j = 
k = 
1 = 

m :::: 

n = 
0 :::: 

p = 

q :::: 

the smallest characteristic value of Type 1 Extreme 
Value Distrubtion, ul ,(see p. 79) 

external intensity function,CX I (p.80) 

Weibull scale parameter, Vi (p.91) 

location parameter of Type III Extreme Value (Weibuln 
Di~tribution f (p.9l) 

shape parameter of Weibull Distribution, k (p.9l) 

skewnessp (p.93) 

Kolmogorov-Smirnov Goodness-of~fit test for~ype L 
Extreme Value Distribution (1':1:'(,) J 

Kolmogorov-Smirnov Goodness-of-fi t test for ~ype. IIr" 
Extreme Value Distr ibu tion (3 '±' ( )) 

Kolmogorov-Smirnov Goodness-of-fit test fO~Log Normal 
Distribution (~LN) 

Note that Table B (APPENDIX Ill) gives results per segment 

of experiments which have been divided into approxi~ately 

three equal segments (see section 4.10, p,I~9 ). Each 

segment of an experiment is considered individually in the 

same way as the wholê experiment was treated in Table A. 

Each segment is identified in column lai by the experiment 

number to which tt belonès, and follow chronological order. 
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APPENDIX III (Continued ) 

TABJ~E A STATISTICAL RESULTS OF ENTlRE EXPERIMEN'l' 

a b, c d 
150 mixed 24 

2 1 76 mixed 23 

3 150 'nixed 24 

4 150 mixed 26 

5 150 mixed 23 

6 150 mixed 24 

7 l'le mi-xed ? 4 

8-150 ffi1xed -:>4 

9 150 mfxed 25 

10 150 mixed 23 

1 1 150 mixed 23 

12 150 mixed 24 

13 150 1.00 Q5 

,1 4 l '50 1. 0 ~ 1 2 R 

15 laC 1.00 7q 

16 10Q 1 .00 q 1 

e f g h i j k 
5.48 1.39 1.673 0~23~ 5.9-' 0.93 5.6Q 

6.23 1.10 1.185 0.172 6.6A 1.16 6.50 

4.30 0.37 1.455 0.084 4.75 3.47 4.39 

,.48- 1.4R 1.668 O.?58 5.93 O.~8 5.80 

5.60 1.12 1.703 0.206 6.05 1.14 6.00 

4.21 0.61 1.478 0.153 4.66 2.09 4-.44 

4.30 ~.64 1.448 0.146 4.7"5 1.99 4.46 

4.00 0.70 1.373 0.175 4.45 1.84 4.22 

4.31 0.93 1.439 0.210 4.76 1.3~ 4.54 

3.71 0.46 1.304 0.125 4.16 2.80 3.87 

1.65 0.67 1.335 0.170 4.10 1.9~ ~.03 

3.39 0.38 1.215 0.106 3.84 3.35 3.42 

3.76 0.48 1.316 0.126 4.21 2.65 3.89 

'5.83 0.53 1.756 0.125 6.2'8 1.75 6.05 

3.Q7 0.50 1.370 0.125 4._42 2.58 4-.12 

3.89 0.55 1.346 0.142 4.33 2.33 4.04 

17 100 1.00 ù3 '3.69 0.33 1.321 0.091 4.14 3.86 .3 .81 

18 100 3.00 70 3.49 q.34 1.245 0.096 3.39 3.82 3.5A 

19 IO~ 1.00 75 4.20 C.60 1.425 C.149 4.64 2.12 4.43 

20 100 3.00 -62 3.CJ4'2.86 3.65 

- l m n o p q 
3.4-A 1.47 1.110 0.5A 0.06 0.13 

4.IN 4. 16 0.661 0.60 0.03 0.03 

3.6-0 2.00 0.646 1.00 0.26 0.46 

2.91 1.80 0.779 0.52 C.03 0.07 

2.2q -3.23 o .1) 97 O. 1 ~ O.-C 2 0, 16 

1. q 1 4.23 -O.l~1 '=.95 C.I0 0.15 

3.03 2.C~ 0.593 0.97 C.O) C.l) 

2.21 2.78 0.244 C.91 C.24 ~.30 

2.47 0.21 O.,R6 C.9) C.36 0.50 

2.28 3.45 0.037 0.99 0.C4 0.17 

2.48 2.15 0.537 ~.92 O.?3 0.?9 

2.93 1.20 1.520 1.00 C.26 0.17 

2.78 2. Y'-4 0.542 1.00 0.21 0.50 

4.15 -2.46 0.377 1.00 0.10 0.30 

0.255 1.00 C.CI 0.01 2 • "t,.O 2.75 

2.58 2.53 0.344 1.00 O.C9 0.~5 

2.:?1ô> 3 • 7'3 -o. " 42 1.00 C. 7 l '.). A"" 

2.75- 2.35 0.431 1~00 C.33 0.18 . 
1.90 4.2~ -0.142 0.99 0.13 ".i~ 

1.95 3.83 -0.051 1.00 C.21 O.5~ 

21 100 3.00 79 

3.49 0.45 1.240 C.l33 

4.CO 0.55 1.375 0.155 4.45 2.34 4.2J -2.04 13.47 -0.752 1.00 0.32 0.77 

22 t 00 l,.5'J 

23 100 C .. 75 

24 100 C.7, 

57 

70 

60 

25 100 C.50 t03 

5.66 1.08 1.7\6 0.195 

4.19 0.63 1.422 0.149 

4.00 0.53 1.380 C.129 

4.8'1 0.52 1.565 C.I06 

6. 1 1. 1. 1 8 6 .02 

4. 64 2. 0 .3 4. J 7 

4.45 2.42 4.13 

5.26 2.48 4-. q4 

2.7~ 

2.R6 

3.06 

3.A4 

2.89 

2.24 

1.87 

1.96 

O.?~4 0.72 C.2! 0.48 

0.487 C.gg O.C6 0.01 

O.72~ 1.CO 0.63 0.52 

0.660 1.00 0.22 0.23 

t 
t-J 
IV 
IV 
1 

i 

, 
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TABLE A (Continued) STATISTICAL RESULTS OF ENTlRE EXPERlMENT (Continued). 

a b c d 

26 125 3.0r::l 1"0 

27 125 1 .50 72 

28 125 1.0~ ~) 5 

29 125 0.30 100 

.JO 125 6.')1) 99 

31 tQC C.30 1'11) 

32 100 6.00 98 

3'1 250 1.00 99 

34 250 1.50 103 

351'250 0.75 101 
, 

36 250 1.50 95 

e f g h 

6.&3 0.84 I.RA3 0.128 

5.CO 0.88 1.593 0.176 

5.79 1.09 1.738 0.193 

5.97 1.27 _1.764 0.224 

5.52 1.01 1.691,0.191 

5.11 0.93 1.616 0.176 

4.73 0,76 1.541 0.162 

lQ.92 2~05 2.371 0.201 

9.21 1.63 2.204 0.183 

10.451.922.'3280.197 

i j k 

7.08 1.52 fi .90 

5.45 1.45 5.26 

6.24 1.1 A fi .17 

6.42 1.01 6.44 

5.97 1.27 5.89 

5.56 1.313 5.30 

5.1A 1.68 ~.98 

Il.370.6311.72 

9.66 0.79 9.80 

10.90 0.67 11.20 

9.69 1.62 2.256 0.173 10.14 0.7Q 10.28 

37 250 0~50 104 10.91 2.38 2.364 0.230 11.36 0.54 Il.77 

38 250 3-.00 99, 9.44 1.65 2.230 0.175 9.89 'l.77 9.93 

39 250 0.30 lCO 10.34 2.03 2.~15 0.209 10.79 0.63 11.13 

40 250 6.00~ 99 10.01 1.99'2.284 0.202' 10.46 0.64 10.56 

41 125 0.50 103 5.~6 0.93 1.701 0.167 

42 125 G. 75 A7 

43 125 0.75 Q5 

44 250 0.50 104 

"5 2 5 0 C. 30 -11 2 

46250 ".Je le2 

47125..3.00 ~R 

4F3 250 1.00 1/12 

4~ 2'500'.30 I)A 
1 

5.11 0.76 1.621 0.147 
~ , 

5.65 0.96 1.719 0.166 

A.79 2.09 2.146 0.233 

6.14 0.79 1.806 0.125 

6.14 0.79 1.806 0.125 

7.B2 1.37 2.041 0.180 

~.72 2.37 2.133 0.252 

7.6A 1.53 2.021 0.IA6 

6.01 1.37 5.83 

5.56 1.68 5.31 

6.10 1.33 5.90 

9.24 1).62 9.31"1 

6.59 1.63 6.29 

6.59 1.03 o .5r, 

8.27 0.94 8.29 

9.17 0.5"- Q.16 

A.13 ~.~4 7.93 

50 '250 1.0e 74 9.76 2.48 2.24B 0.244 10.21 ~.52 10.J2 

'XI 

1 

4.40 

2.9'5 

2. lG 

1. 59 

2.08 

3.55 

2.66 

1.54 

3.61 

1. A3 

3.90 

m n o p q 

2.f\B O. 210 C. 98 C. 1 C. 1'3 

2.4J 0 • .312 O.9l:i 0.07 0.13 

3.58 O.~Q6 C.70 0.25 ~.67 

3.85 -0.056 0.6'3 0.15 0.85 

3.8~ -~.~44 0.70 o.o~ 0.60 

1. 7"J 0.~37 0.9~ 0.50 0.02 

2.q~ 0.182 I.CC 0.31 0.60 

5.27 -0.290 0.90 0.52 Q.Q9 

3.85 -0.055 0.95 C.34 O.7? 

5. 16 -0.275 0.96 C. 1 1 0.89 

4.03 -0.092 0.58 C.24 0.66 

2.79 3.81 -0.0470.97 0.27,0.66 

5.64 

1.56 

4.56 

3.44 

3.56 

3.73 

4.79 

4.8-3 

4.34 

3.63 

4.94 

5.41 

5.10 

2.45 0.381 0.92 0.17 C.20 

4.95 -0.247 0.99 0.44 0.9~ 

2.93 

2.42 

2.14 

2.11 

2. (1 1 

1 • 71 

2.65 

3.38 

1.63 

1.51 

1 • A 7 

0.t93 0.91 0.06 0.31'; 

0.396 0.94 0.20 0,39 

" • ~ 46 1. 00 0.0 1 c. C 4' 

O.5~ 0.93 C.02 O.O~ 

0.627 0.89 C.02 é.14 

0.854 1.00 1.CO 0.9~ 

0.295 0.97 D.r5 C.17 

0.057 0.79 0.21 0.5A 

0.~29 0.99 o_.91 0.Q9 

1.064 l.ce 0.59 O.Q5 

0.727 C.Q7 C.72 0.74 

1 
IV 
l'V 
W 
1 

".. 
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-APPENDIX III (Con tinued) , . 

o 

TABLE-B STA.TISTICAL RESULTS PER ONE THIRD SEGMENT OF EXPERIMENT 

a b c d 
16 100 1.00 

16100-1.00 
" 

1"'t> 1')0 't .OC 

24 

24 

25 

e f 9 h 
3.76 0.5q 1.312 0.151'\ 

4.10 0.55 1.402 0.136 

3.B4 0.52 1.337 0.128 

i j k 

4.21 2.22 J.97 

4.5") 2.31 4.2A 

4.29 2.49 3.92 
~--------------- --~---- ,----------------- -
20 1 1)'0 ~I. 00 

2':' 100 3.00 

2e 100 3.00 

?1 100.3.00 

~OO 3.0e 

18 

18 

1 1'\ 

23 

3.57 O.~2 1.2q4 0.114 4.12 3.0R 3.82 

3.56 0.42 1.265 0.113 4.01 3.02 3.63 

3.22 0.30 1.165 0.095 3.67,4.27 3.33 

4.04 0.43 1.391 0.108 4.49 2.97 4it20 

23" 3.8C· O.6~ 1.318 0.210 4- .0:-' 21 

21 10C 3.1)0 25 4.21 0.53 '-1.430 Oel29 

4.2'5 3.0~ 

4.6" 2.42 4.41 

~ • ~ E> 
---- ----- ----'. 
25 100 C.50 

25 100 C. 50 

25' 100 0.50 

.26 1 25 3. cro 

26- 125 3.00 

26 125 3.0e 

·2812'51.00 

2H 125 1.00 

34 

34 

'15 

30 

]-0 

32 

4.59 0.45 1.541 0.097 

4.88 0.53 1.51'\0 0.056 

4.86 0.56 1.575 0.112 

, 
5.14 ?B7 

5 • .3.J 2,.4 J 

5.31 2.2B 

6.690.73 1.B94 0.1,,10- 7.141.75 '. , 
".55 0.75 1.874 0.112 7.00 .1.17 

6.62 1.06 \.877 0.161 7.07 1.21 

5.~6 0.91 1.684 0 .... 174 .Stc)l- 1.40 

5.B4 1.06 1.748 0.186 6.29 1.21 

5.01 

4.97 

6.94 

6.73 

6-.97 

5.7A 

6.22 

1 

1 .71 

2.55 

3.07 

2.3? 

2.93 

2.01'\ 

2.1\9 

0.0 O. 

2.?") 

2.85 

3.R6 

m n o p 0q 

J~9~ -).OA5 O.9? 0.12 C.zq 

3.05 

1.52 

.J.6C 

1 .• 53 

0.15\ C.94 c.OO 0.04 

1.054'0.99 0.16 n.42 

O.~Ol 0.96 C.22 O.4~ 

1 • 039 1 -.00 O. CIO _.21 

4 • .31 -0.145.1.1')0 C.13 0.4? 

4.03 -0.093 0.95 0.04 0.21 

O.OC -1 • .392 O.q~ 0.64 O.RT 

4.2R -0.141 C.~' 0.57 0.6~ 

4.69 -0.209 C.96 O.14°0~?7 

2.02 1')."16 1.00 0.01 0.01 

3.97 1.62 0.93A l.eO P.33 0.80 

4.~7 

5.13 

3.34 

1.9B 

?067 C.72 O.CO 0.02 

0.&45 0.87 0.24 0.07 

3.69 ~3.02 '.163 0.58 0.04 0.1~ 

0.609 Q.66 C.40 0.65 2.70 3.33 

2.30 ~.72 -0.02R 0.24 0.30 0.67 

28 1 ~5 1.00 

JO 

30 

"l0 6.35 I.C8 1.833 0.188- 6.80 1.1q 6.~2 -5.09 12.95 -O.7~A C.05 C.13 C.9~ 

29 125-0.30 30 

2<) 125 C.30 '30 

29125 C .Je· 32 

5.51 1.26 1.680 0.238 

6.601.19 1.870 0.194 
L- , 

6.16 1.1J, 1.801 O.IAA 

5.96 1. 02 5.94 

7.C5 1.08 7.0B 

6.611.15 5.58 

----------- ------- -
1.77 3_.27 o • 0 A 5 o. '1 7 0.00 f'. 25 

0.13 6.37 -0.410 0.25 0.20 C.a7 

2.00 4. 22 -o. 1 30 O. 1 6 0._" 7 O. '52 

33 250 1.00 3011.312.302.4')40.222 11.76 0.~6 U~.25 -1-.47 6.51 -0.4?2 C.~7 ~.31 0.8S 

'13 25.0 1.00 30 10.66 2.01 2.350 0.21? Il.11 0.64 11.5'1 -9.69 12.31 -0.7~0 (1.80 0.1f) 0.9'.) 

3:5 2 c:, f) 1. 0 0, II 1().BA 1.75 2.373 0.,167 11.3J ).73 Il.~1 •• A'3 3.H~ -0.,10 C.77 0.66 C.A'3 
, 

\ 
..> 

.-

~ 

1 
N 
N 
~ 
1 

o 
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TABLE B (Continued) STATISTICAL RESULTS PER ONE THrRD SECMENT OF EXPERlMENT 

a b 
3, 250 

c , 
0.75 

,15 250 O.7S 

3' 250 o. ï", 

3<3 250 0.7'5 

35 250 0.-75 

30S 2 '5 ,., O. 7':) 

Jo 2 '5C' t .50 

36 250 1.50 

d 
30 

e 
10.96 

f 9 h i j k l 
1.78 2.370 O.17R 1 1.41 o. 72 11.69 -0.09 

10 Il.061.952.370 0,.IA7 Il.5t 0.6611.93 

,1 q.A4 1.'57 2.270 0.170 10.29 ~.A2 IO.4h -- - ------ _?-------
3310.512.002.3330;207 iO.9!'> 0.64 Il.31 

33 lC.9Q 2.06-2.377 0.205 Il.44 '.62 .1t.Q4 

33 9.89 1.58' 2.278 0.170 10.34 O.Al 10.5? 
L 

2Q Q.29 1.49 2.216 0.16A 9.74 0.86- 9.86 

29 9.71 1.46 2.262 0.162 10.16 O.Aq 1'.31 

1 .74 

2.0(' 

0."49 

-?78 

1 • 99 

3.38 

1 • 1 8 

m 
7.32 

n 
-O.4HR 

p 0'0 
0.4,_"::.17 

q 
~ .70 

5.S? -D.l?t 0.86 0.61 0.94 

5.79 -O.~"51 0.44 0.22 0.57 

5.82 -0.354 0.78 0.C9 ry.64 

7.95 -1) .530 0.72 0.17 O.Q') 

5. Al -_o. "154 0.59 0.26 O.5'~ . 
4.5,1 -1).181 0.21 C.03 (I.3Q 

6.9<\--0.453\).07 O.Cl 1').24 

30 250 1.5'), 3710.)6 1.65 2.296 0.167 10.51 0.7810.63 5.20 3.2,3 0.097 0.39 0.37 C'.6Q 

- 3R 250 J .00 

31-\ 250 3.00 

30 250 1.00 -- -

39 2,0 C.30 

jq 25'0 C. 30 

39 251) 0.30 

4212'5 C.7S 

42 125 0.75 

4? 1 25 ". 75 

42 125 0.75 

42 t 25 0.75 

42 125 C. 75 

. ---- -- -------------------
30 

.30 

li 

q.C2 1.4A 2.187 O.ISA 9.47 o. ~7 9 • .10 

9.741.402.2700.14610.19 0.9210.22-

q.58 1.98 2.238 0.20A 10.03 0.65 10.IR 

6.32 

5.64 

4.76 

10 10.30 1.9B 2.313 0.205 1').75 0.65 Il.0A 1 .21 

3010.672.002.3500.19511.120.6411.40 3.91 

~? 

2, 
25 

27 

29 

?CJ 

2q 

0.371.51) 2.3620.1'5"5 It.lS'i o.q') 11.35 4.22 

5.?5 0.6A 1.652 0.127 

4 ,; B 4 o. 8 0 l' • 5 75 O. 1 56 

5.25 0.87 1.645_ 0.166 

5.17 0.63 1.036 0.119 

4.99 ~.77 .1.597 0.146 

5.1A 0.A9 ~JO 0.172 

5.70,1.(}O 

'5.34 1.6') 

5.701.4A 

5.6? 2.04 

5.44 1.1>7 

5.63 1.4"; 

5.43 3.B2 
• 

5.34' 3.63 

5.'53 2.93 

5.33 3.95 

5. J.;J 3.7H 

5.46 2.A5 

1.90 

3.22 

0.701 0.16 0.15 &.o~ 

o • 10 l' O. 2R O. (t o. 3A 

2.'-,1 0.31~ 0.76 0.21 O.2A 

5.29 -1).2q3 0.84 0.41 O.~6 

3.7A -0.042 O.~9 0.C5 0.3'0" 

4.6? -Q.14q O.560.l6 0.56 

2.23 

1 • f' 1 

2.---90 

2. (1'4 

1.62 

2.84 

0.495 C.9h 0.02 C.Ol 

o • 957 o. q 1 o. (' 0 O. ') 3 

0.?00 0.52 0.14 C.37 

0.60? C.48 0.46 0.05 

0.940 O.<J7 

0.222 0.61 

0.04 C.I, 
<1 

o • 1 3 f). 3 f) 

1 
N 
rv­
lJ1 
1 

, 
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TABLE B (Conc~uded) _ STATrsT-iCAL REStfI.'.ES -EER-@*E -'.lHIRD .sEGMENT -oF EXPERI11ENTS 
~ a b c d e f g ~ n -. --1 - j k 1 ID n 0 p q 

45 250 0.30 

~5 250 0.30 

.5 250 0'.30 

31 

31 

32 

46 125 1.00 30 

46 125,1.00 30 

46 125 1.00 31 

6.82 0.89 1.912 0.128 7.27 1.44 7.06 

5.86 0.37 1.160 0.065 6.31 3.45 5.01 

6.03 0.33 1.796 0.054 6.48 3.89 6.14 

6.25 0.77 1.825 0.125 6.70 1.66 6.53 

6.12 0.79 1.804 0.128 6.57 1.63 6.36 

6.29 0.66 1.834 0.100 6.74 1.96 6.53 

•• 98 2.18 0.518 O~83 '.15 0.14 

3.40 7.87 -0.525 1.00 0.02 0.48 

5.16 2.B8 0.208 0.00 0.00 0.00 

3.65 3.76 -0.035 0.83 0.45 0.72 

4.23 2.57 o • 327 0.77 O. 20 O. 20 ' 

4.09 3.75~-0.035 0.92 0.04 0.12 

47 125 3.00 30 8.30 1.45 2.101 0.186 6.75 0.89 8.87 1.47 5.45 -0.312 0.39 0.07 0.67 

.7 125 3.00 30 8.17 \.42 Z.085 0.183 8.62 0.90 8.72 1.96 5.01 -0.255 0.46 0.33 0.78 

47 125 3.00 30 7.110.97 1.953 0.141 7.56 1.33 7.49 2.71 5.23 -0.285 0.02 0.03 0.48 

48 250 1.00 31 It.09 2.17 2.386 0.205 It.54 0.59 11.91 2.71 4.36 -0.155 0.96 0.85 0.92 

48 250 1.00 31 7.45 0~75 2.~03 0.100 7.90 1.72 1.68 5.49 2.84 0.224 0.88 0.11 0.14 

48 250 1.00 32 6.95 0.60 1.935 0.090 7.40 2.13 7.20 3.38 '6.94 -0.459 0.96 0.18 0.67 

49 250 0.30 33 6.67 1.50 2.145 0.177 9.12 0.85 9.19 4.22 3.26 0.090 0.54 0;09 0.14 

49 250 0.30 33 6.73 0.75 1.900 0.110 7.18 1.71 5.94 5.04 2.3~ 0.410 0.96 0.09 0.22 .. 
49 250 0.30 34 6.97 0.46,1.939 0.066 7.42 2.79 7.12 5.73 2.94 0.IA8 '-.00'0.02 0.05 

50 250 3.00 22 12.27 2.43 2.4SS 0.219 12.72 0.53 13.28 -4.79 8.35 -0.555-0.67 0.10 0.82 

50 250 3.00 22 8.70 0.84 2.159'0.097 9.15 1.52 8.99 

50 250 3.00 22 7.86 1.13 2.051 0.152 8.31 1.14 6.33 

6.32 

0.77 

3.0~ Q.139 0.65 0.41 0.50 

7.42 -0.495 0.06 0.08 0.62 

T1mtE-C --~:rSTlCA:r;:~ ep--'~~ !fA'PÈ-l!J{P"!"S'; COMBTNlID 
r 

",~ rSee. 4. 7} 

.A J50 Mlx 1 d121 
;, 1_ •• 

B 

C 

G 

E 

o 
F 

1.50 M i Xl d 120 

150 li i x 1 d 96 

TABLE rr 
250 Tl. 313 [29 

100 3/.7512.1 .. 
250 .3/6 120 

1 25 1. /3. 130 

5.02 1.24 1.5e~ 0.228 5.47 1.03 5.18 

3.97 0.76 1.363 0.193 4.42 1.69 4.1+ 

3.33 

:2.66 

1.31 1.234 1.00 1.00 a.a3 

1.78 0.793 1.00 0.2~ 0.67 

1.79 1.2@ 1.534 0.250 5.24 1. 00 s~oo 2. 'B8 " 1 • 5,2 J.~B O.~9 0.21 0.56 

STA".rIS-TrCM. ~trt;:: UF'" RnRur ~RMX" !fl{P'f'S. 
9.13 2.~5 2.180 0.247 9.58 0.55 9.6,:}' 5.09 

3.~e 0.+9 1.374 0.120 4.43 2.65 ~.tO Je02 

9.76 2.10 2.250 0.Z19 10.210 .. 61 10.44 4.21 

7.25 1.50 1.960 0.205' 7.70 0.66 7.67 3.93 

(P. 131) 
1.78 0.795 0.98 0.33 O~~7 

2.07 0.583 t.oo 0'45 0.37 

2.87 0.2.1:5 0.99 0.21 0.56 

2.35~ 0.~30 O~99 0.46 O~67 

<.. 

'1 
lU 
lU 
m 
1 
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APPENDIX IV 

SUMMARY OF KOLMOGOROV-SMIRNOV GOODNÊSS-OF-FIT T~ST 
PROCEDURE 

',1. Generate.a sample Tl ,T 2 , ••••• T
n 

whose distribution is 

supposed to be F. 

\ 

2. Convert to uniform variates F( Tl
l,F(T

2
), ••• ,F(T

n
)., 

3. Order ~hese valùes to get 0 == Xl ~ X
2 
~ ••. :! X

n 
~ 1 , 

4. (Optional) Plot ,the staircase (X. ,i/n), and the diagonal 
l 

eX. ,X.). 
l l 

5. Compute: 

6. 

D = max + i/n-X i li 

max( Xi - <i-l)/~ D = 

D = max (D+" D_) 

PI= l -1 exp ( -2nD~ 

P2= l -
1 

P3= l + 

P3= l -

2 exp( -2nD_ ) 

2' Ë<-l)k'exp (-2nn2k2), Le., 
K=l 1 

2t + 2t
4 

- 2t9 + 2t16 _2t 25 + 2t36_ ••• 

2 with t= exp(-2nD ) 

Then, Pl,P2,P3 are the probabilities associated with 

the observed deviations D+, D_, D • _ They\,may be taken 

as uniformly distributed ~on (0-;1) -provided that n is 

---
large, say 1l~-s-a~ However, Pl, P2, P3 are not indep~ .. -

enden t . 

,Course 6308-690D Computer Methods in Probability 
'and Statistics 
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APPENDIX V 

THE PEARSON SYSTEM 

If the density of X satisfies ferenti~ equation 

f' (x) - ___ x _-_t __ f (x), 

• l, C2x2+cIX+CO 

then there' are three types of solution--tinite interval, half-infinite 

interva1, and infinite interva1. The fJnite interval solution is merely a 
1 

translated and stretched beta density, which occurs when the roots ri and 

r2 of the denominator span the mean, The half-infinite 

interval solution occurs when 

interva1 solution occurs when the denominator has no real roots. 
1 

and the infinitc 

We will cal1 these types Pl, PZ, and P3., The standard forms of 

theseare as follows: 

STANDARD TYPE Pl. The bet4 density 

- a-l b-l 
g(y) • ky (l-y) , o < y < 1 

Then 

(1 ) 
(a-1) b - l (2-a-b)y + (a-1) g'---g---g- - g 

y '1 - Y y(l-y) 
\ 

STANDARD TYPE P2. 

o < y < .. 

(2) g' b - l a + b -(a+1)y + (b-1) 
.. -y g - l + ,Y g • y (1,+y) g 

This is sometimes' called a beta type II density. 1 
Note that l + Y has the 

beta density. 

J 
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STANDARD TYPE P3. 

g (y) 
2 a -b 

.. k(l+y ) e 
arctan (y) 

_CIO <: y <: '" 

" (3) g' 2ay b 2ay - b 
= g - g - g 

1 + y2 l + I}'2 1. + y2 

METHOD FOR DETERMINING TYPE: 

If 

f' ex) .. __ ~x:...---_t=-__ f (x) • 

C2XZ + clx + Co 

where rj < r2 àre the reots ef thé denominator then we get tYP,e Pl when 

fI < E[X] < r2. type P2 when rl < r2 < E[X] or E[X]' < rl < rz and type P3 when 

the-roots are complex. Details are as fol1ows: 

. Type Pl. When rI < E[X] < r2 then 

r2 - X" 

Y '" r2 '- rl 

has the beta (a,b) density with 

... 't '" rZ 
a .. 1 + c2(rZ-r l) 

, 

b .. 2 
1 

- a +-
c2 

Thus the density of X has this form 

t ( '; 

~ 

i 
\ 
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Type P2. Wh en rl < r2 < E[X] then 

X - r2 y.---

tas de1sity k b-l (1+ )-a-b y y , 

Jeta (a,b) density, where 

o < y < .." 

a ., -1 - 1/C2 

r'2 - t 

b • 1 + -""""'-.-,.. cZ(r2-Q) 

When E[X] < rI < r2 then 

rI - X 
y. - ---

r2 - ri 

and has the 

) 

has density kyb-lCl+y)-a-b, 0 < y <.." and (r2-rl)/(r2-X) has the beta 

(a,h) density, where 

a - -1 - 1/e2 

t - rI 
b .. 1 + -.,..-----:­

Cz (rZ-rl) 

. ( 



,.. ') 

Type P3. \-,'hen C2XZ + clx + Co has no real roots, that is, Q. cf 4c"Ocz < 0, 

then 

y - (X-s) /r 

has density 

-"" < y < .., 

where 

s • -Cd(2c2) 

a - .S/ez 

.. 

\ 
y II: (x-s) /r 

_co < x < co 

, . 

-

, , , 

• 
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[' l ,,~ ~.jS le N )( ( '5 C ) , y ( ~ ~ 1 
Fr2 (Z) = r)""xDf ."'r ')LCG( 1.[")C t- 7*Zl / C2 -8* ATAN(Z)' 
FT'l (l) = ~~XD(vA,* AL'JG (ARS( l r~l) ... B* Il. LOr, ( A8S fZ-R2}} 
CC' .,. 1=1,5 0 

IZ(I)=A, 
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f = S.J Sl~c;2 
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SI)= SI)~T( Afl~(O» 
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R = (T-Ç2)/(C2*(CI-0~), 

SUM = e,c 
o Cl C 2 1 = l , sr"l 
xCI) = 51-("1.('1 
v= XCI) 

.12>(-I'*5IG 

TF( O .. lT.r.l 
IF(oO.LT.C.) 

Y( l ) =rp~( SN';L ( 2. *cz* v +C 1 ) /5') 
GC' TC' 2 

y( 1) (. 
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Suv= SU~~ + y( T )*.? * ~ TG 
[' (1 "l 1 = 1 • 5 'J 
y ( l ) y ( l )" 5 U "1 

Y(I)=FPICV) 
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